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Streptomyces viridochromogenes Spore Germination Initiated

by Calcium Ions
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Initiation of germination of heat-activated Streptomyces viridochromogenes
spores occurs in media containing only calcium ions and organic buffer. The
calcium-induced initiation of germination was accompanied by a decrease in
absorbance of the spore suspension, an increased rate of endogenous metabolism,
the loss of spore carbon, and the loss of heat resistance. Calcium amounts to 0.28%
of the dry weight of freshly harvested spores. The amount of calcium remained
the same after incubation of spores in water and after heat activation. The spore
content of calcium doubled after incubation in 0.5 mM CaCl. for 5 min at 4°C
and during calcium-induced germination. Nearly all of the calcium appears to be
bound to sites external to the spore membrane, since the chelating agents
(ethylenedinitrilo)tetraacetic acid and arsenazo III removed virtually all of the
calcium ions. The calcium ions must be present during the entire initiation of
germination period. Germination ceases after an (ethylenedinitrilo)tetraacetic

acid wash and begins again immediately after addition of calcium ions.

Spores of Streptomyces viridochromogenes
germinate when incubated in a defined medium
(DGM) comprised of alanine, glutamic acid,
adenosine, MgSO,, and CaCl, (4). The early
events in germination, to be referred to as initi-
ation of germination in this paper, involve loss
of refractility of the spores accompanied by a
decrease in optical density, excretion of spore
carbon, increased respiratory activity and ATP
content, and release of a germination inhibitor
compound (4, 6). Germination is dependent on
a continual supply of CO. which serves to re-
plenish tricarboxylic acid intermediates through
anaplerotic fixation reactions (2).

The data to be presented establish that the
physiological events associated with germination
of the spores can be initiated by calcium ions
alone. Initiation of germination is dependent on
the capacity for production of energy. As men-
tioned above, germination is accompanied by
increased respiratory activity and ATP produc-
tion. In addition, chemicals that affect energy
production, such as cyanide, carbonyl cyanide-
m-chlorophenylhydrazone, arsenate, dicumarol,
and phenazine methosulfate, completely inhibit
the initiation process, and the germination in-
hibitor molecule (6) was recently found to be a
specific sodium-potassium ATPase inhibitor
(unpublished observations). Germination of S.
antibioticus spores is also dependent on energy
production (3). Initiation of germination of
streptomyces spores appears to be quite a differ-

1 Present address: U. S. Department of Agriculture, Forest
Service, Forest Products Laboratory, Madison, WI 53705.

ent process than that of Bacillus megaterium
endospores, where production of energy is not
involved (1, 8). Germination of fungal spores
requires a continuous supply of energy (9, 10).

We report in this paper the results of an
investigation of the mechanism by which cal-
cium ions initiate germination of S. viridochro-
mogenes spores.

MATERIALS AND METHODS

Organisms and growth conditions. The orga-
nism used in these experiments was S. viridochromo-
genes NRRL B-1551.

Spores obtained from growth on sucrose nitrate
agar and prepared as previously described (4) were
stored at 4°C as an aqueous suspension. The germi-
nation properties of stored suspensions were stable for
as long as 1 year. Before each germination experiment,
the spores were suspended in 0.5 M of the tetrasodium
salt of EDTA and incubated at 4°C for 5 min to
remove divalent cations. The spores were then sedi-
mented by centrifuging and washed three times with
distilled water.

Germination conditions. The various germina-
tion media were buffered at pH 7.4 with TX-buffer,
which consisted of 0.05 M Tris buffer (Tris-hydrochlo-
ride) and 0.001% (wt/vol) Triton X-100. Triton X-100
was added to prevent clumping of the spores.

When present in the various germination media,
the concentrations of CaCl;, KCl, and glucose were
0.54, 7.0, and 13.9 mM, respectively. A previously
described defined germination medium (DGM) was
used in some experiments (4).

Heat-activated spores (5) were used in all germina-
tion experiments. An aqueous spore suspension was
diluted 1:20 into TX-buffer prewarmed to 55°C (pH
7.3) in a water bath. After 10 min at 55°C, the spore
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suspension was rapidly cooled, and the spores were
sedimented by centrifugation at 10,000 X g for 5 min
at 4°C. The spores were resuspended in the germina-
tion media to be tested.

