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ABSTRACT

Wild type cells of the green alga Chlamydomonas reinhardtii can grow in the dark
by taking up and respiring exogenously supplied acetate. Obligate photoauto-
trophic (dark dier, dk) mutants of this alga have been selected which grow at near
wild type rates in the light, but rapidly die when transferred to darkness because of
defects in mitochondrial structure and function. In crosses of the dk mutants to
wild type, the majority of the mutants are inherited in a mendelian fashion,
although two have been isolated which are inherited in a clearly nonmendelian
fashion. Nine mendelian dk mutants have been analyzed in detail, and belong to
eight different complementation groups representing eight gene loci. These mu-
tants have been tentatively grouped into three classes on the basis of the pleio-
tropic nature of their phenotypic defects. Mutants in Class I have gross alterations
in the ultrastructure of their mitochondrial inner membranes together with defi-
ciencies in cytochrome oxidase and antimycin/rotenone-sensitive NADH-cyto-
chrome ¢ reductase activities. Mutants in Class II have a variety of less severe
alterations in mitochondrial ultrastructure and deficiencies in cytochrome oxidase
activity. Mutants in Class III have normal or near normal mitochondrial ultra-
structure and reduced cytochrome oxidase activity. Eight of the nine mutants
show corresponding reductions in cyanide-sensitive respiration.

The biogenesis of mitochondria requires the input
of genetic information from at least two genomes,
one residing in the nucleus and the other in the
mitochondrion itself (26). Mitochondrial genomes
of higher animals, including mammals, are small
(about 5 um in length, kinetic complexity of 107
daltons), while the mitochondrial genomes of
fungi such as Saccharomyces cerevisiae (baker’s
yeast) and Neurospora crassa, and of higher plants
are considerably larger and have proportionally
more informational content (cf. 2, 5).

The limited coding capacity of mitochondrial
DNA, especially in mammals, suggests that the
mitochondrial genome specifies relatively few mi-

tochondrial proteins and that the nuclear genome
must therefore code for a majority of the proteins
of this organelle. A number of mendelian (nu-
clear) mutations affecting mitochondrial function
have been characterized in yeast and Neurospora
(summarized in reference 4). Examples include
nuclear mutations affecting cytochrome ¢ (43,
44), cytochrome oxidase (13, 48), mitochondrial
ATPase (14, 48), malate dehydrogenase (33),
aconitase (35), ADP translocation (25, 46),
and cyanide-insensitive respiration (15, 16). In
addition, nuclear gene products may include mito-
chondrial peptide chain elongation factors (37),
DNA-dependent RNA polymerase (51), and
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DNA polymerase (52). Recently, mitochondrial
point mutations affecting cytochrome oxidase, cy-
tochrome b, and the F, ATPase have also been
isolated in yeast (cf. 39).

Wild type cells of the unicellular green alga
Chlamydomonas reinhardtii can grow either pho-
totrophically by photosynthetically fixing CO, as
their sole carbon source or heterotrophically by
metabolizing exogenously supplied acetate. This
alga has a mitochondrial genome of about the
same size and informational content as mamma-
lian mitochondrial DNA (38) and a chloroplast
genome with an informational content at least ten
times as large (3, 50).

In this report we discuss the isolation of a large
number of obligate photoautotrophic (dark dier or
dk) mutations in Chlamydomonas which are defi-
cient in key mitochondrial functions. Such mu-
tants can grow only under photoautotrophic con-
ditions (light + CO,) and rapidly die when trans-
ferred to heterotrophic conditions (darkness +
acetate). The majority of these dk mutations are
inherited in a mendelian fashion in crosses to wild
type. Two dk mutations inherited in a clearly
nonmendelian fashion are the subject of a sepa-
rate report (53). In this paper, nine selected men-
delian dk mutants, representing eight nuclear gene
loci, are shown to possess defects in mitochondrial
structure and/or respiratory function. Even
though each mutant is able to assimilate exoge-
nous acetate, most possess significantly reduced
rates of cyanide-sensitive respiration and little or
no cytochrome oxidase activity, and some have
altered mitochondrial ultrastructure. In addition,
three of the dk mutants have pleiotropic mito-
chondrial inner membrane defects accompanied
by the reduction of both rotenone- and antimycin-
sensitive NADH-cytochrome ¢ reductase activities
as well as cytochrome oxidase activity. These res-
piratory defects presumably result in the inability
of the dk mutants to grow heterotrophically.

The nine mendelian dk mutants have been ten-
tatively grouped into three phenotypic classes on
the basis of the pleiotropic nature of their mito-
chondrial defects. Mutants in Class I have gross
alterations in the ultrastructure of their mitochon-
drial inner membrane together with deficiencies in
cytochrome oxidase and antimycin/rotenone-sen-
sitive NADH-cytochrome ¢ reductase activities.
Mutants in Class II have a variety of less severe
alterations in mitochondrial ultrastructure and de-
ficiencies in cytochrome oxidase activity. Mutants
in Class IIT have normal or near normal mitochon-
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drial ultrastructure and reduced cytochrome oxi-
dase activity.

MATERIALS AND METHODS

Culture Conditions

Wild type stocks of both mating types from strain 137¢
of Chlamydomonas reinhardtii were used to derive dk
mutants. Cells were grown in 300-mi shake cultures at
25°C in high salt (HS) medium (47) or high salt medium
supplemented with 0.12% sodium acetate (anhydrous)
(HSA) as follows: Phototrophic, HS medium under
~15,000 Ix cool white fluorescent light bubbled with 5%
CO; in air; Mixotrophic, HSA medium under ~15,000
Ix cool white fluorescent light; Heterotrophic, HSA me-
dium in darkness using flasks wrapped with black electri-
cal tape. For growth of cells on Petri plates, these liquid
media were solidified with 1.5% or 4.0% agar (Difco
Laboratories, Detroit, Mich. or Meer Corp., New York)
and incubated either under ~6,000 Ix cool white fluores-
cent light or in darkness.

Nitrosoguanidine Mutagenesis

Wild type cells, pregrown to around 1 X 10° cells/ml,
were collected in a tabletop centrifuge at room tempera-
ture and washed twice with citrate buffer (20.5 ml citric
acid, 0.1 M, 29.5 ml sodium citrate, 0.1 M, 50 ml water,
final pH 5.5), after which the cells were resuspended to
around 2.5 X 108 cells/ml. The cells were then distrib-
uted to two 125-ml Erlenmeyer flasks. To one flask, N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG, Aldrich
Chemical Co., Inc., Milwaukee, Wis.) in a sufficient
amount of citrate buffer was added so that the final
concentration of MNNG was either 5 ug/ml or 50 pg/ml
and the cell concentration was 1.0 x 108 cells/ml. To the
other flask, an appropriate volume of additional citrate
buffer was added to give 10 ml of cells at 1.0 x 108 cells/
ml. Both flasks were gently shaken in a 25°C water bath
for 15 min in the dark. The flasks were then brought into
the light, the cells transferred to centrifuge tubes, pel-
leted in a tabletop centrifuge, and washed twice with HS
medium. The cells were then diluted to a density of 250
cells/ml for controls, 2,500 cells/ml if 50 ug/ml MNNG
was used or 1,500 cells/ml if 5 pg/ml MNNG was used.
Aliquots (0.2 ml) of cells were then delivered to 10
plates of HS agar for controls, and to 50-100 plates for
the experimentals. Cells were grown phototrophically
and allowed to form colonies, after which they were
replica-plated to score for the dk phenotype. In several
mutagenesis experiments, cells were collected on Milli-
pore filters (Millipore Corp., Bedford, Mass.) rather
than by centrifugation, according to the method of Lee
and Jones (27).

