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The germination of conidiospores of wild-type Neurospora crassa was found
to be dependent upon the function of the cytochrome-mediated electron transport
pathway. The cyanide-insensitive alternate oxidase did not contribute signifi-
cantly to the respiration of these germinating spores. The dormant spores con-
tained all of the cytochrome components and a catalytically active cytochrome c
oxidase required for the activity of the standard respiratory pathway, and these
preserved components were responsible for the accelerating rates of oxygen
uptake which began immediately upon suspension of the spores in an incubation
medium. Mitochondria ofthe dornant spores contained all of the subunit peptides
of the functional cytochrome c oxidase; nevertheless, de novo synthesis of these
subunits began at low rates in the first stages of germination. Reactivation of the
respiratory system of germinating N. crassa spores seems not to be dependent
initially upon the function of either the mitochondrial or cytoplasmic protein-
synthesizing systems. The respiratory activity of spores of three mutant cyto-
chrome c oxidase-deficient strains of N. crassa also was found to depend upon
the function of the cytochrome electron transport pathway; the dormant and
germinating spores of these strains contained a catalytically active cytochrome c
oxidase. Cytochrome c oxidase may be present in the dormant and germinating
spores of these strains as the result of a developmental-phase-specific synthesis of
and requirement for the enzyme.

The germination of dormant fungal spores
into cells with a vigorous metabolism character-
istically includes the rapid emergence of a strong
aerobic respiration. In previous studies in our
laboratory we examined the means by which the
development of this respiratory activity is regu-
lated early in germination and whether the mi-
tochondrial respiratory membrane of the dor-
mant spore is functionally complete or must be
modified or reassembled to allow for the devel-
opment of respiratory competence (5, 7-9, 13).

Studies of spores of the tropical fungus Botry-
odiplodia theobromae have shown that,
whereas spore germination was dependent upon
the function of the standard, cytochrome-medi-
ated electron transport system (5), the mito-
chondria of the dormant spores did not contain
cytochrome c oxidase (7-9) or oligomycin-sen-
sitive ATPase (26). These respiratory enzyme
complexes subsequently were shown (8, 26) to
be assembled into the respiratory membrane of
germinating spores by two different biogenetic
mechanisms (see Discussion) to yield a compe-
tent respiratory system.

In contrast to the observations that germinat-
ing Botryodiplodia spores have an essential re-
quirement for a functional standard electron

transport system, the prevailing view (18) of the
respiratory requirements of germinating coni-
diospores of Neurospora crassa is that during
the earlier stages of germination these spores
depend primarily upon the function of an alter-
nate, non-cytochrome pathway ofelectron trans-
port. It had been assumed that this pathway,
mediated by a poorly characterized alternate
oxidase (see reference 11 for a review), fulfills
the respiratory demand of the spores until the
cytochrome-mediated electron transport system
becomes functional, late in the germination se-
quence.

In the present study, we re-examined the roles
of the cytochrome-mediated and alternate elec-
tron transport systems in germinating spores of
N. crassa, and we found that respiration in these
spores was completely dependent upon the func-
tion of the standard electron transport system
and that cytochrome c oxidase is preserved in
the mitochondria of the dormant spores in an
assembled complex which is catalytically active.
Another question asked in this study was
whether the function of this cyanide-sensitive
respiratory pathway is always required for N.
crassa spore germination or whether some
strains could germinate using the altemate path-
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way for respiratory activity. To answer this
question definitively, we sought to find a N.
crassa strain which utilized the alternate path-
way as its respiratory pathway during spore
germination, as might be expected of N. crassa
mutant strains which have been characterized
as being cytochrome c oxidase deficient. Instead,
we found that the germination of spores of three
such strains, which respire primarily through
the alternate oxidase in logarithmic-phase
growth, depended upon the function of the cy-
tochrome electron transport system and that all
of the mutant spores contained catalytically ac-
tive cytochrome c oxidase.

