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ABSTRACT  Chloroplast components known to be coded
by chloroplast DNA include chloroplast rRNAs, tRNAs, and the
large subunit of ribulose-bisphosphate carboxylase. Because
these components comprise less than 3% of the estimated cod-
ing capacity of the chloroplast genome, most chloroplast gene
functions have yet to be identified. One approach to this prob-
lem is the isolation and characterization of mutations in the
chloroplast genome affecting specific photosynthetic functions.
Recently we have found that such mutations can be preferen-
tially recovered by using arsenate selection on cells previously
ﬁrown in 5-fluorodeoxyuridine. Sixteen mutants thus isolated

ave been localized into nine chloroplast loci, based on their
ability to recombine and produce photosynthetically competent
progeny. Mutants at two loci show the characteristic synsfome
of photosynthetic defects that results from a deficiency in
chloroplast protein synthesis. These have been found to lack
chloroplast ribosome monomers. Mutants at three loci are
missing chlorophyll-protein complex 1 in their thylakoid
membranes. Mutants at three other loci are deficient in mem-
brane polypeptides known to be associated with the chloroplast
coupling factor.

Chloroplast DNA molecules in all green algae and higher plants
so far studied, with the exception of Acetabularia, are circles
ranging in size from 40 to 60 um and have the capacity to code
for more than 250 proteins of M, 20,000 (1). DNA-RNA hy-
bridization has revealed that chloroplast rRNAs and tRNAs are
coded by the chloroplast genome in tobacco, maize, and Eu-
glena, and chloroplast rRNAs have been found to be chloroplast
gene products in spinach and Chlamydomonas reinhardtii
(1-4). However, only a small proportion of the coding capacity
of chloroplast DNA can be accounted for by the stable RNAs
(1). The only polypeptide so far shown by physical mapping
studies to be a product of chloroplast DNA is the large subunit
of the COq-fixing enzyme ribulose-1,5-bisphosphate carbox-
ylase (5, 6).

Mutations have been used extensively to probe chloroplast
DNA functions in Chlamydomonas and to a lesser extent in
higher plants (1, 2). Mutations in Chlamydomonas that are
transmitted in a uniparental manner are thought to be localized
in chloroplast DNA (1, 7) but, until recently, only those muta-
tions conferring antibiotic resistance on chloroplast ribosomes
have been characterized (1, 2, 8, 9). Genetic analysis has shown
that the antibiotic-resistance mutations fall in seven loci that
map close together in the chloroplast genome and may comprise
a ribosomal region comparable to ribosomal regions found in
bacteria (9). One would predict that chloroplast mutations af-
fecting specific photosynthetic functions should also occur in
Chlamydomonas because many Mendelian mutations with
photosynthetic defects are known (2). However, only three
chloroplast mutations affecting photosynthetic functions have
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been reported to date. One of these causes the loss of chloro-
phyll-protein complex 1 (CP1) from the thylakoid membranes
(10), the second alters the electrophoretic mobility of a different
thylakoid membrane polypeptide (11), and the third appears
to affect photophosphorylation (12, 13).

This paper describes the isolation and characterization of 16
nonphotosynthetic chloroplast mutations by using 5-fluo-
rodeoxyuridine (FdUrd) which we have found increases spe-
cifically the frequency of all types of chloroplast gene mutations
(14). These nonphotosynthetic mutants fall into nine distinct
loci in the chloroplast genome on the basis of recombination
analysis. Because somatic segregation of chloroplast genes
prevents the assessment of allelism by the usual complemen-
tation tests, one cannot determine genetically whether each
recombinationally separate locus specifies a different chloro-
plast gene function. Hence, the term “locus,” defined here on
the basis of recombination, is not necessarily equivalent to a
gene defined by complementation tests in Mendelian genetics.
Individual mutants representing each locus have been assayed
for defects in specific photosynthetic functions. Mutants at two
loci were found to block assembly of the chloroplast ribosomes
and show the syndrome of defects associated with mutants
deficient in chloroplast protein synthesis (8, 15). Mutants at
three loci are missing CP1 from their thylakoid membranes,
and mutants at three other loci are lacking thylakoid membrane
polypeptides associated with the chloroplast coupling factor.
Such photosynthetically defective mutants offer the same po-
tential for probing chloroplast gene function as do the recently
described mit~ and syn~ mitochondrial mutants in Saccha-
romyces (16, 17) which are deficient in specific respiratory
functions and in mitochondrial protein synthesis, respective-