The dk Phenotype

Presumptive dk mutations were selected by replica-
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plating clones derived from mutagenized cells to HS
plates incubated in the light and to HSA plates incubated
in the dark. After one week, presumptive dk mutants
were scored as clones whose dark replicas showed no
detectable growth, but whose light replicas had under-
gone many doublings and were wild type in appearance.
Presumptive mutants were repeatedly retested by streak-
ing suspensions of single cells onto HS plates placed in
the light and HSA plates placed in the dark. After one
week, these populations of single cells of each presump-
tive dk mutant were stringently scored under a dissecting
microscope for complete lack of cell division on the dark-
incubated plates. Stable dk mutants were maintained
under phototrophic conditions, i.e., in the absence of
acetate, to reduce any selective advantages to wild type
revertants.

Genetic Analysis

Standard techniques for crossing, tetrad analysis, and
diploid formation were used (11, 18, 28). Gametes were
differentiated overnight on N~ agar medium in the light
(HS without NH,Cl). Zygotes were matured in the light
on N~ plates containing 4% agar and germination was
induced by returning them to HS plates containing
NH,Cl.' This method gave a large increase in zygote
viability for crosses involving dk mutants, compared to
the usual dark maturation technique (28). Allelism was
scored in pairwise crosses between dk mutants by deter-
mining the frequency of zygote clones which contained
wild type recombinants. For several pairs of dk mutants,
spontaneous diploids were selected by plating mating
mixtures under restrictive conditions (HSA in the dark)
in a fashion analogous to the methods of Harris et al.
(19) and Wang et al. (49). Under these conditions,
complementing diploids form colonies in 1-2 wk because
they are able to grow in the dark on acetate, while dk
gametes are unable to grow, and zygotes do not germi-
nate.

[("*ClAcetate Assimilation

[““C]Acetate assimilation was measured essentially by
the method of Alexander et al. (1) except that triplicate
Whatman no. 3 filters were spotted, soaked in 10% ice
cold TCA for 3 min, then in three changes of 5% ice-
cold TCA for 10 min. Filters were air dried and counted
in a toluene scintillation fluid containing 4 g/l 2,5-di-
phenyloxazole (Packard Instrument Co., Inc., Downers
Grove, Ill.) and 0.1 g/l 1,4-bis{2-(5-phenyloxazolyl)]-
benzene (Packard Instrument Co., Inc.).

Whole Cell Respiration

The total and cyanide-sensitive respiration rates of
whole cells were measured according to Alexander et al.

(1).

! K. Van Winkle-Swift, personal communication.

Enzyme Assays

Mitochondrial enzyme activities were assayed spectro-
photometrically on whole cell homogenates, using either
a Zeiss DMR 21 split beam spectrophotometer (Carl
Zeiss, West Germany) or an Aminco DW-2 spectropho-
tometer in the split beam mode (American Instrument
Co., Silver Spring, Md.). Enzyme activities were deter-
mined at room temperature in crude cell homogenates
since we were unable to isolate functional mitochondria
from Chlamydomonas. Cells growing logarithmically at a
density of around 1 x 108 cells/ml were collected, con-
centrated to a density of 1.0 x 107 cells/ml or 5.0 x 107
cells/ml by centrifugation at 12,000 g for 10 min at 4°C,
resuspended in 0.03 M phosphate buffer, pH 7.4, plus
0.1% bovine serum albumin (BSA), and broken twice in
a French press (American Instrument Company, Silver
Spring, Md.) at 5,000 pounds per square inch. Isocitrate
lyase activity (EC 4.1.3.1) was determined by the
method of Miiller et al. (32). The millimolar extinction
coefficient of glyoxylate phenylhydrazone at 324 nm was
determined empirically to be 16.6.

The homogenates for assays of cytochrome oxidase
(EC 1.9.3.1) were prepared in 0.03 M phosphate buffer,
pH 7.4, plus 0.1% BSA. Cytochrome oxidase was as-
sayed according to the method of Cooperstein and Laza-
row (9) modified by the addition of 1% (final concentra-
tion) Triton X-100 (32). Under conditions where sub-
strate was not limiting, the change in absorbance at 550
nm was not linear with time (45). Thus, all activity
measurements were calculated from the change in ab-
sorbance during the first minute. Cytochrome oxidase
activity measured in this fashion was completely in-
hibited by 1 mM cyanide. Specific activity was calculated
using the millimolar extinction coefficient of 19.6 of
Yonetani (54). Antimycin- and rotenone-sensitive
NADH-cytochrome ¢ reductase (EC 1.6.2.1) activities
were assayed by the method of Hatefi and Rieske (20).
A medium containing 0.05 M Tris, pH 8.0, 0.67 M
sucrose, and 1.0 mM histidine (20) was found to be
essential to preserve the activity of NADH-cytochrome ¢
reductase. Antimycin-sensitive activity was measured by
the addition to the reaction mixture (3 ml final volume)
of 0.1 ml antimycin solution to give a final concentration
of 600 nM antimycin. The antimycin solution was made
from a stock solution (10 mg/ml in ethanol) which was
diluted to a concentration of 10 ug/ml antimycin in an
aqueous solution containing 0.1 M PO,, pH 8.0, and
0.1% BSA (20). Rotenone-sensitive activity was deter-
mined by the addition to the reaction mixture (3 ml final
volume) of 0.1 ml rotenone solution to give a final
concentration of 850 nM rotenone. The rotenone solu-
tion was made by diluting a stock solution (10 mg/m! in
ethanol) 1:100 in water. 0.1 ml of a 0.1% ethanol
solution was added to the reaction mixture as a control to
determine the effect, if any, of the small amount of
ethanol present in the antimycin or rotenone solutions on
the enzyme activity. Antimycin and rotenone were pur-
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chased from Sigma Chemical Co. (St. Louis, Mo.). For
protein determinations, homogenates were routinely
treated with 80% acetone in water for 20 min to remove
chlorophylis, centrifuged, and the pellet was assayed for
total protein by the method of Lowry et al. (29).

Electron Microscopy

Samples were prepared for electron microscopy ac-
cording to Harris et al. (19), except that the fixation
buffer contained HS instead of HSA growth medium.

Diaminobenzidine (DAB}) was used as a histochemi-
cal stain for cytochrome oxidase (24, 42). After samples
of each mutant were fixed with glutaraldehyde and
washed with phosphate buffer according to the methods
of Harris et al. (19), they were resuspended in 4.5 ml of
phosphate buffer, 0.1 M, pH 7.4, and 4.5 ml of culture
medium, and treated with the following reagents at room
temperature for 15 min: DAB, 5 mg (Sigma Chemical
Co.), catalase, 1 ml of 20 ug/m! (Worthington Biochem-
icals Corp., Freehold, N. J.}, and H;0,, 0.03 ml of a
30% solution. The samples were then processed as pre-
viously described (8, 19) except that staining with uranyl
acetate and lead citrate was omitted. The DAB staining
reaction was completely inhibited in all samples which
showed activity by a 10-min pretreatment of the cells
with 10 mM cyanide. The staining of mitochondrial
cristac by DAB, expressed as the distance of stained
cristaec per mitochondrial profile or per mitochondrial
area, was quantitated on a Hewlett-Packard Model 20
(Hewlett-Packard Co., Palo Alto, Calif.) equipped with
a Hewlett-Packard digitizer. Between 29 and 119 mito-
chondrial profiles per genotype representing between
2.4 and 7.8 um? mitochondrial area were measured on
electron micrographs at a magnification of 60,000.