MATERIALS AND METHODS

Strains of N. crassa. The wild-type strain used
was 74-OR23-1A. The following cytochrome c oxidase-
deficient mutant strains were donated by H. Bertrand
(University of Regina, Saskatchewan, Canada): mi-3,
pan-2 (pantothenate requiring); cya-4-23, nic-1, al-2
(albino, nicotinamide requiring); and cya-5-34. All of
the mutant strains have the same general genetic
constitution as 74A/74a, with the exception of the
marker mutations listed above.
Growth of cells. Conidiospores of N. crassa were

obtained from all strains after growth for 8 days on V-
8 juice agar (5), supplemented with vitamins (when
required) at a final concentration of 10 yg/ml of me-
dium. The spores were harvested from the parent
mycelium with a paraffinic oil (6) as a suspending
medium to prevent hydration and activation of protein
synthesis and respiration (R. Brambl, manuscript in
preparation); these spore suspensions were free of
contaminating mycelial fragments.

Spores were incubated in 500-ml baffled flasks con-
taining 100 ml of Vogel minimal medium (22) with 2%
sucrose (and vitamins as required; final concentration,
10 yg/ml); the concentration of the spores was 1 mg/
ml of medium. Germination and incubation were car-
ried out at 309C in a gyratory incubator shaker or a
gyratory water bath incubator at 300 rpm. Inhibitors
were added to the medium immediately before spore
inoculation. The inhibitor concentrations (in micro-
grams per milliliter of medium) were: sodium cyanide
(25), salicyl hydroxamate (SHAM; 120), cycloheximide
(100), chloramphenicol (4,000), ethidium bromide (50),
and erythromycin (100). All of the inhibitors were
dispensed from freshly prepared stock solutions;
SHAM and erythromycin were dissolved in 95%
ethanol, and control incubations showed that this sol-
vent did not affect spore physiology.

Preparation of mitochondria. Mitochondria
were obtained in an identical manner from the spores
of each strain. The mitochondria used in the enzyme
activity measurements were prepared as follows: 300
mg of spores were combined with 27 g of 1-mm glass
beads and 7.5 ml of MTE buffer (0.25 M mannitol, 20
mM Tris-SO4 [pH 7.4], 1 mM EDTA) and disrupted
in a Braun MSK mechanical homogenizer (Bronwill
Scientific Inc., Rochester, N.Y.) for 30 s with simul-
taneous cooling with a stream of CO2. The homoge-
nized spore suspension was rinsed from the MSK flask

with about 15 ml of MTE buffer, and the suspension
was centrifuged for 10 min at 1,200 x g (g values are
gay). Three distinct layers were apparent in the centri-
fuge tube after the first centrifugation; the supernatant
fluid used for further work was contained between a
thick lipid layer and the pellet of cell debris and was
removed by aspiration. The supematant fluid was
centrifuged again as above to remove any remaining
lipid material, and it was then centrifuged for 30 min
at 25,300 x g. The resulting crude mitochondrial pellet
was suspended in 2.0 ml of MTE buffer containing
20% glycerol for immediate use in the measurement of
cytochrome c oxidase activity.

Mitochondrial fractions from dormant spores used
for the spectral studies were obtained in the following
manner: 3.5 to 4.0 g of spores were combined with 27
g of glass beads and 15 ml of STE buffer (0.44 M
sucrose, 0.05 M Tris-chloride, [pH 7.5], 1.0 mM
EDTA) and were disrupted and centrifuged as above.
The final pellet was suspended in 4.0 ml of 10 mM
sodium phosphate buffer (pH 8.0), which contained
1% Triton X-100 and 0.3 M KCl; the resulting suspen-
sion was centrifuged for 30 min at 25,300 x g. The
clarified mitochondrial extract (which contained 6 to
10 mg of protein per ml) was used immediately for
spectrophotometry. Protein was determined by the
method of Lowry et al. (15).
Oxygen uptake rate determinations. Oxygen

consumption was measured polarographically as pre-
viously described (5) with the oxygen electrodes cali-
brated in air-saturated distilled water at 30°C. Full-
scale deflection corresponded to a concentration of 5.0
Ml of oxygen per ml of medium (at 30°C). Dilutions of
the suspensions of germinating spores with fresh aer-
ated incubation medium were made as necessary (de-
termined in trial experiments) to ensure that oxygen
consumption by the spores would not exceed full-scale
deflection over the 10-min recording period.
Enzyme activity measurements. Enzyme activ-