ly.
MATERIALS AND METHODS

Isolation of Mutants and Stock Maintenance. C. rein-
hardtii wild-type strain 137c mt + (GB-125) was pregrown to
a concentration of 1 X 106 cells per ml in Tris/acetate/phos-
phate (TAP) liquid medium (18). These cells were used to in-
oculate 250-ml cultures at 1 X 10* cells per ml in TAP con-
taining 0.1 mM FdUrd, and the cells were grown for approxi-
mately nine doublings to a density of 6 X 106 cells per ml.
Cultures were shaken under continuous cool white fluorescent
light (1.5 X 10 lux) at 25°C. Aliquots of these cultures con-
taining 1 X 106 cells were plated on TAP plates (1.5% agar)
containing 2 mM sodium arsenate for positive selection of
nonphotosynthetic mutants (14, 15). Part of each colony that
grew on the TAP/arsenate plates was transferred to plates of

Abbreviations: FdUrd, 5-fluorodeoxyuridine; CP1, chlorophyll-protein
complex 1; CF,, chloroplast coupling factor; TAP, Tris/acetate/
phosphate liquid medium (18); PSII, photosystem II; HS, high-salt
medium; HSA, HS containing 15 mM sodium acetate; HSHA, HS
containing 30 mM sodium acetate.
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high-salt medium (HS) (19) and of HS containing 15 mM so-
dium acetate HSA. Only those mutants which died on the HS
plates were selected for further analysis. Mutants were isolated
in two separate experiments (distinguished by the first digit of
their identification numbers). The stringent acetate-requiring
mutants isolated were maintained routinely on HS medium
with twice the normal amount of sodium acetate (HSHA) to
avoid the necessity of frequent transfer. Because some of the
mutants were sensitive to high light intensity, all stocks were
keptin!dim light. The CP1-deficient mutant C1 was the gift of
Pierre Bennoun. :

Genetic Analysis. Crosses were made between each mutant
and wild-type strain 137c mt~ (GB-126). Gametes of both
mutant and wild-type cells were induced by suspending 7-
day-old cultures from HSHA plates in nitrogen-free medium
(HSHA without NH,Cl) overnight. Equal numbers of gametes
of the two mating types were mixed in the light for 2 hr, and
the mating mixture was then plated onto HS containing 4%
agar. After 18-24 hr in cool white fluorescent light (5.5 X 103
lux), the plates were placed in the dark for 6 days at 25°C. Zy-
gotes were then transferred to HSHA plates and placed in the
light for germination. Between 10 and 20 tetrads were analyzed
for each mutant by using the methods of Ebersold and Levine
(20). Once the meiotic products had formed colonies, they were
tested for acetate dependence as described above. Normally,
chloroplast mutations are transmitted to the meiotic progeny
almost exclusively by the mt + parent (1, 7) and each of the 16
mutants studied here showed the expected 4 ac~:0ac+ segre-
gation for acetate requirement. Nuclear mutations could be
identified by their 2 ac~:2 act+ segregation pattern. When a
chloroplast mutant had been identified by its inheritance pat-
tern, mt + and mt ~ segregants were selected for use in allele
tests.

Chloroplast acetate mutants were grouped into recombina-
tionally distinct loci by making pairwise matings as described
above except that the mating mixture was spread onto HS plates
that were kept in continuous light (cool white fluorescent, 5.5
X 103 lux). Although zygotes are routinely matured in the dark,
Van Winkle-Swift (21) has shown that they will germinate with
high efficiency when matured in the light. Total zygotes per
plate were estimated by counting three or four sectors covering
approximately 5% of the plate. Zygote germination, which was
greater than 70%, was determined on a sample of 100-200
zygotes on a sector of each plate. Mutants falling in the same
locus were identified by their failure to recombine to yield
photosynthetically competent progeny.

Reversion frequencies were determined by growing mutants
in HSHA liquid medium to a density of 5 X 106 cells per ml and
plating 3-5 X 107 cells on HS medium at a density of 1 X 108
cells per plate. The number of colonies observed on HS plates
was divided by the total number of cells plated as determined
by hemocytometer counts to obtain a reversion frequency.