RESULTS

Induction and Selection of dk Mutants

Phototrophically grown wild type cells of Chia-
mydomonas were mutagenized with N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) and stable
dk mutants were isolated according to the protocol
outlined in Fig. 1. Those dk mutants which die in
the dark because they are impermeable to acetate
or lack the glyoxylate cycle enzymes necessary for
acetate assimilation are readily detected by their
lack of sensitivity to fluoroacetate, an acetate ana-
logue and Krebs cycle inhibitor (7, 31). Fluoroac-
etate-sensitive dk mutants assimilate acetate, and
thus must die in the dark because of defects in key
mitochondrial functions other than those directly
involving the Krebs cycle. Mutations which alter
mitochondrial function in Chlamydomonas could
be localized in either the nuclear, mitochondrial,
or possibly even the chloroplast genome. Nuclear
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mutations should show mendelian inheritance in
crosses to wild type, and chloroplast mutations, a
nonmendelian, uniparental pattern of inheritance.
Mitochondrial mutations might be expected to
show a nonmendelian biparental pattern (53)
similar to that of the acriflavin-induced minute
mutations (1).

Eight MNNG mutagenesis experiments were
performed to induce and select dk mutants. De-
tails of two of these experiments are presented in
Table 1. In both, the frequency of presumptive dk
mutants is strikingly large, whereas the frequency
of confirmed stable dk mutants is smaller, but still
quite high. The many mutants, initially scored as
dark diers, which were not stable could have been
either dk phenocopies or possibly nonmendelian
dk mutants which later vegetatively segregated
wild type offspring. With the exception of two
nonmendelian dk mutants, a total of 62 dk mu-
tants initially classified as stable have remained so
for several years. The high frequency of stable,
confirmed dk mutants suggests either that many
different gene loci can be mutated to produce the
dk phenotype, or that a few dk loci are very
susceptible to MNNG mutagenesis. The fact that
only two of the dk mutants thus far tested are
allelic (see below) suggests that the former inter-
pretation is correct.

All 62 dk mutants were tested for sensitivity to
10 mM fluoroacetate in HS solid medium. Wild
type and a majority of the dk mutants were found
to be sensitive to 1 mM fluoroacetate. The six
mutants resistant to 10 mM fluoroacetate were
probably either acetate permeability mutants or
deficient in one or both glyoxylate cycle enzymes,
isocitrate lyase, or malate synthetase.

A preliminary genetic analysis of 48 of the dk
mutants, presented in Table I, revealed that a
majority are inherited in a mendelian fashion and
are thus mutations of the nuclear genome. Certain
other dk mutants produced some zoospores with a
phenotype intermediate between wild type and
dk, symbolized dk*'~, and were classified as hav-
ing unclear patterns of segregation, although
many could be leaky mendelian mutations. Our
wild type stocks have been shown to contain a low
frequency of dk+'~ phenotypes (53). Two of the
dk mutants analyzed were clearly nonmendelian
and will be discussed in detail elsewhere (53).

Genetic Analysis of Mendelian Mutants

Nine mendelian dk mutants were selected for
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Wild type cells in HS liquid phototrophic culture

Mutagenesis with nitrosoguanidine

Plate 300 cells per plate on HS in light

Replica plate

|

Medium and culture
conditions
HS (light)
HSA (dark)

Growth response

+ +
- +

|
Obligate photoautotrophs

(dk mutants)

select stable mutants

l

Medium and culture

Test for sensitivity to fluoroacetate
to eliminate permeability mutants:

conditions Growth response
HS (light) + +
HS + fluoroacetate (light) - +

Mutants able to

take up acetate

Permeability and

glyoxylate cycle
mutants

Genetic analysis

Pattern of inheritance  2dk* : 2dk
in crosses to wild type: ~ mendelian
mutants

Others
nonmendelian
mutants?

1. Additional genetic studies: Test for
allelism and complementation.

2. Additional biochemical studies: Meas-
ure citric acid cycle and electron transport
enzyme activities; cyanide-, antimycin-,
and rotenone-sensitive respiration, and
uptake of [“Clacetate.

3. Electron microscope studies: Investi-
gate whole cell and mitochondrial ultra-
structure and test for an active cytochrome
oxidase by using diaminobenzidine histo-
chemical stain.

FiGgure 1

1. Additional genetic studies: Do back-
crosses and investigate somatic segrega-
tion during vegetative growth.

2. Additional biochemical and electron
microscope studies: None were done as the
mutants were found to be unstable.

Protocol for the selection and analysis of obligate photoautotrophic (dark dier: dk) mutants.

Wild type (dk*) cells were pregrown phototrophically in liquid to a density of around 1 X 108 cells/ml.

further study because they were extremely stable
and, in preliminary crosses to wild type, had
shown clear-cut mendelian inheritance. Addi-
tional crosses to wild type, allele testing, and com-
plementation analysis were performed with each
of these nine mendelian dk mutants. When these
mutants are crossed to wild type, the dk pheno-
type in all or a large majority of the tetrads segre-

gates in a mendelian fashion, as does a second
mendelian marker, mating type (Table II). The
occasional dk*/~ progeny recovered in crosses of
these mutants as well as in crosses of the wild type
controls result in part because there are a few
dk*'~ cells in the wild type stock and in part
because of the variable expression of the dk phe-
notype in occasional dk progeny (53).
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TABLE 1

Recovery and Preliminary Characterization of dk Mutants after Nitrosoguanidine Mutagenesis, Fluoroacetate
Sensitivity, and Preliminary Genetic Analysis of Confirmed dk Mutants

Parameter Exp 1 Exp 2
Concentration of MNNG in mutagenesis, ug/m! 0 5 0 5
Cells plated/plate 50 250 50 250
No. of plates 10 60 10 60
Viability, % 50 21 63 30
Killing due to MNNG, % - 58 — 52
No. of presumptive dk mutants 0 36 0 113
Frequency of presumptive dk mutants (% of total colo-
nies analyzed) - 0.6 - 1.7
No. of confirmed stable dk mutants 0 7 0 13
Frequency of stable dk mutants (% of total colonies
analyzed) 0 0.1 0 0.2
Total stable dk mutants isolated in eight exp: 62
Sensitivity to fluo-
roacetate No. % Inheritance pattern No. %
Sensitive 56 90 Mendelian 34 55
Resistant 4 7 Nonmendelian 2 3
Leaky resistant 2 3 Unclear 12 19
Not analyzed 14 23

Wild type (dk*mt~) cells were pregrown phototrophically in liquid to a density of 1 X 108 cells/ml, and treated with 5
ug/ml nitrosoguanidine (MNNG) for 15 min at 25°C, pH 5.5. Fluoroacetate sensitivity was measured by plating
suspension of cells on HS agar medium containing 10 mM fluoroacetate which is 10 X the concentration that kills wild
type. The pattern of segregation of dk mutants was determined by analyzing 6-8 tetrads from each mutant crossed to

wild type.

To ascertain whether any of the nine mendelian
dk mutants were allelic, we determined the fre-
quency of recombinant zygote clones from crosses
of dk mutants taken in pairwise combination (Ta-
ble IIT). Each zygote clone which contained at
least one wild type recombinant among the four
meiotic products was scored as a recombinant
clone, regardless of whether the parental geno-
types were also present (as in recombinant clones
arising from tetratype tetrads). Thus, the fre-
quency of recombination could exceed 50% and
in some cases approached 70%. Although these
frequencies do not represent classical map dis-
tances, mutants with a frequency of recombinant
clones between 50 and 70% are either unlinked or
very distantly linked, whereas mutants with a fre-
quency below 1-2% are tightly linked or allelic.
The results presented in Table III indicate that dk-
32 and dk-34, with fewer than 1% recombinant
clones, are tightly linked and may be allelic, while
the remaining seven mutants are distantly linked
or unlinked. Three of the pairwise combinations,
dk-32 X dk-32, dk-32 x dk-76, and dk-105 X dk-
105, yielded virtually no viable progeny even after
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repeated crosses with various subclones. In five
additional combinations, dk-32 X dk-52, dk-32 X
dk-80, dk-34 x dk-52, dk-34 X dk-80, and dk-52
x dk-110, the initial cross yielded few or no viable
zygotes, although subsequent crosses did produce
more viable progeny. The differences in the fre-
quencies of recombinant zygote clones noted for
two of these crosses, dk-32 X dk-52 and dk-52 X
dk-110, probably result from large variations in
zygote viability.