ity was measured according to Smith and Conrad (20)
at room temperature (23 to 25°C). The 1-ml reaction
mixture consisted of 50 mM potassium phosphate
buffer (pH 7.4), 1% Tween 20, and 25,M Neurospora
ferrocytochrome c, purified and reduced as previously
described (7, 21). Each assay mixture contained ap-
proximately 15 to 30 ,ug of crude mitochondrial protein.
Corrections were made for the absorbance (at 550 nm)
of the mitochondria added to each reaction mixture.
Cytochrome absorption difference spectra. Ox-

idized versus reduced cytochrome difference spectra
were recorded as previously described (5) at room
temperature with a Cary 118CX spectrophotometer
equipped with a scattered transmission accessory and
high-intensity light source. Each cuvette contained 1
ml of mitochondrial extract.

Radiolabeling and immunochemical tech-
niques. The germinating spores were pulse-labeled as
described elsewhere (8). The antiserum to cytochrome
c oxidase used in this study was developed against the
purified enzyme which was dissociated into its com-
ponent polypeptides (8). The conditions for lysis of
the mitochondria, for the immunoprecipitation reac-
tion, and for processing and electrophoresis of the
immunoprecipitates are detailed elsewhere (8, 13).

All of the experiments described in this report were
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repeated three or more times, and the examples cited
represent typical results.

RESULTS

The germination of spores of the N. crassa
wild-type strain in the presence of respiratory
inhibitors was measured to help determine
which pathway of electron transport accounted
for the majority of the respiratory activity dur-
ing the early stages of spore germination. Ger-
mination of the spores was monitored in the
presence of cyanide, an inhibitor ofthe standard,
cytochrome-mediated electron transport path-
way, in the presence of SHAM, an inhibitor of
the alternate respiratory pathway, and in the
absence of either inhibitor. A small percentage
(5 to 6%) of the uninhibited wild-type spores
developed germ tubes between 90 and 120 min,
with the majority (90% or above) having germi-
nated by 300 min. The addition ofSHAM at the
start of incubation yielded a curve for gernina-
tion almost indistinguishable from the curve for
uninhibited spores. Since the altemate respira-
tory pathway presumably was unable to function
under these conditions and since the germina-
tion rate was unaltered in the presence of this
drug as compared to the uninhibited control,
these results suggest that the function of the
altemate pathway is not required for wild-type
N. crassa spore germination. The presence of
cyanide in the incubation medium resulted in a
complete block of wild-type spore germination,
indicating that cyanide-sensitive respiratory ac-
tivity, or the activity of the cytochrome electron
transport pathway, was required for the germi-
nation of wild-type N. crassa spores.
We examined the respiratory activity ofspores

of three respiration-deficient strains ofN. crassa
in an attempt to determine whether this cya-
nide-sensitive respiratory activity is always re-
quired for N. crassa spore germination. The
three mutant strains chosen for this study, mi-3,
cya-4-23, and cya-5-34, have been reported pre-
viously to be deficient in cytochrome c oxidase,
the terminal enzyme of the normal respiratory
pathway, as judged by studies carried out on
their logarithmic-phase cells (2, 16, 17). Previous
characterizations of these mutant strains indi-
cated that all three strains used the altemate
pathway as their major respiratory pathway dur-
ing logarithmic-phase growth, that cytochrome
a was not detectable in logarithmic-phase my-
celium, and that the mitochondria in each of the
mutant strains were severely deficient in or com-
pletely lacking one or more of the polypeptide
subunits of cytochrome c oxidase (1, 3, 4, 17, 19,
23). Our intention here was to determine
whether spores of these mutant strains used the
alternate respiratory pathway as their major

respiration route during spore germination or
whether they contained cytochrome c oxidase
and used the standard electron transport path-
way for respiratory activity, as did the wild-type
spores.
The first experiment performed on the mutant

strains was to test the effect of respiratory inhib-
itors upon spore germination rates. Each mutant
strain had a characteristic spore germination
rate in the absence of any inhibitor; the cya-5-34
strain had a rate similar to that of the wild-type
strain, whereas the cya-4-23 and mi-3 rates typ-
ically were less rapid (attaining 45 and 75%
germination by 300 min, respectively). The ad-
dition of SHAM resulted in an approximately
50% reduction in the germination of all three
mutant strains by 300 min of incubation. Cya-
nide caused a nearly complete inhibition ofspore
germination in all of the mutant strains. These
results indicate that the mutant strain spore
germination, like the wild-type spore germina-
tion, was dependent upon the function of the
standard, cyanide-sensitive electron transport
pathway.
This conclusion was tested by the measure-

