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A method is described that permits the isolation of mutants that are defective
in mitochondrial respiration. The techniques of inositol-less death and overlay
with 2,3,5-triphenyl-2H-tetrazolium chloride are utilized to select for mutant
colonies. Colonies that survive inositol-less death and fail to reduce the
tetrazolium dye are then tested polarographically for cyanide-sensitive respira-
tion. A preliminary characterization of three mutants obtained by this method
is presented. The mutants have been characterized by their cyanide-sensitive
respiration rate, growth rate, the state III respiration rate of isolated mito-
chondria, inhibition of the respiration of isolated mitochondria by cyanide and
antimycin A, and cytochrome spectra. All of the mutants described differ from
the parent strain in some of these aspects.

The mitochondrial inner membrane of the
fungus Neurospora crassa is a complex biologi-
cal structure that receives genetic input from
both the nuclear and mitochondrial genomes
(22). The respiratory chain associated with this
membrane has the characteristic b-, c-, and
a-type cytochromes that are seen in mito-
chondria from higher organisms (13, 21). The
haploid nature of Neurospora makes it an ideal
organism for genetic studies, and the respira-
tory chain, with its easily observable cyto-
chromes and characteristic enzyme activities,
is an attractive membrane system for studies of
the genetic control and assembly of membrane
structures. Mutants of Neurospora that have
abnormal respiratory systems have been iso-
lated and extensively studied (3, 4, 11, 16, 18,
19, 22). Many of these mutations have been
extrachromosomal in nature (1, 2, 7, 15, 16).
Progress has been slowed in this area, however,
in that whereas those mutants that have been
isolated have been extensively studied, a gen-
eral method for isolating new mutants in which
the respiratory chain is altered has not been
available (2). We report on a method for
selecting respiratory mutants of N. crassa that
we developed in our laboratory and present a
preliminary characterization of three mutants
we isolated by using this method.

MATERIALS AND METHODS
Strains. An inositol-requiring strain, inos-89601,

was obtained from the Fungal Genetics Stock Center,

Arcata, Calif. This strain was used in all mutation
studies reported here and is referred to in the text as
the parent strain.
Growth of cells. All cells were grown on a New

Brunswick gyratory shaker at 30 C in Vogel minimal
medium (20) containing either 2% sucrose (sucrose
minimal) or 50 mM sodium acetate (acetate mini-
mal) as a carbon source and supplemented with 50 ug
of inositol per ml.

Selection of mutants. A protocol for the selection
of respiratory mutants which we successfully used in
our laboratory is shown below. It consists of several
steps which are as follows.

(i) Inositol-less death. A modification of the
method of Flavell and Fincham (5) was used. A 10-ml
suspension of inos-89601 conidia in sterile water at a
concentration of 107 conidia per ml was irradiated
with ultraviolet light to 50% killing. The suspension
was then transferred into a 250-ml flask to give a final
volume of 40 ml of acetate minimal medium plus
inositol. The solution was shaken at 30 C for 4 h and
cells were reisolated on a Millipore filter, washed
three times with sterile water, and transferred to a
1-liter flask containing 300 ml of acetate minimal
medium minus inositol. The flask was shaken at 30 C
for 48 h. At the end of the incubation period, cells
were reisolated on a Millipore filter, resuspended in
sterile water, and plated on 50 to 100 petri plates of
sorbose medium consisting of Vogel minimal me-
dium, 1% sorbose, 0.05% glucose, 0.05% fructose, 2%
agar, and 50 Ag of inositol per ml. The plates were
incubated at 30 C for 2 to 3 days.

(ii) Tetrazolium overlay. Colonies which ap-
peared on the plates were then overlayed with a
solution containing 0.1 M sodium phosphate (pH
7.0), 1.5% agar, and 0.5% 2,3,5-triphenyl-2H-tet-
razolium chloride (Eastman). The agar-buffer solu-
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tion was cooled to 50 C and the tetrazolium was
added just before the overlay. The plates were then
incubated at 39 C for 3 h. At the end of this time
period, colonies were scanned visually and those that
failed to reduce tetrazolium (i.e., remained colorless)
were selected and placed on sucrose minimal plus
inositol slants.

(ill) Replating. Conidia from the above individ-
ual isolates were replated on sorbose plates and were
again overlayed with tetrazolium. The process was
repeated until all of the colonies on the plate were
colorless. If a mixture of colored and colorless colo-
nies appeared, a colorless colony was selected and
transferred to a slant, and the replating process was
repeated. In our laboratory this process has been
repeated 2 to 5 times. Isolates that remained mixed
after five replatings have been discarded.