In order to test whether these mutants at eight
different gene loci affect the same or different
functions, we constructed a complementation ma-
trix by genetically synthesizing diploids containing
pairwise combinations of dk mutants, using a stan-
dard selection technique employing two tightly
linked arginine auxotrophs (11). Those diploids
containing two complementing dk mutations were
detected by their restored wild type function,
scored as the ability to grow heterotrophically. In
addition, each mutant was tested for dominance
by synthesizing diploids containing only one dk
mutation and its wild type allele. The results of
this analysis indicate that, with the exception of
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dk-32 and dk-34 which did not complement and
are allelic, the dk mutants all complement one
another (Table IV). Thus, the nine mendelian dk
mutants can be placed into eight complementation

TasLe II
Crosses of Mendelian dk Mutants to Wild Type (dk™)

Tetrads
Genotype Pattern of segregation Tetrads  scored for me

dk* 4dk* : 0dk 11 2
3dk* : 1dk*- 3 2
dk-32 2dk* : 2dk 16 2
2dk* : 1dk*- @ 1dk 2 -
dk-34 2dk* : 2dk 17 3
3dk* : 1dk 1 -
dk-52 2dk* : 2dk 21 3
1dk* ¢ 1dk*~ : 2dk 1 1
dk-76 2dk* : 2dk 18 4
dk-80 2dk* : 2dk 13 3
dak-97 2dk* : 2dk 13 3
2dk* : 1dk*~ @ 1dk 1 1
Odk* : 4dk 2 -
dk-105 2dk* : 2dk 16 3
1dk* ; 1dk*- : 2dk 1 -
3dk* : 1dk 1 -
dk-110 2dk* : 2dk 18 3
2dk* : 2dk*'- 2 -
dk-148 2dk* : 2dk 14 3
2dk* : 1dk*~ : 1dk 3 1
1dk* : 1dk*/~ ; 2dk 1 -

2dk* : 2dk+~ 1

The parental stock of each mutant was crossed to wild type and the progeny

tetrads were analyzed for the segregation of the dk, dk*/~ (weak wild type),

or dk* (wild type) phenotypes. The presence of occasional dk *'~ progeny in

crosses of the dk mutants to wild type as well as in the control cross of wild

type to wild type is discussed in the text. Al tetrads tested showed 2:2
gregation for the delian gene mating type (n1).

groups. In addition, these data demonstrate that
each dk mutation is recessive to its wild type allele.
Several pairwise combinations of dk mutants,
noted in Table IV by an asterisk, did not yield any
diploids when the arginine auxotroph selection
technique was used, although spontaneous com-
plementing diploids were produced by plating
mating mixtures directly into the dark on HSA
medium. In this manner, complementing diploids
can be selected directly because of their restored
wild type function. Neither dk gametes nor zy-
gotes can grow in the dark and thus do not de-
velop colonies. These genetic experiments indicate
that the nine mendelian dk mutations map in eight
different loci, all of which are functionally distinct
from one another.

To understand the nature of the genetic defects
which cause each mutant to be an obligate pho-
toautotroph, we have focused our biochemical and
ultrastructural analysis on several key parameters
of mitochondrial structure and function. The re-
sults of these diagnostic tests, outlined in the fol-
lowing sections, reveal the pleiotropic alterations
in each individual mutant (see Table VIII), and
allow us, as detailed in the Discussion, to group
them according to three general phenotypic
classes.

Because obligate photoautotrophy could be the
result of defects in acetate metabolism, we verified
that each of the nine mendelian dk mutants could

TasLe III
Allelism Testing of Selected Mendelian dk Mutants
dk-32 dk-34 dk-52 dk-76 dk-80 dk-97 dk-105 dk-110 dk-148
dk* 98 97 97 97 98 98 98 100 96
dk-32 * 1 *6, 52 * *12, 20 56 55 9 50
dk-34 0 *19, 37 8 *1, 11 61 75 12 24
dk-52 0 53 27 69 50 *9, 71 54
dk-76 0 58 21 50 52 47
dk-80 0 27 79 52 61
dk-97 0 57 53 41
dk-105 . 63 58
dk-110 0 56
dk-148 0

Mendelian dk mutants were crossed in pairwise combinations and ~500 oi the resulting zygote clones were scored for
the percent of zygote colonies containing wild type recombinants. Thosc combinations producing >1-2% recombi-
nants are probably nonallelic and those producing ~50% or more are probably distantly linked or unlinked.
Although mating and germination were not strictly monitored, in most crosses they appeared normal.
* Crosses with very low or no mating or zygote germination.

In some cases, when crosses producing few or no viable zygotes were repeated using other clones of the same
mutants, the viability was high enough to yield tentative results, although the results obtained from these crosses
suggest a variation in zygote viability depending on the pair of subclones used in the cross.

Wild type is symbolized by dk*.
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TasLE IV
Complementation Analysis Among Mendelian dk Mutants

dk-32 dk-34 dk-52 dk-76 dk-80 dk-97 dk-105 dk-110 dk-148
dk* + + + + + + + + +
dk-32 - - + + + + + + +
dk-34 - + + + + + + +
dk-52 - +* +* +* + + +
dk-76 —* +* +* + + +
dk-80 - +* + + +
dk-97 —* + + +
dk-105 ~ + +
dk-110 - +
dk-148

Diploids were constructed between dk mutants or a dk mutant and wild type in pairwise combinations using two
tightly linked arginine auxotrophs (arg-2 and arg-7) (as detailed in Materials and Methods) and the resulting diploids
were tested for complementation. The ability of a particular diploid to grow heterotrophically was considered a posi-
tive indication of complementation between the two dk mutants from which it was constructed. Diploids produced by
this method were confirmed by extensive mating type testing which showed them to be mt~, the mating type of diploid
Chlamydomonas (11).

* Crosses which did not produce any diploids by this technique. The data reported for these combinations were
obtained by plating mating mixtures of crosses between dk mutants directly into the dark on HSA media. Those
colonies which arise must be complementing diploids, because under these growth conditions gametes do not grow
and zygotes do not germinate. Those colonies that did arise were confirmed to be diploids by extensive mating type
testing which revealed that all were mz~.

Wild type is symbolized as dk*.

take up acetate and assimilate acetate normally. sizes. The fourfold increase observed for dk-52 in
Wild type and eight dk mutants were sensitive to 1 ~ comparison to wild type may be a response to its
mM fluoroacetate, while the ninth, dk-52, was reduced rate of acetate incorporation. On the
resistant to 10 mM fluoroacetate. Incorporation of  other hand, dk-97, which had similarly low rates
[*Clacetate into radioactive material insoluble in  of acetate incorporation, had normal levels of iso-
cold TCA revealed that all of the mutants are able citrate lyase activity. Thus, all of the mutants are
to assimilate acetate, although several of them, permeable to acetate and can assimilate it into cell
notably dk-52, dk-80, dk-97, and dk-110, doso at metabolites, although four of them do so at re-
reduced rates (Table V). In addition, one mutant, duced rates.
dk-148, incorporates acetate at a much higher rate The respiratory chain in Chlamydomonas is a
than wild type. composite of the classical cyanide-sensitive path-
The activity of isocitrate lyase, one of two key ~way and a second pathway which branches from
enzymes of the glyoxylate cycle involved in acetate  the main respiratory chain and is insensitive to
assimilation, was measured in the nine mendelian cyanide and sensitive to salicylhydroxamic acid
dk mutants and wild type (Table V). Isocitrate (SHAM) (22, 23). To assess mitochondrial respi-
lyase activity is not detectable in wild type cells ratory function in the nine mendelian dk mutants,
grown phototrophically, but is induced by exoge- we measured cyanide-sensitive and total respira-
nous acetate. Thus, isocitrate lyase activity was tion in phototrophically grown cells utilizing en-
measured in the mutants after growth in the light dogenous substrates. The reduced rates of respira-
in the presence of acetate for 3 days to insure that  tion measured in the mutants during the course of
the enzyme was fully induced. While none of the 15 min of darkness were presumed to reflect de-
mutants had activities that were lower than wild fects in each mutant’s respiratory chain rather than
type, two of them, dk-34 and dk-52, had activities secondary effects due to senescence induced by
significantly higher than wild type (Table V). The the short exposure to darkness. During the growth
apparent difference in isocitrate lyase activity be- of a culture of wild type cells, both the total
tween the allelic mutants dk-32 and dk-34 is not respiration rate and the cyanide-sensitive rate
statistically significant because of the small sample  change in a characteristic and repeatable fashion
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TaBLE V