ment of the oxygen uptake rates of each of the
wild-type and mutant strains in the absence or
presence of the respiratory inhibitors, cyanide
and SHAM. This method provides a more direct
means of assessing the respiratory activities by
the two pathways since they can be distin-
guished by their differential sensitivities to the
two inhibitors.
The effect of cyanide and SHAM upon the

oxygen uptake rates of the wild-type spores is
shown in Fig. 1. In the absence of either inhibi-
tor, accelerating rates of oxygen uptake were
observed throughout the 300-min germination
period, with a typical rate of 285 pl of oxygen
consumed per mg of spores per 10 min at 300
min of germination. No lag was observed in the
acceleration of oxygen uptake rates at the start
of the germination sequence; the spores began
to consume oxygen immediately after being sus-
pended in the incubation medium. SHAM had
no observable effects on the oxygen consumption
rates as compared to the uninhibited control
(Fig. 1). Since oxygen uptake via the altemate
respiratory pathway presumably was blocked in
this experiment, most of the oxygen consump-
tion measured should have been due to activity
of the cytochrome-mediated pathway of respi-
ration. These results support the findings of the
first experiment, which showed that SHAM also
had no effect on the germination rate of the
wild-type spores. In contrast, cyanide severely
inhibited oxygen consumption throughout the
germination sequence (Fig. 1). The results of
these oxygen uptake experiments support the
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FIG. 1. Rates ofoxygen consumption by spores incubating in nutrient medium (0) and in nutrient medium

with SHAM (0) or cyanide (A).

conclusion that respiration via the cytochrome
electron transport system is required for germi-
nation of wild-type N. crassa spores.

Fig. 1 also shows the oxygen uptake rates of
spores of the mutant strains in the presence of
the respiratory inhibitors. The oxygen uptake
rates of the cya-4-23 and cya-5-34 spores were

not affected by SHAM until approximately 180
and 240 min of the germination sequence, re-

spectively, after which time the drug caused
slight decreases in the rates of oxygen consump-
tion. The presence ofSHAM had a more severe

effect upon the oxygen uptake rates of the mi-3
strain, causing a nearly 50% decrease in the rate
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of oxygen uptake by 300 min of germination.
Under cyanide inhibition, however, oxygen con-
sumption in all of the strains was sharply re-
duced (Fig. 1), indicating that the major portion
of the oxygen consumed in these strains was via
the standard electron transport pathway and not
through the alternate pathway of respiration.
The germination and oxygen uptake rates of

wild-type conidia were also monitored in the
presence of inhibitors of cytoplasmic and mito-
chondrial protein synthesis to help determine
whether new synthesis of products from either
genetic system might be required for the reacti-
vation of the respiratory system preserved in the
dormant spores. The biosynthesis and assembly
of the standard electron transport pathway are
known to require joint contributions from the
nuclear and mitochondrial genetic systems (for
a review, see reference 24). For example, the
terminal enzyme of the cytochrome electron
transport system, cytochrome c oxidase, con-
tains seven subunit polypeptides, four of which
are synthesized on cytoplasmic ribosomes and
three of which are synthesized on mitochondrial
ribosomes (24). In these germinating spores of
N. crassa, chloramphenicol severely disrupts
the synthesis of the three mitochondrial sub-
units of the enzyme (R. Brambl, unpublished
data).
Chloramphenicol caused a slight decrease