Biochemical Assays. Cells were grown in HSHA liquid
medium to 1-2 X 108 cells per ml in darkness and then trans-
ferred to continuous light (1.5 X 10* lux, cool white fluorescent)
for 24 hr prior to harvest. Ribulose-1,5-bisphosphate carbox-
ylase, chlorophyll, photosystem II (PSII) activity, whole cell
protein, and whole cell ribosome profiles were analyzed by the
methods of Harris et al. (15). Thylakoid membrane polypep-
tides were isolated by flotation and separated by sodium do-
decyl sulfate/polyacrylamide gel electrophoresis using the
methods of Chua and Bennoun (22). Membrane polypeptides
were identified by consecutive numbers starting from the high
molecular weight region, according to the nomenclature of
Chua and Bennoun (22).

For analysis of the amount of P700, a modification of the
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method of Alberte et al. (23) was used. The cells (1 X 108) were
harvested by centrifugation at 12,100 X g for 5 min and then
were washed and resuspended in 4 ml of 50 mM Tris-HCI, pH
8.0/2 mM MgCl,/0.5 M sucrose/0.1 M NaCl. The cells were
broken at 5000 psi (34.5 MPa) in a French pressure cell and spun
at 480 X g for 2 min to remove cells and cell debris. The su-
pernatant was collected and spun at 27,000 X g for 10 min. The
green pellet from this centrifugation was solubilized overnight
in Triton X-100 at a Triton/chlorophyll ratio (wt/wt) of 75:1.
Spectrophotometric measurements were carried out on the
solubilized membranes in an Aminco DW-2 spectrophotometer
according to the procedure of Alberte et al. (23). Total P700
(umol per sample) was calculated as: absorbance change at 697
nm/(64 X 103) (24).

RESULTS

Mutant Isolation, Allele Testing, and Reversion of Mu-
tants. The key to efficient isolation of acetate-requiring chlo-
roplast mutants is growth of the cells in FdUrd which increases
the recovery of all detectable classes of chloroplast mutations
without a concomitant increase in nuclear mutants of similar
phenotype (14). In this respect we should note that the arsenate
method for positive selection of nonphotosynthetic cells is far
from ideal because less than 2.0% of the cells forming colonies
on arsenate are acetate requiring (15). All of the mutants ob-
tained from our control cultures exhibited Mendelian inheri-
tance whereas 56% of the mutants obtained from the FdUrd-
grown cells showed the uniparental pattern of inheritance
characteristic of chloroplast mutations. Nonphotosynthetic
mutations in the chloroplast genome arise at a frequency of
about 0.8 X 10~6 mutations per viable cell in FdUrd-grown
cultures (14). Of the 19 stable chloroplast mutations obtained
so far, 16 have now been characterized genetically.

Mutants found by tetrad analysis to be inherited uniparen-
tally were tested for their ability to recombine in pairwise
matings. All crosses were done at least twice, with between
50,000 and 100,000 zygotes plated each time. Although chlo-
roplast markers normally exhibit maternal inheritance, 1-10%
of the zygotes (biparental zygotes) spontaneously transmit both
maternal and paternal chloroplast markers and can be assayed
for recombination of chloroplast mutants (1, 7). In the tests
reported here, assuming 50,000 zygotes screened, an average
of 70% germination, and 1% biparental zygotes, there should
be at least 350 biparental zygotes in which recombination could
occur. In crosses of antibiotic-resistant mutants with similar
phenotypes, progeny of 100 or fewer biparental zygotes are
scored (9). A large number of zygotes can be analyzed conve-
niently in the case of the acetate mutants because photosyn-
thetically competent recombinants are positively selected on
the HS plates. With antibiotic-resistant mutants, positive se-
lection of antibiotic-sensitive recombinants is not possible.

The 16 acetate-requiring mutants characterized to date were
found to fall in nine distinct loci within which recombination
was not detectable (Table 1). Photosynthetically competent
progeny were produced in all crosses between mutants in dif-
ferent loci, which were designated ac-u-a through ac-u-i. Both
mutants at the ac-u-b locus were isolated in a single experiment.
Mutants at the ac-u-c locus were isolated in two separate ex-
periments. The C1 mutant of Bennoun et al. (10) was found to
map in the ac-u-i locus.