Fluoroacetate Sensitivity, [V*C]Acetate Assimilation,
and Isocitrate Lyase Activities of Mendelian dk Mu-
tants and Wild Type (dk*)

Sensitivity
to 10 mM
Geno- fluoroace- Isocitrate lyase ac-
type tate Acetate uptake tivity
cpm/[10® cells per h  pmol glyoxylate pro-
ducedmg whole cell
protein per min
dk* + 33+11 196
dk-32 + 35 * 214
dk-34 + 28+ 11 47 = 7*
dk-52 - 11 = 5* 77 £ 9%
dk-76 + 29 = 11 154
dk-80 + 16 = 8* 127
dk-97 + 13 = 2% 122
dk-105 + 219 16 x5
dk-110 + 17 = 5* 16 £ 3
dk-148 + 119 = 19* 23 £ 14

Fluoroacetate sensitivity (+) was measured on cell sus-
pensions plated on minimal media containing 10 mM
fluoroacetate. The incorporation of ['*Clacetate into ma-
terial insoluble in cold TCA was measured as the in-
crease in counts from h I to h 2 after addition of acetate
at h 0 to phototrophic cultures. The data are corrected
for background and are expressed as counts per minute
per 103 cells. Isocitrate lyase was assayed on crude ho-
mogenates of cells grown to a density of around 1 x 10°
cells/ml.

Differences noted in [**C]acetate incorporation or iso-
citrate lyase activity between the mutants and wild type
were analyzed by t-tests and the results denote the prob-
abilities that the differences are due to chance.

*P <0.01.

The [“Clacetate and isocitrate lyase data are pre-

sented as a mean and a standard deviation.

as the cells increase in number from early log
phase (10° cells/ml) through stationary phase (107
cells/ml) (Fig. 2). Furthermore, the relative pro-
portion of the total rate that is cyanide-sensitive
shifts from about 50% during log phase to about
20% at stationary phase.

Because the observed rates of respiraton de-
pend on the growth stage, comparisons between
the mutants and wild type could best be made by
measuring respiration at various times in a grow-
ing culture (Fig. 2). Four of the mutants, dk-80,
dk-97, dk-110, and dk-148, have very low cya-
nide-sensitive respiration rates over most of the
growth curve. Concurrent with this, the total res-
piration rate in each of these mutants is also low.
The mutants dk-32, dk-34, dk-76, and dk-105
have intermediate levels of cyanide-sensitive respi-

ration, while that of dk-52 is similar to wild type.

The total respiratory rate of wild type and five
dk mutants is inhibited ~15% by 1 mM SHAM,
while the respiratory rate of the remaining four
mutants, dk-32, dk-34, dk-97, and dk-110, is in-
hibited ~50%. The total respiratory rate of wild
type and each mutant is inhibited 60-70% by 1
mM SHAM plus 1 mM cyanide. Although the
concentration of SHAM used does not completely
inhibit the remaining cyanide-insensitive respira-
tion, the rates of cyanide-insensitive respiration in
the mutants appear to be similar to that of wild
type. Thus, each mutant is thought to possess a
functional cyanide-insensitive pathway. Except for
dk-148, the reduction in total respiration rate in
each mutant is largely due to the reduction in
cyanide-sensitive respiration. For these mutants,
the level of respiratory substrates is probably not
greatly reduced, but rather one or more compo-
nents of the cyanide-sensitive branch of the respi-
ratory chain are not functioning normally. The
reduction in both cyanide-sensitive and total respi-
ration rates observed in dk-148 could be due to
either reduced levels of respiratory substrates or a
defect which affects both branches of the respira-
tory chain. Although none of the mutants will
grow in darkness, Fig. 2 demonstrates that each
mutant grows at near wild type rates in the light
under strictly photosynthetic conditions.

In agreement with the respiration data (Fig. 2),
cyanide-sensitive cytochrome oxidase activity is
reduced or absent in each 4k mutant when assayed
in whole cell homogenates (Table VI). Concurrent
with the assays of cytochrome oxidase activity in
vitro, the histochemical stain DAB was employed
to assess the activity of this enzyme in situ. DAB
reacts with cytochrome oxidase (42) in glutaralde-
hyde-fixed cells in the presence of catalase, and a
polymerized oxidation product of DAB is precipi-
tated along the surfaces of the mitochondrial cris-
tae as electron-dense deposits. In addition, DAB
reacts with other intermediates involved in cellular
oxidation-reduction reactions, resulting in elec-
tron-dense deposits on the outer mitochondrial
membrane and on the chloroplast lamellae in
Chlamydomonas. However, only the reaction with
cytochrome oxidase is specifically inhibited by cya-
nide. Mitochondria from phototrophically grown
wild type cells treated with DAB but not con-
trasted with uranyl acetate and lead citrate are
seen in Fig. 3a and b. The mitochondrial cristae
“stain” intensely with DAB, whereas cells pre-
treated with cyanide before the DAB reaction
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Figure 2 Total and cyanide-sensitive respiration of nine mendelian dk mutants and wild type. The totai
(®) and cyanide-sensitive (A) respiration rates of nine mendelian dk mutants and wild type, expressed as
ul O, consumed per hour per 10° cells, were measured with the oxygen electrode. The growth curve (O) is
expressed as the cell density in cells per milliliter at various times. These curves demonstrate that both the
total and cyanide-sensitive rates of respiration can change during the growth of a culture and that the
cyanide-sensitive respiration of many of the mutants is much lower than wild type during log growth.
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TaBLE VI

Comparison of Cytochrome Oxidase and Antimycin- or Rotenone-Sensitive NADH-Cytochrome ¢ Reductase
Activities of Mendelian dk Mutants and Wild Type (dk*)

NADH-cytochrome ¢ reductase

Rotenone-sensitive activ-

Genotype Cytochrome oxidase Total activity Antimycin-sensitive activity ity
pmol cytochrome ¢ oxidized/min per umol cytochrome c reducedimin per mg whole cell protein X 1072
mg whole cell protein
dk* 035 £ 0.03 68 x 1.8 46 1.2 3.8+1.1
dk-32 0.01 = 0.01* 3.5 0.5 0.2 + 0.3* 0.2 +0.1*
dk-34 0.01 = 0.01* 3.7 0.3 0.1 £ 0.5* 0.7 £ 0.2*
dk-52 0.10 = 0.02* 7.6 =02 48 0.5 3.6 0.7
dk-76 0.09 = 0.03* 4.1+ 1.0 1.2 £ 0.5* 0.6 £ 0.4
dk-80 0.01 = 0.01* 7.7 x0.8 5305 43+x03
dk-97 0.01 £ 0.01* 9719 5.8+0.4 35+1.2
dk-105 0.21 = 0.06* 8.0x09 33+£09 3.0 x0.2
dk-110 0.002 = 0.002* 8114 34 0.6 23205
dk-148 0.10 = 0.04* 58 +1.8 38+1.3 22+1.4

Cells were pregrown under phototrophic conditions to a cell density of around 1 x 108 cells/ml. The antimycin- and
rotenone-sensitive activities were calculated as the difference between the activities in the presence of the inhibitor

and the total activity.