(10%) in the spore germination rate as compared
to the rate for the uninhibited control, whereas
ethidium bromide caused a more significant de-
crease (50%) in the extent of germination by 300
min of incubation; the effect of erythromycin on
the rate of spore germination was similar to that
of chloramphenicol. Treatment of the germinat-
ing spores with cycloheximide, a cytoplasmic
protein synthesis inhibitor, resulted in a com-
plete block of germination. These results indi-
cate that, whereas mitochondrial protein synthe-
sis apparently was not required for wild-type N.
crassa spore germination, cytoplasmic ribosome
function was essential.
The cyanide-sensitive oxygen uptake rates of

the wild-type spores in the presence of the pro-
tein synthesis inhibitors is shown in Fig. 2.
Ethidium bromide had little effect on oxygen
consumption until approximately 180 min of the
germination sequence; by 300 min, the drug re-
duced the rates of oxygen consumption by 50%.
Chloramphenicol and erythromycin caused only
a slight inhibition (about 15%) of the cyanide-
sensitive oxygen uptake rate at 300 min (data
not shown). Small amounts of oxygen were con-
sumed by spores treated with cycloheximide, the
inhibitor that completely blocked spore germi-
nation, and this finding suggests that the devel-
opment of respiratory activity in these spores
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FIG. 2. Rates of oxygen consumption by wild-type

(74A) spores incubating in nutrient medium (0) and
in nutrient medium with cycloheximide (A) or ethid-
ium bromide (0). Chloramphenicol gave uptake ki-
netics nearly identical to those of untreated spores.

may not be completely dependent upon cyto-
plasmic protein synthesis as it is in other fungal
spores (5).
Because we found that cyanide-sensitive res-

piration was required for the germination of the
N. crassa spores, we sought to establish whether
the cytochrome components of the cyanide-sen-
sitive respiratory pathway were present in the
mitochondria of the dormant spores of each of
the strains or whether some ofthese components
had to be assembled early in spore germination
to yield a functional respiratory membrane. The
mitochondria of dormant spores of each strain
therefore were examined to determine whether
they contained all of the cytochrome species
required for the function of the cytochrome elec-
tron transport pathway and whether they pos-
sessed an assembled, catalytically active cyto-
chrome c oxidase.
Room temperature difference spectrophotom-

etry was used to measure the respiratory cyto-
chrome content of the mitochondria of the dor-
mant and germinating spores. Figure 3 shows
the pattern of elaboration of the mitochondrial
cytochromes in cells of the wild-type strain from
dormant spores (0 h) to logarithmic-phase
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Figure 4 shows the room temperature differ-
ence spectra of the dormant spores of the three
cytochrome c oxidase-deficient mutant strains.
Whereas the absorbance peaks for cytochromes
b and c were distinct in each case, no cytochrome
a could be detected in the mitochondria of
spores of the mutant strains. The cytochrome b
and c absorbance peak heights of the mutant
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FIG. 3. Oxidized versus reduced cytochrome ab-
sorption difference spectra (room temperature) show-
ing the elaboration ofthe mitochondrial cytochromes
in the wild-type (74A) strain at different stages
through spore germination and mycelial growth. 0 h
refers to dormant spores. A, Change in absorbance.

growth. Absorbance peaks corresponding to cy-
tochromes a, b, and c were found at approxi-
mately 610, 560, and 550 nm, respectively; the
18-h cytochrome spectrum is representative of
a typical, mature cytochrome pattern for loga-
rithmic-phase cells of wild-type N. crassa. This
experiment shows that in mitochondria of the
dormant spores (0 h), all of the cytochrome
species necessary for the function of the stand-
ard electron transport pathway are present.
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FIG. 4. Oxidized versus reduced cytochrome ab-
sorption difference spectra (room temperature) ofmi-
tochondrial fractions prepared from the dormant
spores of the wild-type (74A) and the three mutant
strains of Neurospora. A, Change in absorbance.
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strains always appeared much greater than the
corresponding peaks in the wild-type strain
when comparisons were based on the same
quantities of mitochondrial protein. Since the
mutant strains, like the wild-type, were found to
require a functional, cyanide-sensitive electron
transport pathway during spore germination,
our inability to detect cytochrome a in the dor-
mant spores ofthe mutant strains was, therefore,
an unexpected result. One possible explanation
of these results is that cytochrome a was present
in low cellular concentrations in the dormant
spores of the mutant strains and that it was
spectrophotometrically undetectable.
The results obtained so far indicate strongly

that the function of the cytochrome electron
transport system is required for germination and
that the dormant spores (of the wild-type strain)
contain cytochrome a, which probably is func-
tional. To test this latter conclusion directly, we
analyzed the mitochondria of dormant spores of
the wild-type and mutant strains for the cata-
lytic activity ofthe cytochrome a, or cytochrome
c oxidase. We also sought to establish whether
the spores of the mutant strains might contain
this enzymatic activity in the absence of spec-
trally detectable cytochrome a. The in vivo sub-
strate of cytochrome c oxidase, ferrocytochrome
c, was purified from the wild-type strain (21) and
was used as the substrate for the catalytic activ-
ity measurements.
As shown in Table 1, cytochrome c oxidase in