Experiments were carried out to ascertain whether any of
the mutants were reverting to photosynthetic competence at
a rate that would give spurious results in either the genetic or
physiological analyses. Uniparentally inherited reversions or
suppressors conferring wild-type phenotype were found at
frequencies of about 1 X 107 per mutant cell for specific
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Table 1. Recombination matrix of nonphotosynthetic chloroplast mutants

Rever-

tant

fre-
quency/

Mu- 107

Locus tant 1-15 1-10 1-5 2-21 2-13 2-9 1-7 1-20 2-29 2-43 2-12 1-24 2-31 2-3 2-17 2-25 C1 cells
ac-u-a  1-15 - + + + + + + + + + + + + + + + + 0.2
ac-u-b 110 - - + + + 4+ o+ o+ o+ o+ + o+ o+ + + + 0.2
1-5 - + + + o+ o+ o+ 4+ + +  + o+ + + ND 0.4

ac-u-c 2-21 - - - - - - - + + + + + + + 0
2-13 - - - - - - + + + + + + + ND

2-9 - - - - - + + o+ o+ + + ND 0

1-7 - - - - + + + + + + ND ND

1-20 - - - + o+ o+ o+ + + ND 0

2-29 - - + + + + + + ND ND

9-43 - + + + + + + ND ND
ac-u-d  2-12 - + + + + + + 98.0
ac-u-e 1-24 - + + + + + 2.2
ac-u-f  2-31 - + + + + 0.33
ac-u-g 2-3 - + + + 0.25
ac-u-h  2-17 - + + 122.0
ac-u-i  2-25 - - 1.25
C1 - ND

+, Occurrence of photosynthetically competent recombinants; —, absence of photosynthetically competent recombinants; ND, not determined.

mutants at most loci (Table 1). At the ac-u-d and ac-u-h loci,
Mendelian suppressor mutations were recovered at frequencies
of around 1 X 1075 per mutant cell.

Biochemical Defects in Mutants Falling at the Nine Loci.
Mutants at seven of the nine loci were found to have near
wild-type levels of ribulose-bisphosphate carboxylase activity,
PSII activity, and chlorophyll (Table 2). Mutants falling in the
two remaining loci, ac-u-d and ac-u-h, were deficient in both
ribulose-bisphosphate carboxylase and PSII activities, a syn-
drome characteristic of mutations affecting chloroplast ribo-
some assembly and defective in chloroplast protein synthesis
(8, 15). Analysis of ribosomes from mutants at both loci on su-
crose gradients showed that they lacked chloroplast ribosome
monomers (708) and accumulated 54S particles that may rep-

Table 2. Biochemical characterization of nonphotosynthetic

chloroplast mutants
Photosynthetic functions, % of wild type
Carboxylase PSII v
Genotype activity activity  Chlorophyll  P700
Wild type 100 100 100 100
ac-u-a 1-15 110 90 113 ND
ac-u-b 1-5 85 77 97 ND
1-10 76 86 113 98
ac-u-c 1-20 80 58 90 ND
2-21 82 48 86 24
2-9 75 65 100 ND
1-7 94 ND 78 ND
ac-u-d 2-12 7 3 92 ND
ac-u-e 1-24 117 94 103 ND
ac-u-f 2-31 76 95 96 ND
ac-u-g 2-3 97 100, 48 12
ac-u-h 2-17 2 11 94 ND
ac-u-i 2-25 85 76 90 17

Wild-type values: ribulose-bisphosphate carboxylase, 2.9 umol of
COs, fixed per hr per mg of whole cell protein; PSII, 2.1 umol of 2,6-
dichloroindophenol reduced per hr per mg of whole cell protein;
chlorophyll, 93 ug/mg of whole cell protein; P700, 6.9 nmol/10° cells;
whole cell protein, 44.5 mg/10° cells. ND, not determined.

resent large subunits of the chloroplast ribosome (Fig. 1). So-
dium dodecyl sulfate/polyacrylamide gels of thylakoid
membrane polypeptides isolated from these mutants revealed