Differences noted in activities between the mutants and wild type were analyzed by t-tests and the results denote

the probabilities that the differences are due to chance.
*P <0.01.

The data are presented as the mean and standard deviation of three to five measurements.

have mitochondria with clearly distinguishable but
“unstained” cristae (Fig. 3¢ and f).

The levels of DAB staining of mitochondrial
cristae are greatly reduced in six mutants with low
cytochrome oxidase activity measured in vitro
(Table VII), as can be seen for dk-32 and dk-80 in
Fig. 3b and f, respectively. Certain of these mu-
tants, e.g. dk-80 (Fig. 3f) and dk-97, do retain
low levels of the DAB reaction which is confined
to several heavily stained cristae among many un-
stained cristae. Apparently, in these mutants, the
functional cytochrome oxidase molecules giving
the low levels of activity detected in enzyme assays
of cell homogenates are clustered in certain cristae
rather than being dispersed at a low density over
all of the cristae of the mitochondrion. Two of the
mutants, dk-105 and dk-148, with moderately re-
duced levels of cytochrome oxidase activity in vi-
tro appear to have wild type levels of DAB stain-
ing (Table VII) which is totally inhibited by cya-
nide (Fig. 3d and #). While the cytochrome oxi-
dase activity of dk-110 as measured by DAB stain-
ing is nearly 40% of the wild type level (Table
VII), < 5% of the wild type cytochrome oxidase
activity is measured in cell homogenates (Table
VI). This may mean that while the DAB-binding
site of the enzyme is relatively unaltered, the abil-

ity of the enzyme to catalyze the oxidation of
cytochrome c in vitro is greatly reduced.

In order to evaluate possible pleiotropic lesions
affecting the mitochondrial respiratory chain in
each of the mutants, we determined the activity of
a second portion of the pathway, antimycin- and
rotenone-sensitive NADH-cytochrome ¢ reduc-
tase. NADH-cytochrome ¢ reductase is a compos-
ite activity comprising the entire respiratory chain
from the NADH dehydrogenase to cytochrome ¢
(20). A similar activity, localized on the outer
mitochondrial membrane, also utilizes NADH to
reduce cytochrome ¢, but is not sensitive to the
respiratory inhibitors antimycin or rotenone (17).
Because antimycin inhibits the respiratory chain
between cytochromes b and ¢ whereas rotenone
inhibits between NADH dehydrogenase and cyto-
chrome b, two distinct respiratory chain enzyme
activities can be examined. In three of the nine
mutants, dk-32, dk-34, and dk-76, both the anti-
mycin- and rotenone-sensitive NADH-cyto-
chrome ¢ reductase activities are significantly
lower than wild type (Table VI).

Whole Cell and Mitochondrial
Ultrastructure
Characterization of cell and mitochondrial ul-
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FiGURE 3 DAB staining of phototrophically grown wild type and selected dk mutants. (a and b) Wild
type mitochondria stained with DAB. (e and f) Wild type control mitochondria pretreated with cyanide and
then stained with DAB to demonstrate the inhibition of staining by cyanide, an inhibitor of cytochrome
oxidase. (¢) Mitochondria from phototrophically grown dk-32 and (g) dk-80 which have been treated with
DAB showing very low levels of staining of the mitochondrial cristae. (d) Mitochondrion of dk-148 and
(k) its cyanide control. Bar, 0.1 um. x 60,000.




TasLe VII

Comparison of DAB Staining of Mitochondria of
Nine Mendelian dk Mutants and Wild Type

DAB-stained cristae per:

um? Mitechondrial

Genotype Mitochondrion area (X 10°?%)
wm
dk* 0.46 2.79
dk* + CN 0.00 0.00
dk-32 0.02 0.05
dk-34 0.06 0.28
dk-52 0.02 0.12
dk-76 0.10 0.46
dk-80 0.04 0.12
dk-97 0.10 0.43
dk-105 1.59 2.91
dk-110 0.15 0.97
dk-148 1.28 2.79

The amount of DAB staining, a histochemical marker
for cytochrome oxidase, expressed as the distances of
stained cristae per mitochondrion or per mitochondrial
area, was quantitated for each mendelian dk mutant and
wild type (dk*) using a Hewlett-Packard Model 20
equipped with a Hewlett-Packard digitizer. Between 29
and 119 mitochondrial profiles per genotype were mea-
sured, representing between 2.4 and 7.8 um? mitochon-
drial area on electron micrographs at x 60,000. CN,
cyanide.

trastructure in each dk mutant permits compari-
sons of structural alterations in the mitochondria
with the observed reductions in cyanide-sensitive
respiration, cytochrome oxidase, and antimycin-
or rotenone-sensitive NADH-cytochrome ¢ reduc-
tase noted for many of the dk mutants. Photo-
trophically grown wild type Chlamydomonas rein-
hardtii (Fig. 4a) has a single large cup-shaped
chloroplast which surrounds the central nucleus
and nucleolus. On the average, 10 elongate mito-
chondrial profiles per median section are seen
dispersed throughout the cytoplasm. The chloro-
plast comprises around 40% of the total cell area
as seen in the median section, while the mitochon-
dria comprise only 1-2% of the total area (6).
Wild type mitochondria, shown in Fig. 4 b, possess
a well-defined double envelope and have a moder-
ate number of fingerlike cristae which project into
a rather dark and uniformly staining mitochon-
drial matrix.

The whole cell and mitochondrial ultrastructure
of dk-110 (Fig. 4c and d), dk-76, dk-97 (Fig. 6¢
and d), and dk-10S5 are very similar if not identical
to wild type despite the fact that each mutant has
reduced cyanide-sensitive respiration and cyto-

chrome oxidase activity. The mitochondrial ultra-
structure of dk-32 and dk-34, mutants with re-
duced cyanide-sensitive respiration, cytochrome
oxidase, and NADH-cytochrome ¢ reductase ac-
tivities, is grossly abnormal (Fig. 5a-d). While the
outer mitochondrial membrane of each of these
two mutants appears normal, typical cristac are
completely absent and are replaced by swollen
pockets, sheets, threads, and whorls of inner
membrane material. In addition, the matrix does
not stain uniformly and matrix material is precipi-
tated adjacent to the abnormal inner membrane.
The ultrastructure of the remainder of the cell
appears normal despite these extreme mitochon-
drial defects.

The respiratory deficient mutants, dk-52, dk-
80, and dk-148 all have reduced cytochrome oxi-
dase activity and various alterations in mitochon-
drial ultrastructure, while their NADH-cyto-
chrome ¢ reductase activities are normal. Cells of
dk-80 (Fig. 6a and b) contain mitochondria with
cristac which appear rounded or “swollen” and
not well defined, and the matrix material of dk-80
appears to be precipitated along the cristae sur-
faces. In addition, these cells contain one or more
long, swollen endoplasmic reticula or vacuoles lo-
cated in the cytoplasm around the periphery of the
chloroplast (Fig. 6a). The presence of such swol-
len endoplasmic reticula or vacuoles is not under-
stood but may be a secondary pleiotropic effect of
the defects in mitochondrial structure and func-
tion. In dk-148, the mitochondrial matrix material
is also precipitated along the surfaces of the cris-
tae, although the morphology of the cristae ap-
pears to be normal. In dk-52, the mitochondrial
outer membrane and the chloroplast and nuclear
envelopes consistently stain less intensely than
those of wild type, although the ultrastructure of
all organelles appears normal.