the dormant spores of the wild-type strain oxi-
dized 350 nmol offerrocytochrome c per min per
mg of mitochondrial protein. This specific activ-
ity was approximately three-fifths of that found
in the logarithmic-phase cells of the wild-type
strain. This demonstration of cytochrome c oxi-
dase activity in the dormant spores of the wild-
type strain, coupled with the detection of the
full complement of respiratory cytochromes,
leads us to the conclusion that the cytochrome
components necesary for the function of the
cyanide-sensitive pathway are assembled and
probably functional in the mitochondria of the
dormant spores. That this respiratory system of
the dormant spores is probably functional at the

TABLE 1. Cytochrome c oxidase activity in whole
mitochondria isolated from dormant spores

Strain Sp act" % of wild
type

74A (wild type) 350 i: 16 100
mi-3 207 t 27 59
cya-4-23 82 + 9 23
cya-5-34 118 + 15 34

Nanomoles of ferrocytochrome c oxidized per min-
ute per milligam of protein.

outset of incubation is supported by the kinetics
of the oxygen uptake by the wild-type spores
(Fig. 1); there was no lag in the acceleration in
the rates of oxygen uptake at the start of the
germination sequence, an occurrence that would
be expected if the components of the standard
electron transport pathway otherwise had to be
assembled during the early stages of spore ger-
mination.
Cytochrome c oxidase catalytic activity mea-

surements also were performed with mitochon-
dria isolated from the dormant spores of the
mutant strains. We considered it likely that at
least small quantities of cytochrome c oxidase
were present in these cells since the oxygen
consumption during the early stages of spore
germination was cyanide sensitive. The results,
as shown in Table 1, supported that expectation.
Cytochrome c oxidase activity was found in the
dormant spores of all of the mutant strains, with
mi-3, cya-4-23, and cya-5-34 displaying 59, 23,
and 34% of the specific activity of the wild-type
strain, respectively. Since cytochrome a is an
integral part of the functional cytochrome c
oxidase enzyme, we concluded that cytochrome
a was present in the dormant spores, but in such
low amounts as to be spectrophotometrically
undetectable. It can also be concluded that, like
the wild-type strain, the dormant spores of the
three mutant strains contain all of the cyto-
chrome components required for the function of
the standard, cytochrome-mediated electron
transport pathway.
The experiments described above indicate

that cytochrome c oxidase must be preserved in
the mitochondria of the dormant spores of N.
crassa. Through use of an enzyme-specific an-
tiserum and electrophoresis of the immunopre-
cipitate, we also established that the mitochon-
dria of dormant spores of the wild-type strain
(radiolabeled during sporulation) contained the
seven-subunit complex of the complete enzyme,
as would be expected (data not shown). Because
the dormant spores contained cytochrome c ox-
idase that had been assembled in the respiratory
membrane to function during the earliest stages
of germination, we also wished to determine
when, during spore gernination, a new cyto-
chrome c oxidase was synthesized as a replace-
ment for the preserved enzyme. The germination
sequence of the wild-type spores was divided
into four 60-min periods, and the spores were
labeled with radioactive leucine during each of
the periods. At the conclusion of each labeling
period, the spores were collected rapidly and
chilled, the mitochondria were prepared, and the
radiolabeled cytochrome c oxidase was isolated
by immunoprecipitation with an antiserum to
the purified enzyme (8).
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Gel electrophoresis (in dodecyl sulfate) of
these cytochrome c oxidase immunoprecipitates
(Fig. 5) showed that during the first 60-min
period of germination, only low quantities of the
mitochondrial subunits (polypeptides 1 through
3) of the enzyme were synthesized; trace quan-
tities of some cytoplasmic subunits (polypep-
tides 4 through 7) might also have been synthe-
sized. During the second and succeeding labeling
periods, however, all subunits of the enzyme
were synthesized at accelerating rates. Because
the antiserum used in this experiment should
recognize both free and assembled enzyme sub-
units (8), it is likely that these results accurately
reflect the synthesis of the enzyme subunits as
well as their assembly into a membrane complex.
The results of this experiment demonstrate that,
despite the presence of a preformed and func-
tional cytochrome c oxidase in the dormant
spores, these cells initiated the synthesis of a
new enzyme within 60 min after the onset of
germination. These newly synthesized subunits
were not required for respiratory activity in ger-
minating spores; inhibition of their synthesis
with chloramphenicol or cycloheximide (data
not shown) did not abolish cyanide-sensitive
respiration in these cells.