A '\ a3s
708
54S
41s
B
83S
]
< 54S
[
83s
54S
Top Bottom

FIG. 1. Sucrose gradient analysis of total cell ribosomes from wild
type (A) and mutants at the ac-u-d (B) and ac-u-h (C) loci. The 83S
peak contains cytoplasmic ribosome monomers, the 70S peak contains
chloroplast ribosome monomers, and the 54S and 41S peaks represent
the large and small subunits of the chloroplast ribosomes, respectively
(8, 15). Both mutants lack 70S chloroplast ribosome monomers but
accumulate 54S particles. )
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F1G. 2. Sodium dodecyl sulfate/gradient gels of thylakoid membrane polypeptides of wild type and mutants at eight chloroplast loci stained
with Coomassie blue. The bands are numbered according to Chua and Bennoun (22). Apparent M,: polypeptide 2, 68,000; polypeptides 4.1-4.2,
52,000; polypeptide 8, 40,000; polypeptide 15, 29,000; polypeptide 19, 21,000. Polypeptide 2, which forms part of the CP1 complex, is only seen
upon heat dissociation of CP1. (A) Comparison of chloroplast ribosome-deficient mutants at the ac-u-d and ac-u-h loci. Lanes: 1, wild type;
2, ac-u-d-2-12; 3, ac-u-h-2-17. In both mutants, CP1 and polypeptides 4.1-4.2, 5, 6, 9, 10, and 19 are greatly reduced (arrows). Essentially the
same phenotype is seen in wild type cells of C. reinhardtii grown for long periods in the presence of chloramphenicol which inhibits chloroplast
protein synthesis (25). (B) Comparison of two allelic CP1-deficient mutants at the ac-u-i locus. Lanes: 1, wild type; 2, ac-u-i-2-25 mutant; 3,
C1 mutant studied by Bennoun et al. (10). (C) Comparison of two nonallelic CP1-deficient mutants at the ac-u-c and ac-u-g loci. Lanes: 1, wild
type; 2, ac-u-g-2-3; 3, ac-u-c-2-21. Together, B and C demonstrate that mutants in at least three chloroplast loci can cause the loss of CP1 (arrows).
(D) Comparison of three nonallelic mutants at the ac-u-a, ac-u-b, and ac-u-e loci deficient in polypeptides 4.1-4.2 (arrow) which are part of
the CF; ATPase. Lanes: 1, wild type; 2, ac-u-a-1-15; 3, ac-u-b-1-10; 4, ac-u-e-1-24. All lanes in a given panel are from the same slab gel.

that CP1 and polypeptides 4.1-4.2, 5, 6, 9, 10, and 19 were
drastically reduced in amount (Fig. 2A4). Representative mu-
tants from the other loci had normal amounts of 70S chloroplast
ribosomes (data not shown).

Isolated thylakoid membranes from mutants in three of the
seven other loci, ac-u-c, ac-u-g, and ac-u-i, almost totally lacked
CP1 when analyzed on sodium dodecyl sulfate/polyacrylamide
gels (Fig. 2 B and C). No other thylakoid membrane polypep-
tides were markedly affected in the membrane preparations
of the two mutants at the ac-u-i locus (Fig. 2B). In the case of
mutants at the ac-u-c and ac-u-g loci, we also observed that
polypeptides 4.1-4.2 varied in amount in different preparations
(Fig. 2C). However, N.-H. Chua (personal communication) has
independently analyzed thylakoid membrane polypeptides
from the same ac-u-c and ac-u-g mutants shown in Fig. 2C and
has confirmed that they specifically lack CP1 but have normal
amounts of polypeptides 4.1-4.2. Because only about 5% of the
total chlorophyll of thylakoid membranes is tightly associated
with polypeptide 2 in the CP1 complex analyzed in sodium
dodecyl sulfate gels (26), we were not surprised to find that most
of the mutants at these three loci had nearly normal levels of
chlorophyll (Table 2).

Thylakoid membranes isolated from mutants in the ac-u-a,
ac-u-b, and ac-u-e loci were missing only polypeptides 4.1-4.2
(Fig. 2D) which are thought to be part of the chloroplast cou-
pling factor (CF,)-ATPase complex (see Discussion). Mutants

at the remaining locus, ac-u-f, had no defects in any of the
photosynthetic functions analyzed.

DISCUSSION

This paper reports an efficient protocol for the isolation and
genetic characterization of numerous chloroplast mutants af-
fecting essential photosynthetic functions. Although many
nuclear acetate-requiring mutants have been isolated and
characterized (2), the methods used have not yielded chloroplast
acetate-requiring mutants. Even when diploid cells are used
to mask recessive nuclear acetate mutants (27), arsenate selec-
tion (15) has proved unsuccessful in our hands. However,
FdUrd, which decreases the amount of chloroplast DNA (28),
increases the recovery of chloroplast mutations resistant to
various antibiotics as well as nonphotosynthetic chloroplast
mutations requiring acetate (14).