Germination assay. Germination was assayed as
the decrease in absorbance at 600 nm of spore suspen-
sions incubated at 37°C in a Beckman model 25 spec-
trophotometer (Beckman Instruments, Inc.). The den-
sity of the spores was adjusted to initial absorbance
values of 0.5 to 0.6 (0.9 to 1.1 mg/ml, dry weight). The
data are corrected for a small amount of absorbance
decrease caused by settling of the spores and are
expressed as the percentage of the initial absorbance.
The observed absorbance decreases were due to a loss
of spore refractility (6). Settling or clumping of spores
was not a significant factor since the same results were
obtained when the spore suspensions were shaken
vigorously for 2 to 3 s or subjected to a 2-s sonic shock
with a microprobe at 5-min intervals during a 60-min
incubation period.

Heat resistance. Heat-activated spores were in-
cubated in various media at 37°C. Samples were re-
moved at various times and diluted 1:100 into TX-
buffer at 60°C. After a 10-min period, the spore sus-
pensions were cooled rapidly by diluting 1:10 in water
at 0°C. After a 1-min sonication treatment in a Heat
Systems water bath sonicator, which dispersed clumps
of spores, samples were serially diluted in sterile water
and spread on a medium containing 1.0% glycerol, 0.1%
yeast extract, 0.1% asparagine, 0.1% K-HPO,, and 2.0%
agar (Difco). Colonies were counted after 2 days of
incubation at 30°C.

Measurement of metal ions. The calcium, mag-
nesium, and potassium concentrations of spores were
determined using a Perkin Elmer model 303 atomic
absorption spectrophotometer (Perkin Elmer Corp.).
Harleco (Hartman Leddon Co.) standards were used
for calibration. All glass and plastic containers and
pipettes were prewashed with 1% HCl. The spores
were washed four times by centrifuging at 10,000 X g
for 10 min at 4°C and resuspending in double-distilled
water. For analyses they were suspended in a solution
of 1% lanthanum oxide dissolved in 5% HCL.

Radiorespirometry. Endogenous metabolism of
spores was quantitated by radiorespirometry. Spores
uniformly labeled with C were obtained after growth
of the organism on sucrose nitrate agar containing 2
uCi of [U-"*Clsucrose per ml (6). After harvesting,
washing, and heat activation, the spores were incu-
bated in various media at 37°C. A stream of sterile
humidified air was bubbled through the spore suspen-
sion. The “CO; evolved was collected by bubbling of
the effluent air through Carbo-Sorb (Packard Instru-
ment Co.) or a 1:1 mixture of phenethylamine-meth-
anol. The solution absorbed virtually all of the “CO,
in the air. The C content of the samples was quan-
titated with liquid scintillation spectrometry by using
Aquasol scintillation fluid (Packard Instrument Co.).

Glucose oxidation was determined by incubating
spores at 37°C in various media containing 20 uCi of
[ U-"C]Jglucose per ml. The '“CO; was determined as
described above.

Release of “C-labeled spore carbon. Spores
were labeled with '*C and harvested as described
above. After heat activation, the spores were incu-
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bated at 37°C in various media through which streams
of sterile air were bubbled. Samples were removed at
various times and filtered through a 0.20-um pore size
membrane filter (Metricel Ga-8, Gelman Instrument
Co.). The “C content of the filtrate was quantitated
as above. The “C content of the filtrate did not change
when acidified with H,SO,. Thus, none of the label in
the samples came from “CO,.

Chemicals. [ U-"Clsucrose was purchased from
Schwarz-Mann. Lanthanum oxide, Tris buffer, and
arsenazo III {2,2'-[1,8-dihydroxy-3,6-bisulfo-2,7-naph-
thalene-bis(azo)]dibenzenearsonic acid} were pur-
chased from Sigma Chemical Co. Triton X-100 was
purchased from Rugor Chemical Co.