DISCUSSION
Upon initiation of germination, fungal spores

typically exhibit rapid increases in rates of res-
piration as they convert from a dormant, physi-
ologically quiescent state to a state characterized
by high rates of metabolic activity. In this study
we sought to characterize the respiratory activ-
ity in germinating conidiospores of N. crassa to
learn which electron transport pathway was re-
sponsible for this early oxygen consumption and
to establish whether the components of the elec-
tron transport pathway, such as the cytochromes
and cytochrome c oxidase, were preserved in the
dormant spores. We attempted to determine
whether the activity of this cytochrome electron
transport pathway was always required for N.
crassa spore germination by examining the res-
piratory activity of germinating spores of three
strains reported to be deficient in cytochrome c
oxidase.

Earlier work on the respiratory activity of
spores of B. theobromae showed that these
spores required activity of the cyanide-sensitive
respiratory pathway for spore germination and
that the mitochondria of the dornant spores
possesed an incomplete respiratory membrane,
lacking both cytochrome c oxidase and the oli-
gomycin-sensitive ATPase (5, 7-9, 26). Both of
these enzyme activities were elaborated rapidly
during germination, however, and it was found

that two different methods existed for the as-
sembly of the enzyme complexes into the respi-
ratory membrane early in spore germination.
ATPase was found to become functional during
early spore germination as a result of the de
novo synthesis of its subunits via translation of
an mRNA that had been preserved in the dor-
mant spores (25, 26). The assembly of cyto-
chrome c oxidase during spore germination, on
the other hand, involved a mobilization of pre-
served, compartmentalized subunits to form an
active enzyme; the four cytoplasmic subunits,
preserved in the cytoplasm during dornancy,
were found to move into the mitochondria dur-
ing the early stages of spore germination and
complex with the three mitochondrial subunits,
which were preserved in the mitochondria dur-
ing dormancy, and with heme a to form the
functional enzyme (8).

Results from the germination and oxygen up-
take studies in the presence of the respiratory
inhibitors showed that, like B. theobromae, wild-
type N. crassa also requires a functional, cya-
nide-sensitive electron transport pathway for
spore germination; the SHAM-sensitive alter-
nate oxidase did not function significantly in
these germinating spores. The findings of this
study, as well as other reports (10, 12, 14), there-
fore contradict the view that the alternate oxi-
dase is primarily responsible for the oxygen con-
sumption observed during early spore germina-
tion of Neurospora (18).

In B. theobromae, cytoplasmic protein syn-
thesis is required for spore germination and the
development of respiratory activity, but mito-
chondrial protein synthesis is not required (5).
Our experiments show that in N. crassa also
mitochondrial protein synthesis is not required
for the reactivation ofrespiratory activity during
spore germination. However, unlike B. theobro-
mae spores, in N. crassa cytoplasmic protein
synthesis may not be strictly required for the
initial development of respiratory activity, since
small but significant amounts of oxygen con-
sumption are observed in the presence of cyclo-
heximide. These results suggest, therefore, that
the products of both mitochondrial and cyto-
plasmic protein synthesis required for a func-
tional respiratory membrane are preserved in
the dormant spores of N. crassa and that re-
sumption of respiratory activity is not immedi-
ately dependent upon the function of either pro-
tein synthesis system.