(iv) Respiration measurements. Liquid shaking
cultures of the isolates obtained from the tetrazolium
overlay procedure were grown at 30 C in sucrose
minimal medium plus inositol starting with an initial
innoculum of 105 conidia per ml. Samples from the
culture were removed at various time intervals,
collected on a Millipore filtration apparatus using a
Whatman no. 1 filter disc, and resuspended in 3 ml of
air-saturated sucrose minimal medium plus inositol.
The oxygen consumption of the culture was then
measured polarographically in a YSI model 53 biolog-
ical oxygen monitor. The mycelial mass was then
harvested quantitatively, dried at 60 C, and the dry
weight was determined. Respiration rates are re-
ported as microliters of oxygen consumed per hour
per milligram of dry weight. Cyanide-sensitive respi-
ration is calculated as the difference between the
respiration rate in sucrose minimal medium plus
inositol and the rate in the same medium plus
millimolar potassium cyanide.

Isolation of mitochondria. Mitochondria for res-
piration measurements were isolated by grinding
mycelium with 0.2-mm diameter glass beads (3M
Scotchlite) in a buffer consisting of 0.25 M sucrose,
0.005 M ethylenediaminetetraacetic acid, and 0.15%
serum albumin, pH 7.0 (10). Portions (10 g) of
mycelium were ground with an equal weight of glass
beads for 90 s with a mortar and pestle at 4 C. A
crude mitochondrial pellet was obtained by differen-
tial centrifugation between 2,000 and 20,000 x g,
resuspended in isolation buffer, and further purified
by centrifugation on a 20 to 65% sucrose gradient.
Mitochondria from the sucrose gradient were used
immediately for respiration measurements.

Mitochondria for spectral determinations were
isolated by using the Glusulase method of Greena-
walt et al. (9) and purified through two rounds of
differential centrifugation.

Inhibitors. Antimycin A (Sigma) was dissolved in
absolute ethanol and made fresh for each experi-
ment. Potassium cyanide (Baker) was prepared fresh
for each experiment in aqueous solution at pH 6.9.

Miscellaneous. Protein was determined by the
method of Lowry et al. (14). Cytochrome spectra were
obtained at room temperature on a Cary model 15
recording spectrophotometer. Mitochondria were dis-
rupted with 1% Triton X-100 immediately before

measurements were made. Difference spectra of di-
thionite-reduced minus oxidized samples were re-
corded. State III respiration rates were determined
by utilizing the condition described by Hall and
Greenawalt (10). Growth tube experiments were
carried out as described by Bertrand and Pittenger
(1).

RESULTS
A plot of the rate of cyanide-sensitive respi-

ration as a function of time after germination
for the parent strain, inos-89601, and three
mutants derived from it by the procedure
described in Materials and Methods is shown
in Fig. 1. We have arbitrarily defined cyanide-
sensitive respiration as respiration which is
inhibited by millimolar cyanide. This concen-
tration of cyanide is sufficient to inhibit the
respiration in wild-type cultures of Neuro-
spora by greater than 90% (13) and the respir-
ation of isolated wild-type mitochondria by
100%. All of the mutants have rates of cya-
nide-sensitive respiration that are significantly
lower than the parent strain from which they
were derived. Mutant cni-1 exhibits no cyanide-
sensitive respiration after 24 h of growth. Oxy-
gen electrode recordings showing the effect
of millimolar cyanide on the respiration of
24-h cultures of these strains are shown in
Fig. 2. Two of the mutants have been desig-
nated cni-1 and cni-2 because they have high
rates of cyanide-insensitive respiration. Mu-
tant resp-1 does not have high cyanide-insen-
sitive respiration but respires more slowly
than the parent strain. Rates of growth in
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FIG. 1. Cyanide-sensitive respiration rates of the
parent strain and three mutants derived from. it.
Cultures were inoculated at 106 conidia/ml and grown
at 30 C. At the various time points indicated,
samples were taken from the cultures and the rates of
cyanide-sensitive respiration were determined. The
points indicate the mean of at least three determina-
tions. The bars indicate the standard deviation of the
mean.
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FIG. 2. Oxygen electrode recordings of 24-h cul-
tures of the parent strain and the three mutants. At
the point indicated by the arrows, sufficient KCN
was added to give a final concentration of 1 mM.
Values in parentheses are rates of oxygen uptake in
microliters of 02 per hour per milligram of dry
weight.