RESULTS

Requirement of calcium for germination.
Previous work established that initiation of ger-
mination of S. viridochromogenes spores begins
after a 10- to 20-min lag period when they are
incubated in a medium containing alanine, glu-
tamic acid, adenosine, p-aminobenzoic acid,
CaCl,, MgCl;, and KCl. The pregermination lag
is greatly reduced after activation by a heat
shock of 55°C for 10 min (5). Initiation of ger-
mination of the heat-activated spores was found
to occur in the presence of Ca ions only (Fig. 1).
After a 5-min lag period, the absorbance of the
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Fi1c. 1. Effect of calcium and potassium ions and
glucose on germination of S. viridochromogenes
spores. Heat-activated spores were incubated in me-
dia containing: (A) calcium, potassium, and glucose:
(B) calcium and potassium; (C) calcium and glucose;
(D) calcium; (E) potassium; and (F) glucose. Germi-
nation was estimated as the percent decrease in op-
tical density of the spore suspension. The curves
shown represent the average recorder tracings from
at least three repetitive experiments.
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spore suspension declined linearly to a maxi-
mum of 18% reached at 55 min (curve D). Both
the rate and amount of absorbance decrease
were increased by addition of glucose, KCl, or
both (curves A, B, and C). However, the spores
did not germinate when incubated with glucose
or KCl in the absence of CaCl; (curves E and F).
The amount of absorbance decrease observed
with calcium-glucose, calcium-potassium, and
calcium-potassium-glucose media was approxi-
mately the same as occurs during germination
in the previously used defined germination me-
dium (4). Both Sr and Ba ions (0.54 mM) were
as effective as Ca ions in initiating germination
(data not shown). Germination did not occur in
the presence of 0.5 to 1.0 mM Zn, Fe, Mg, La,
Mn, Co, and various monovalent cations. Spores
which were not heat activated did not initiate
germination in any combination of calcium, po-
tassium, or glucose.

The optimal Ca ion concentration for initiat-
ing germination in DGM was 0.5 mM (Fig. 2).
Higher concentrations inhibited germination.
Microscopic examinations revealed that the
spores incubated for 50 min with 0.5 mM Ca
were phase dark, whereas those incubated with
1.7 and 2.5 mM Ca were, respectively, partially
and completely phase bright. An increased rate
of respiration during spore germination was re-
ported previously (6), and Ca ions stimulate the
rate of endogenous metabolism (see Fig. 4). The
possibility exists that the observed inhibition of
germination by greater than optimal Ca ion con-
centrations was caused by oxygen depletion dur-
ing the static incubation. To test this, a fine
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F1G. 2. Effect of calcium ion concentration on ger-

mination of S. viridochromogenes spores. Heat-acti-

vated spores were incubated in DGM containing the

amounts of calcium shown. The experimental points

illustrate the percent decrease in optical density of

the spore suspension after 50 min of incubation. Sym-

bols: O, incubated statically; @, incubated with aer-
ation 30 s of each min.
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stream of air was bubbled through the spore
suspension for 30 s of each minute. The maxi-
mum amount of absorbance decrease of the ger-
minating spores was the same at Ca ion concen-
trations greater than 0.5 mM (Fig. 2). Micro-
scope examinations revealed the spores in each
instance to be phase dark. Germination did not
occur when the spore suspensions were purged
continuously with a fine stream of oxygen-free
nitrogen gas for the 50-min period (data not
shown).

Measurement of calcium levels in spores.
The calcium content of the spores was measured,
and the results are shown in Table 1. Fresh
spores suspended in TX buffer contain 0.28% of
their dry weight as calcium. This value did not
change after incubation in water for 7 days or
after heat activation. Incubation of spores with
0.5 mM Ca for 5 min or longer at 4°C resulted in
a near doubling of their calcium content. Spores
which had been germinated by incubation in
calcium-potassium-glucose medium for 60 min
also contain the same increased level of calcium.

Treatment of spores in 0.01 N HCI for 5 min
at 4°C removed virtually all of the calcium. The
acid caused a 26% decrease in viability of the
spores and removed 25% of their spore carbon
(data not shown). Treatment of the spores with
0.5 M EDTA at pH 10.0 or 0.02% arsenazo III
for 5 min also resulted in removal of virtually all
of the calcium from the spores. The spores main-
tained complete viability and lost only 0.7% of
their spore carbon after the EDTA extraction
(data not shown). Because the EDTA caused no
apparent damage to the spore membrane and
arsenazo III does not pass permeability barriers

TABLE 1. Calcium ion content of S.
viridochromogenes spores*®

% dry wt as Ca
ions

0.28 (0.26-0.30)°

Treatment

None (control)
Incubated 7 days in water at
4°C, then washed . ... ... ..