Support for this conclusion comes from our
finding that the dormant spores of wild-type N.
crassa contain all of the cytochrome species
necessary for activity of the standard electron
transport pathway. Furthermore, the subunit
polypeptides of cytochrome c oxidase were

J. BACTERIOL.
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7 found to be assembled and catalytically active
in the dornant spores, and other work in our
laboratory has shown that the dormant spores
of N. crassa also possess a catalytically active
oligomycin-sensitive ATPase (26). It seems
probable, therefore, that all of the components
required for cyanide-sensitive respiratory activ-
ity are preserved in the dormant spores in the
functional form and the activity of these pre-
served components must be responsible for the
low but accelerating rates of cyanide-sensitive
oxygen uptake observed immediately after the
spores are suspended in the incubation medium.
The cytochrome c oxidase preserved in the

dormant spores clearly was functional during
the earliest stages of germination, and it seemed
likely that de novo synthesis of the enzyme
subunits would not begin until relatively late in
the germination sequence. Nevertheless, these
spores initiated the synthesis of the mitochon-
drial subunit peptides of the enzyme within the
first 60 min of germination, and all seven sub-
units were synthesized at accelerating rates after
60 min. These newly synthesized subunits were
not required for the early respiration of spore
germination, but instead they contributed to the
assembly of a new respiratory membrane which
was organized during germination as a successor
to the respiratory membrane preserved in the
dormant spores. This pattern of synthesis of the
subunits of cytochrome c oxidase resembles that
of B. theobromae spores, where a distinct tem-
poral separation exists between the initial syn-
thesis and assembly of the mitochondrial sub-
units and, subsequently, the cytoplasmic sub-
units of the enzyme (8).
We examined the respiration during the ger-

mination of spores of three N. crassa mutant
strains which have been characterized as cyto-
chrome c oxidase deficient to test whether the
function of the cytochrome electron transport
system is always necessary for germination. Ear-
lier reports had shown that respiration of these
mutant strains was primarily dependent upon
the function of their alternate electron transport
pathway during logarithmic-phase growth due
to a deficiency in cytochrome c oxidase which
could be traced directly to the complete or near-
complete absence of one or more of the polypep-
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FIG. 5. Polyacrylamide gel electroph4
parison of radiolabeled peptide subuni
chrome c oxidase obtained by.immunop)

.. ~ ~from mitochondria (1 mg ofprotein in each sample)
e ., of spores labeled during four 60-min periods of ger-

mination with 0Hlleucine and collected at the end of
70 80 each labeling interval. Migration is from left to right,

and the closed block indicates the position of cyto-
chrome c (tracking dye) at the termination of electro-
phoresis. The same radioactivity scale applies to all

oretic com- four analyses. Background counts have been sub-
its of cyto- tracted from the data in this figure; each sample was
recipitation counted for at least 4 min.
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tide subunits of the enzyme (1, 3, 4, 17). It was
hypothesized previously that the mutations in
these strains involve regulatory genes rather
than genes for the structural components of
cytochrome c oxidase (3, 4, 17). Therefore, it
seemed possible to us that (i) spores of these
strains could contain cytochrome c oxidase be-
cause of a developmental phase-specific synthe-
sis during sporulation and (perhaps) a phase-
specific requirement for this enzyme during ger-

mination, or that (ii) since the enzyme was not
synthesized and was not functional in the loga-
rithmic-phase cells, the enzyme would not be
present in the dormant and germinating spores

and would not be required for germination. In-
stead, we found that spore germination in these
mutant strains, like the wild-type strain, was

dependent upon the function of the cytochrome
electron transport pathway. The results of the
respiratory inhibitor experiments clearly showed
that SHAM, the inhibitor of the alternate res-

piratory pathway, had only a small effect on

both the germination and oxygen uptake rates
of the spores of the mutant strains, but cyanide,
the inhibitor of the standard cytochrome path-
way, caused a nearly complete inhibition of both
germination and oxygen consumption. In addi-
tion, all of the cytochrome species required for
the function of the standard cytochrome path-
way were found to be present in the dormant
spores of the mutant strains; cytochromes b and
c were detected through difference spectropho-
tometry, whereas the presence of cytochrome a

was indicated by the detection of catalytically
active cytochrome c oxidase in the dormant
spores.

Our results show that spore germination in N.
crassa is dependent upon the function of the
standard, cytochrome-mediated electron trans-
port pathway. All of the enzyme components of
the standard pathway appear to be assembled
and preserved in the mitochondria of the dor-
mant spores for immediate function upon initi-
ation of spore incubation without requisite steps
of synthesis or assembly early in germination.
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