growth tubes for these four strains on both
sucrose and acetate minimal medium plus
inositol are shown in Fig. 3. It can be seen that
all mutant strains grow more slowly than the
parent strain on either sucrose or acetate
medium. The mutant strains all grow poorly
on acetate medium. Mutants cni-2 and cni-1
stopped growing altogether on acetate me-
dium after 3 and 4 days of growth, respec-
tively. The growth of the mutants was not ap-
preciably enhanced on complete medium
plus inositol.
To demonstrate that the results observed are

due to alterations in mitochondrial respiration,
we measured the rates of respiration of mito-
chondria isolated from these strains. The rates
of oxidation of reduced nicotinamide adenine
dinucleotide (NADH) and succinate measured
in the presence of adenosine diphosphate (state
III respiration) are shown in Table 1. Values
obtained for the mutants vary widely from
those of the parent strain. None of the mutants
oxidizes both of these substrates at the same
rate as the parent strain. Oxidation rates that
are both higher and lower than those observed
for mitochondria from the parent strain are
seen. The oxidation rates of the mutants are
generally higher with NADH as a substrate and
lower with succinate than those of the parent
strain. Some of the mutants did not exhibit
respiratory control when adenosine diphos-
phate was added to the respiring mitochondria.
Such cases have been denoted by an asterisk
(*). It is not possible to distinguish between the
absence of a phosphorylating system in these
mutants and one that has been damaged dur-
ing isolation. These cases, however, represent a

marked difference between the phosphorylat-
ing system of the mutants and that of the
parent strain. The lability of the phosphorylat-
ing system of poky mitochondria has been
discussed by Eakin and Mitchell (3).
The levels of inhibition of respiration of

isolated mitochondria by millimolar concentra-
tions of cyanide or antimycin A are shown in
Table 2. Whereas this concentration of inhibi-
tors is sufficient to inhibit the respiration of
wild-type and resp-1 mitochondria completely,
it is not sufficient to inhibit the respiration of
cni-1 and cni-2 mitochondria. The respiration
of these mitochondria is inhibited by about 50
and 80%, respectively. To determine whether
the cyanide- and antimycin A-insensitive res-
piration of these two strains might be due to
the impermeability of the mitochondrial mem-
brane system to these inhibitors, the mito-
chondria were treated for 30 s in a Branson
Sonifier (model W185D), by using a micro tip
and a power output of five, and the effects of
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FIG. 3. Growth rates in growth tubes of the parent
strain and the three mutants. The growth tubes were
incubated at 30 C.

TABLE 1. State III respiration rates of isolated
mitochondriaa

Respiration rate
Mitochondria (jatoms of 0 per min per mg)

NADH S3uccinate

inos-89601 0.45 :1 0.06 0.37 + 0.03
cni-1 0.48 + 0.05 0.19 + 0.06*
cni-2 0.67 :i= 0.07 0.23 0.04
resp-1 0.69 4 0.10* 0.17 i 0.04*

aValues are reported as the mean -i- standard
deviation of the mean for at least three determina-
tions. Those values marked by an asterisk (*) indi-
cate that the mitochondrial suspension did not
exhibit respiratory control upon addition of adeno-
sine diphosphate to the medium. Temperature was
30 C.

166 J. BACTERIOL.



RESPIRATORY MUTANTS OF N. CRASSA

TABLE 2. Inhibition of mitochondrial respiration by antimycin A and cyanidea

Inhibition of respiration (%)

Mitochondria Succinate plus: NADH plus:

KCN Antimycin A KCN Antimycin A

inos-89601 100 100 93.9 3.9 90.6 1.6
cni-1 51.2 ± 2.0 44.7 ± 6.6 40.0 ± 9.6 56.4 ± 9.2
cni-2 80.0 ± 2.4 64.9 ± 0.8 83.4 X 3.6 81.5 ± 1.2
resp-1 98.0 ± 2.0 98.3 ± 1.1 100 99.2 0.2

a Respiration of isolated mitochondria was measured by using either succinate or NADH as a substrate (10).
After a steady rate of respiration was attained, KCN or antimycin A was added to give a final concentration of
1 mM. The percent inhibition of the initial rate was determined. Values are reported as the mean ± standard
deviation of the mean for at least three determinations. Temperature was 30 C.