0.28 (0.26-0.30)

Incubated with:
0.5 mM CaCl; at 4°C . .. ... .. 0.55 (0.50-0.60)
0.01 N HCl washed ......... 0.02 (0.00-0.04)
0.5M EDTA washed ..... ... 0.02 (0.01-0.03)
0.02% Arsenazo III washed . . . 0.02 (0.01-0.04)

Germinated for 60 min in Ca-K-

glucose medium ........ .. 0.55 (0.50-0.60)
0.5 M EDTA or 0.01 N HC1

washed then incubated with

0.5 mM Ca at 4°C . ... .. .. 0.55 (0.50-0.60)

¢ The amount of calcium in the samples of spores
was determined by atomic absorption spectrophotom-
etry as described in the text. The spores were washed
four times with double-distilled water before analyses.
® Ranges for replicate determinations.
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or affect cell properties (7, 11), it seems reason-
able to conclude that virtually all of the calcium
content of the spores is located exterior to their
permeability barrier.

When spores which had been depleted of cal-
cium by HCl or EDTA extraction were incu-
bated for 5 min in 0.5 mM Ca ions at 4°C, they
accumulated the same amount of the cation as
untreated spores (0.55 to 0.56% dry weight).

The spore contents of Mg and K ions were
measured and found to be 0.17 and 2.0% of the
spore dry weight, respectively (data not shown).
These values did not change appreciably after
incubation in water, heat activation, or germi-
nation in calcium-potassium-glucose medium.
Treatment of spores with EDTA removed only
approximately 50% of the Mg ions.

Requirement for continuous presence of
calcium during germination. An experiment
was designed to determine whether calcium acts
as a trigger in initiation of spore germination.
Heat-activated spores were preincubated for 10
min in the presence of glucose or calcium and
glucose. The spores were then washed with 0.5
M EDTA followed by water and then suspended
in fresh media and incubated for an additional
50 min. The results (Fig. 3) show that spores
preincubated for 10 min in calcium-glucose me-
dium had begun to germinate after a lag period
of a few minutes and continued to germinate
when transferred to medium containing only Ca
ions. When the calcium-glucose-preincubated
spores were transferred to medium containing
only glucose, germination ceased. Addition of Ca
ions to these spores 30 min later resulted in
immediate resumption of germination. Spores
preincubated in glucose only did not initiate
germination. This was true if incubation was
prolonged another 50 min. The glucose-prein-
cubated spores germinated without a lag when
transferred to a medium containing only Ca ions.
These data clearly establish that Ca ions were
required continuously during germination and
did not serve only to trigger germination events.

Endogenous respiration and spore car-
bon release studies. Previous studies estab-
lished that two early events associated with ger-
mination of S. viridochromogenes spores are
excretion of spore carbon and an increased en-
dogenous respiration rate (6). A study was made
of the effect of calcium ions on these processes.
The heat-activated spores incubated in buffer
respired endogenously at a constant rate such
that at 120 min approximately 0.4% of their
spore carbon was converted to “CO; (Fig. 4).
The addition of Ca ions resulted in a rapid
increase in the respiration rate for the first 60 to
75 min followed by a less rapid rate. At 120 min,
1.05% of the spore carbon had been converted to
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F1G. 3. Continuous requirement for calcium ions
for germination of S. viridochromogenes spores.
Heat-activated spores were incubated for 10 min in
media containing glucose only or calcium ion plus
8lucose. The spores were then sedimented by centrif-
ugation, washed with 0.5 M EDTA followed by water,
and then incubated in a fresh medium. (A) Preincu-
bated in calcium-glucose, shifted to calcium only; (B)
preincubated in calcium-glucose, and then shifted to
8lucose only; (C) as in B except calcium was added
at 40 min; (D) preincubated with glucose, shifted to
calcium only; (E) preincubated with glucose only,
shifted to glucose only. The curves shown represent
the average recorder tracings from at least three
repetitive experiments.

1CO,. The respiration rate in medium contain-
ing glucose and no Ca ions was only slightly
greater than that in buffer. In the presence of
glucose and Ca ions, the respiration rate in-
creased to a rapid constant rate, and nearly 1.7%
of the spore carbon had been converted to “CO,
at 120 min.

The results for release of spore carbon are
shown in Fig. 5. Approximately 3% of the spore
carbon was excreted by spores incubated for 120
min in the buffer containing glucose. Addition of
Ca ions to this medium resulted in a release of
5% of the carbon after 60 min of incubation, after
which no more carbon was released during an-
other hour of incubation. The amount of carbon
released in the presence of both Ca ions and
glucose was much greater, a maximum amount
of 15% being released after 60 min of incubation.