DISCUSSION

Obligate photoautotrophy is a common feature of
many species of algae (10) and probably results
from an impermeability to exogenous carbon
sources, because of the lack of specific permeases,
or an inability to assimilate them, on account of
the absence of key enzymes (34). On the other
hand, nine mendelian obligate photoautotrophic
(dk) mutants in Chlamydomonas reinhardtii are
capable of assimilating acetate into TCA-insoluble
material at 50% or more of the wild type rate, and
each possesses wild type or slightly elevated levels
of the glyoxylate cycle enzyme, isocitrate lyase.
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Figure 4 Ultrastructure of phototrophically grown wild type and dk-110. (a) Median section through a
phototrophically grown wild type mt~ cell showing the central nucleus (N) and nucleolus ( Nu), mitochon-
drion (M), Golgi apparatus (G), and the peripheral chloroplast (C) containing a pyrenoid (P). x 18,000.
(b) Higher magnification showing a wild type mitochondrion with well-defined cristae and a uniformly
staining matrix. X 60,000. (¢) Median section through a phototrophically grown dk-110 mt* cell. Bar, 1
wm. X 18,000. (d) Higher magnification showing mitochondria with normal morphology. Bar, 0.1 um. X
60,000.



FiGure 5 Ultrastructure of phototrophically grown dk-32 and dk-34. (a and ¢) Median sections through
phototrophically grown dk-32 mt* and dk-34 mt*. Bar, 1 um. X 18,000. (b and 4) Higher magnifications
of mitochondria showing the grossly disorganized cristae in each mutant and the ultrastructural similarities
between the two mutants. Bar, 0.1 um. X 60,000.

70



Figure 6 Ultrastructure of phototrophically grown dk-80 and dk-97. (a) Median section through a
phototrophically grown dk-80 mt~ cell showing a large peripheral vacuole (V) or swollen endoplasmic
reticulum. x 18,000. (b) A higher magnification showing distorted saclike cristae. x 60,000. (¢) Median
section through a phototrophically grown dk-97 mr~ cell. Bar, 1 um. x 18,000. (d and e) Higher
magpnifications showing small but normal mitochondria. Bar, 0.1 um. X 60,000.



Because each mutant grows at near wild type rates
in the light, a reduction in the activity of the Krebs
cycle, the major source of respiratory substrates,
seems unlikely. Because of the central role of the
Krebs cycle in intermediary metabolism, any sig-
nificant reduction in its activity should affect not
only cyanide-sensitive respiration and acetate as-
similation, but phototrophic growth rates as well.
Each mutant appears to have a normal cyanide-
insensitive pathway, based on the sensitivity of its
respiration to SHAM alone or in combination with
cyanide. The cyanide-insensitive pathway in dk
mutants with significantly reduced cyanide-sensi-
tive respiration may provide the essential function
of oxidizing respiratory substrates, especially
NADH produced via the Krebs cycle. In the ab-
sence of the cyanide-insensitive pathway, mutants
with defective respiratory chains and significantly
reduced respiration rates might be lethal because
oxidized respiratory substrates which could accept
electrons from Krebs cycle intermediates would
rapidly become depleted.

To place the nine mendelian dk mutants in
perspective with wild type and with one another,
we have summarized in Table VIII all of the basic
biochemical and ultrastructural findings of the in-
vestigation reported here. This summary demon-
strates that dk-32 and dk-34 are biochemically and
ultrastructurally similar and supports the conclu-
sion, based on genetic evidence, that these two

mutants are alleles. Differences in both biochemi-
cal and ultrastructural parameters for each of the
remaining seven dk mutants demonstrate that
each possesses a unique phenotype and support
the genetic observations that these mutants are
nonallelic and affect separate functions.

This investigation demonstrates that eight of
nine mendelian dk mutants have diminished cyto-
chrome oxidase activity, and three of these also
have reduced antimycin- or rotenone-sensitive
NADH-cytochrome ¢ reductase activity.

Seven of the eight dk mutants with low levels of
cytochrome oxidase activity both in vitro and in
situ also have greatly reduced cyanide-sensitive
respiration rates. These findings suggest that in
many of the mutants the reduced respiratory activ-
ity results from defective respiratory chains incap-
able of oxidizing respiratory substrates at normal
rates. In addition, four mutants possess defects in
mitochondrial ultrastructure including grossly dis-
organized mitochondrial cristae and/or the precip-
itation of matrix material along the surfaces of the
cristae.

These observations suggest that the primary ge-
netic lesion in many of the dk mutants is not in a
gene coding for specific cytochrome oxidase pep-
tides but rather in a gene that indirectly reduces
cytochrome oxidase activity either by limiting its
capacity to integrate functionally into the mito-
chondrial membrane or by altering the machinery

TasLe VIII
Summary of Biochemical and Ultrastructural Properties of Nine Mendelian dk Mutants and Wild Type (dk*)

Antimy-
cin- or ro-
tenone
sensitive
Cyanide-  Cyto- NADH- Mitochondria
Fluoroac- Acetate Isocitrate sensitive  chrome cyto~
etate sen- incorpo- lyase ac-  respira~  oxidase chrome c Whole cell ultrastructure DAB
Genotype sitivity ration tivity tion activity reductase  (except mitochondria) Ultrastructure staining
dk* yes + + + + + normal normal +
dk-32 yes + + * - - normal grossly altered -
dk-34 yes + + * - - normal grossly altered -
dk-52 no + + + + + reduced electron density reduced electron density -
of membranes of membranes
dk-76 yes + + * + normal normal -
dk-80 yes * + - - + swollen endoplasmic re- swollen cristae -
ticulum
dk-97 yes + + - -~ + normal normal -
dk-105 yes + + + + + normal normal +
dk-110 yes + + - - + normal precipitated matrix mate- +
rial
dk-148 yes + + - + + normal precipitated matrix mate- +
rial

The biochemical and ultrastructural properties of nine delian dk are ized from Tables V to VII and Figs. 2 to 5, as well as unpublished

observations. The symbol +, indicates >75% of wild type levels of activity, the symbol +, ~25-75% of wild type levels of activity, and the symbol —, <25%
of wild type levels of activity.
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necessary for the transcription or translation of the
enzyme or membrane peptides.

On the basis of their pleiotropic phenotypes as
summarized in Table VIII, each dk mutant with
reduced cytochrome oxidase activity can be provi-
sionally assigned to one of three possible pheno-
typic classes. Mutants in Class I may affect genes
which code for components involved directly or
indirectly in mitochondrial protein synthesis, in-
cluding those genes which regulate the biosyn-
thesis of enzymes such as cytochrome oxidase.
Mutants in Class II may affect genes which code
for nonenzymatic proteins of the inner mitochon-
drial membrane that are essential for the proper
organization of the membrane as a whole or the
proper integration into the membrane of other
enzymatic proteins such as cytochrome oxidase or
the ATP synthetase. Mutants in Class III may
alter genes which code for peptides of the enzyme
cytochrome oxidase.

Mutants with altered mitochondrial protein syn-
thesis, or mutants affected in membrane biogene-
sis, particularly the biogenesis of the inner mito-
chondrial membrane, would likely possess the
broadest syndrome of defects in mitochondrial
structure and function (Class I). dk-32, dk-34, and
possibly dk-76 with grossly abnormal mitochon-
drial structure and/or function and reduced cyto-
chrome oxidase activity most likely exemplify such
mutants. The allelic mutants dk-32 and dk-34 pos-
sess grossly altered inner mitochondrial mem-
branes which appear to be completely disorga-
nized with the membrane components forming
random sheets, threads, and amorphous clusters.
That these two mutants have virtually no cyto-
chrome oxidase activity and reduced antimycin-
and rotenone-sensitive NADH-cytochrome ¢ re-
ductase activities is not surprising.