the inhibitors were redetermined. No signifi-
cant deviation from the initial results was seen.
Cytochrome spectra of isolated mitochondria

from the four strains are shown in Fig. 4.
Mutants cni-2 and resp-1 show the presence of
typical b-, c-, and a-type cytochromes and are
qualitatively indistinguishable from mito-
chondria of the parent strain. Mutant cni-1,
however, is deficient in cytochrome aa3 and has
an excess of cytochrome c. In this respect, the
cytochrome content of this mutant is much like
that of poky (13). It is difficult to determine
from this spectrum whether or not cytochrome
b is present. A detailed analysis of mutant
cni-1 will be the topic of a forthcoming commu-
nication (D. L. Edwards and F. Kwiecinski,
manuscript in preparation).

DISCUSSION
The technique of inositol-less death on ace-

tate medium has been utilized by Flavell and
Fincham (5, 6) to select for acetate-nonutiliz-
ing (acu) mutants of Neurospora which were
characterized as being defective in the enzymes
of the Krebs cycle. To ascertain whether mu-
tants of this type would survive our selection
procedure, we obtained four of these mutants
(acu-1, acu-5, acu-6, acu-7) from the Fungal
Genetics Stock Center and overlayed colonies
of them with tetrazolium as we have described.
All of these acu mutants reduced tetrazolium
and therefore would not have been selected by
us as being respiratory mutants.
We found that approximately 30% of the

mutants we selected as being unable to reduce
tetrazolium have cyanide-sensitive respiration
rates that are significantly different from the
parent strain. The remaining 70% have cya-
nide-sensitive respiration rates that are indis-
tinguishable from the parent strain. The ina-
bility of some of these colonies to reduce
tetrazolium may be related to the Tet-R/Tet-W

genes described by Gillie (8). Tet-R is a gene
which maps close to the mating-type locus and
confers the ability to reduce tetrazolium.
Tet-W is an allele of this gene that is unable to
reduce tetrazolium. These genes have no effect
on mitochondrial respiration and Tet-W is
found in some wild-type strains. A mutation
from Tet-R to Tet-W in our system would
result in colonies unable to reduce tetrazolium
but with normal mitochondrial respiration.
Such colonies can only be eliminated in our
system by screening for cyanide-sensitive respi-
ration.
The high levels of cyanide- and antimycin

A-insensitive respiration in cni-1 and cni-2 are
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FIG. 4. Cytochrome difference spectra of isolated
mitochondria from the parent strain and the three
mutants. Reduction is with dithionite. Measure-
ments were made at room temperature. Protein
concentrations in milligrams per milliliter of the
various fractions are: cni-1, 3.5; cni-2, 3.2; resp-1, 3.8;
and inos-89601, 3.1.
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of interest, as they may indicate the presence of
branched or altered electron transport chains
in these two mutants. A recent report by
Lambowitz and Slayman (12) has shown that
the poky strain of Neurospora has a high level
of cyanide and antimycin A-insensitive respira-
tion, and that this respiration can be inhibited
by salicyl hydroxamic acid (SHAM), an inhibi-
tor of cyanide-insensitive respiration in some
higher plants (17). We confirmed these obser-
vations with poky in our laboratory and also
tested mutants cni-1 and cni-2 with SHAM.
We find that the cyanide-insensitive respira-
tion of these mutants, either in whole myce-
lium or in isolated mitochondria, is also com-
pletely insensitive to a concentration of SHAM
of 120 gg/ml. This concentration of SHAM is
sufficient to inhibit the cyanide-insensitive
respiration of poky completely. These results
suggest that at least two altered respiratory
pathways can exist in Neurospora mito-
chondria, one which is sensitive to SHAM and
one which is not.
The method described here appears to us to

be a sound one for selecting mutants that have
altered mitochondrial respiration. The difficul-
ties in selecting for mitochondrial mutants in
Neurospora have recently been discussed by
Bertrand and Pittenger (2). The three mutants
we described all have defective mitochondrial
respiration yet all three differ in some of the
respiratory properties of their mitochondria,
suggesting that the lesions are all at different
points in the respiratory chain with each hav-
ing its own unique effect on the respiratory
system. It may therefore be possible to obtain
mutants at many points along the respiratory
chain by using this method. An analysis of such
mutants may be helpful in studies of the
assembly of the respiratory chain. Studies
along these lines are continuing in our labora-
tory.
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