Heat resistance studies. The relationship
of germination to heat resistance was tested.
Heat-activated spores were incubated in the fol-
lowing media: TX-buffer, TX-buffer plus potas-
sium, TX-buffer plus calcium, TX-buffer plus
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FiG. 4. Rate of endogenous metabolism of spores
of S. viridochromogenes. Spores labeled with “carbon
were heat activated and incubated in various media.
The media were aerated and the “CO; was collected
and measured. Symbols: O, calcium-glucose medium;
B, TX-buffer plus calcium ions; O, TX-buffer plus
glucose; @, TX-buffer.
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rapidly, and viable cell counts were made. As
shown in Table 2, the nongerminating spores
(buffer, potassium, or glucose only; see Fig. 1)
remained almost completely heat resistant. The
germinating spores became progressively less
heat resistant. The rate of loss of heat resistance
parallels the rate of germination (see Fig. 1).
This decrease in heat resistance of the germi-
nating spores may be a result of either a mixture
of heat-susceptible germinated and resistant
dormant spores or of a gradual loss of resistance
by a synchronously germinating population. To
test this, a sample of spores at the mid-germi-
nation point (22 min of germination in calcium-
glucose medium) was heated at 60°C, and via-
bility was tested at various times. The loss of
viability was exponential with time (Fig. 6), in-
dicating that the spore population was germi-
nating synchronously and that the spores were

‘equally susceptible to heat.

DISCUSSION

Hardisson et al. (3) defined three stages of
germination of S. antibioticus spores. The first
stage, which involves phase darkening accom-
panied by a 20% decrease in absorbance of a
spore suspension, is apparently equivalent to
what we refer to in this paper as initiation of
germination. This first stage of germination of
S. antibioticus spores requires only the presence
of either calcium, magnesium, or ferrous ions
and is completely blocked by inhibitors of ATP
synthesis. S. antibioticus spores do not require
heat activation for germination, and the dry
weight of the spores does not change during the
first stage of germination (3). Spores of S. virid-
ochromogenes will not initiate germination with
only magnesium or ferrous ions present, and
calcium-initiated germination occurs only with
heat activated spores. Also, initiation of germi-
nation is accompanied by a loss of spore carbon
(6; this paper).

TABLE 2. Relationship of heat resistance to
germination of S. viridochromogenes spores®

0 20 40 60 80 100 120

% viability

MINUTES Additions to TX-buffer 0 60

F1G. 5. Rate of release of spore carbon from spores min  min
of S. viridochromogenes. Spores labeled with carbon

were heat activated and incubated in various media. None (cont}'ol) 100 100

Samples were removed at different times, the spores Potgssmx:n lons 97 9%

were removed by filtration, and the amount of label Calcium ions L. 62 47

in the supernatant fluid was measured. Symbols: @, Calcium plus potassium ions 62 38

calcium-glucose medium; B, TX-buffer plus calcium g‘l’l‘;‘)‘;‘ ions plus glucose gg ;g

u

ions; A, TX-buffer plus glucose.

glucose, and TX-buffer plus calcium and glucose.
At various times, samples were removed and
heated at 60°C for 10 min and then cooled

% Heat-activated spores were incubated in the test
media at 37°C. Samples removed at 30 and 60 min
were subjected to a heat shock of 60°C for 10 min and
viable counts determined as described in the text.
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F16. 6. Thermal resistance of partially germi-
nated spores of S. viridochromogenes. Heat-activated
spores were germinated for 22 min by incubation in
calcium-glucose medium at 37°C. They were then
diluted into TX-buffer at 60°C and incubated at this
temperature. At the times indicated, samples were
serially diluted and plated onto solid media, and
colonies were counted after 48 h of incubation. Data
are plotted by using the method of least squares (r’
= 0.96).

Our work does not yet answer the question of
the mechanism of calcium-induced initiation of
germination of S. viridochromogenes spores.
Events known to be associated with germination,
such as increased respiratory activity, release of
carbon-containing materials, loss of heat resist-
ance, and macromolecule biosynthesis, are de-
pendent on the continuous presence of calcium

J. BACTERIOL.

ions. The observation that the chelating agents
EDTA and arsenazo III remove virtually all of
the calcium from spores and at the same time
arrest germination events suggests that the site
of calcium activity is external to the cytoplasmic
membrane.
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