The mutant dk-76 has moderately reduced anti-
mycin- and rotenone-sensitive NADH-cyto-
chrome ¢ reductase and cytochrome oxidase activ-
ities and cyanide-sensitive respiration but normal
mitochondrial ultrastructure. This mutant is likely
to be a leaky mutant of Class I that makes func-
tional respiratory chains, but in reduced amounts,
and assembles them into morphologically normal
mitochondria.

Mutants such as dk-52, dk-80, and dk-148 with
structural and/or functional abnormalities of the
mitochondrial inner membrane and reduced cyto-
chrome oxidase activity may contain altered non-
enzymatic membrane proteins which affect the
assembly or function of cytochrome oxidase pep-

WISEMAN ET AL.

tides (Class II).

The mitochondrial cristae of dk-80 are distorted
and swollen, the mitochondrial matrix material is
unevenly distributed along these cristae surfaces,
and cytochrome oxidase activity is only 2-4% of
the wild type level. The mutant dk-148, which also
contains precipitated matrix material along the
surfaces of the cristae, has about 30% of normal
cytochrome oxidase activity, but very low total
and cyanide-sensitive respiration. While the low
respiration rate may be due to a lack of respiratory
substrates, this is unlikely because the mutant has
very high levels of acetate assimilation. More
likely, dk-148 has a defect in its respiratory chain
at a site that has not been studied, possibly cyto-
chrome ¢ or succinate dehydrogenase, and this
may result in the observed precipitation of matrix
material along the mitochondrial cristae.

The mitochondrial membranes of dk-52 are
stained very poorly by both uranyl acetate and
lead citrate, which suggests the generalized loss of
one or more membrane components. In addition,
while the mutant’s cytochrome oxidase activity in
vitro and in situ is at most 30% of normal, its total
and cyanide-sensitive respiration rates are as high
as wild type’s. The reason for this apparent anom-
aly is not clear but may be due to an uncoupling of
respiration from oxidative phosphorylation which
is known to increase the respiratory rate (30).

The third class of mutants, those in which only
cytochrome oxidase is affected, include dk-97, dk-
105, and dk-110. All three mutants have reduced
cytochrome oxidase activity, which may account
for their reduced rates of cyanide-sensitive respira-
tion, but normal levels of antimycin- and rote-
none-sensitive NADH-cytochrome ¢ reductase.
Although dk-110 has some precipitated matrix
material along its cristae, the morphology of the
mitochondrial cristae of these three mutants ap-
pears normal, especially when compared to the
more extreme defects in mitochondrial ultrastruc-
ture in dk-32, dk-34, or dk-80.

The simplest explanation of why the dk mutants
die in the dark is that they produce insufficient
ATP via mitochondrial oxidative phosphorylation
for growth and survival, although we have not as
yet demonstrated this directly. The nine mutants
with reduced or very low cytochrome oxidase ac-
tivities most likely produce less ATP, at least at
the third coupling site. The three dk mutants
which also have reduced antimycin- or rotenone-
sensitive NADH-cytochrome ¢ reductase activities
may also synthesize reduced amounts of ATP at
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sites one and two. The cyanide-sensitive respira-
tion rates of many of the mutants are sufficiently
low that even if ATP were made at each coupling
site, the total rate of respiratory ATP synthesis
would only be 20-50% of the wild type rate,
possibly not sufficient to sustain growth in the
dark. The gross lesions observed in the inner mito-
chondrial membranes of dk-32 and dk-34 support
the argument that coupled ATP synthesis may be
reduced or absent in these mutants.

If these dk mutants die in the dark because of
reduced mitochondrial ATP production, then a
priori, chloroplast ATP production plus cyanide-
insensitive respiration must account for each mu-
tant’s ability to grow in the light. For chloroplast
photophosphorylation to compensate for the defi-
ciency in ATP production of the mutant mitochon-
dria by supplying all or nearly all of the ATP for
phototrophic growth, an excess of ATP must be
synthesized over what is required for photosyn-
thetic dark reactions and other chloroplast func-
tions. The ability of chloroplasts to export ATP to
the cytoplasm is difficult to assess in vivo, although
chloroplasts have been shown to be permeable to
both ATP and ADP (41). Heber and Krause (21)
have suggested that ATP produced in the chloro-
plast could be effectively transported to the cyto-
plasm by way of a shuttle involving triosephos-
phates such as 3-phosphoglycerate and dihydroxy-
acetone phosphate, both of which can readily pass
across the chloroplast membrane, coupled with a
shuttle of reducing agents involving oxaloacetate
and malate. Santarius and Heber (40) have shown
that illumination of Elodea results in a parallel
increase in the level of ATP in both the cytoplasm
and chloroplast, and they infer that the increased
cytoplasmic ATP is a product of chloroplast pho-
tophosphorylation. Raven (36) suggests that the
contribution of ATP produced by photophospho-
rylation to the overall growth of algae may ac-
tually exceed the production of ATP by mitochon-
drial oxidative phosphorylation. Whereas these
observations certainly indicate that chloroplasts
can produce ATP in excess of what is needed for
chloroplast functions, we have not yet shown di-
rectly in these dk mutants of Chlamydomonas
reinhardtii that a lack of mitochondrial ATP syn-
thesis results in the dk phenotype, and that chloro-
plast photophosphorylation supports their growth
in the light.

Evidence from several genetic and biochemical
studies constitutes the present understanding of
the interaction of the nuclear and mitochondrial

genomes in the biogenesis of the mitochondrion.
Ebner et al. (12) isolated 18 different nuclear
respiratory deficient mutants in yeast belonging to
seven complementation groups. Subsequently,
Tzagoloff et al. (48) have isolated 55 more nuclear
respiratory deficient mutants which fall in 29 com-
plementation groups. Whether the two sets of
complementation groups overlap to any extent is
not known. Three of the complementation groups
identified by Ebner et al. (12) and 10 identified by
Tzagoloff et al. (48) contain mutants specifically
deficient in cytochrome oxidase. Several of the
other complementation groups identified by Eb-
ner et al. (12) are highly pleiotropic and contain
mutants which, in addition to being cytochrome
oxidase deficient, show a number of other defects
in mitochondrial function. Similar pleiotropic mu-
tants were isolated by Tzagoloff et al. (48) but not
characterized in detail. Ebner et al. (13) also dem-
onstrated that the synthesis or integration of mito-
chondrially translated subunits of cytochrome oxi-
dase can be prevented by nuclear mutations.

The results of the present investigation, as well
as those of Ebner et al. (12) and Tzagoloff et al.
(48) discussed above, indicate that many muta-
tions which affect the assembly of the mitochon-
drial inner membrane will also affect the activity of
cytochrome oxidase which is an integral part of
this membrane. We have discussed three pheno-
typic classes of mutants that affect mitochondrial
biogenesis, all of which while initially having only
a single primary defect, probably lead to a pleio-
tropic phenotype which involves the decreased
activity of cytochrome oxidase. The responsible
genes may include those coding for (a) compo-
nents involved directly or indirectly in mitochon-
drial protein synthesis, including those that regu-
late the biosynthesis of enzymes such as cyto-
chrome oxidase, perhaps represented by mutants
in Class I; (b) nonenzymatic proteins of the inner
mitochondrial membrane that are essential for the
integration or enzymatic activity of other proteins,
possibly represented by Class II mutants; and (c)
peptides of the enzyme cytochrome oxidase,
which may include some or all of the Class III
mutants. Assignment of mutants to these three
genetic categories is based on our present knowl-
edge of their biochemical and ultrastructural phe-
notypes and will serve to define the most reasona-
ble direction for further biochemical investigations
to establish the nature of the primary genetic le-
sion in each mutant. Additional studies of muta-
tions that affect mitochondrial structure and func-
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tion in both Chlamydomonas and yeast should
clarify the role of both nuclear and mitochondrial
genetic systems in the biogenesis of the mitochon-
drion, particularly with respect to key components
of the respiratory chain such as cytochrome oxi-
dase and the ATPase.
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