The nine chloroplast loci reported here more than double the
number of chloroplast loci defined by mutations in Chlamy-
domonas. Recombination analysis has shown that mutants at
the ac-u-a, ac-u-b, and ac-u-i loci are loosely linked to the
chloroplast antibiotic-resistance loci (data not shown).

The chloroplast ribosome deficient mutants at the ac-u-d and
ac-u-h loci have the syndrome of defects characteristic of
similar Mendelian (cr) mutants described by Harris et al. (8,
15). Mutants at both chloroplast loci and at several of the nuclear
gene loci (8, 15) accumulate what appear to be the large (545)
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subunits of the chloroplast ribosome but are deficient in the

small (41S) subunits. Thus, several loci in both the nuclear and
chloroplast genomes may affect the synthesis of the small sub-
unit of the chloroplast ribosome. Mutants at the ac-u-d and
ac-u-h loci as well as certain of the cr loci have a strong ten-
defncy ;o be suppressed by nuclear mutations (see Table 1 and
ref. 15).

The chloroplast membrane polypeptide pattern of the ac-u-d
and ac-u-h mutants is similar to that seen in wild-type cells of
Chlamydomonas after long-term growth in chloramphenicol,
an inhibitor of chloroplast protein synthesis (25). In both cases,
CP1 and polypeptides 4.1-4.2, 5, 6, 9, 10, and 19 are affected
(Fig. 2A).

The results presented here show that at least three chloroplast
loci specifically affect CP1, including locus ac-u-i which con-
tains the C1 mutant described by Bennoun et al. (10). Both
Mendelian and non-Mendelian mutations are now known to
cause loss of the CP1 complex and its principal protein com-
ponent (polypeptide 2) from thylakoid membranes (10, 29).

Mutants at the ac-u-a, ac-u-b, and ac-u-e loci lack polypep-
tides 4.1-4.2. Bennoun and Chua (29) have shown that these
two polypeptides as well as polypeptide 8.1 are missing in
thylakoid membranes of the Mendelian mutant F54 described
by Sato et al. (30) as being defective in photophosphorylation.
Because Sato et al. (30) reported that the mutant had an active,
but nonlatent, CF;-ATPase, Bennoun and Chua (29) speculated
that these missing polypeptides are associated with the mem-
brane sector and interact with CF,. However, H. R. Piccioni
and N.-H. Chua (personal communication) recently have found
that polypeptides 4.1-4.2 comigrate in sodium dodecyl sulfate
gels with the largest CF, subunits « and 3, whereas the y and
¢ subunits comigrate with polypeptide 8.1 and with one of a
group of less-well-resolved low molecular weight polypeptides,
respectively. On the basis of these recent findings, the ac-u-a,
ac-u-b, and ac-u-e mutants are likely blocked in the synthesis,
assembly, or integration of CF because they lack polypeptides
4.1-4.2. At least three subunits of CF; are known to be syn-
thesized in isolated chloroplasts of pea (31) and spinach (32) and
polypeptides 4.1-4.2 are known to be products of chloroplast
protein synthesis in Chlamydomonas (25). If the CF) complex
must be assembled before association with the thylakoid
membrane, any defect that causes failure of proper assembly
would result in the absence of CF, polypeptides from mem-
brane preparations. The presence of these polypeptides in the
cytoplasm might be detected by using antibodies to the specific
subunits. The chloroplast photophosphorylation-deficient
mutant reported by Hudock et al. (12, 13) may well be an allele
at one of these three loci.

Although the results presented here are not proof that the
chloroplast genome codes for the aforementioned chloroplast
components, they show that chloroplast gene functions are
necessary for the assembly of CP1 and CF; as well as chloroplast
ribosomes. If these recombinationally separate loci correspond
to conventional cistrons, then at least three chloroplast gene
products are involved in the assembly of CP1 and three in the
case of CF;. When thylakoid membrane polypeptides from
mutants at each of these loci are fractionated and characterized
further, our genetic approach, in contrast to the molecular
hybridization approach, should allow identification of both
structural genes for CP1 and CF; polypeptides and also genes
involved in the processing and assembly of these polypeptides
into the thylakoid membrane.

Proc. Natl. Acad. Sci. USA 76 (1979) 1357

This work was supported by National Institutes of Health Grant
GM-19427 to ].E.B. and N.W.G. and Predoctoral Traineeship GM-

02007 to H.S.S.

1. Gillham, N. W. (1978) Organelle Heredity (Raven, New
York).

2. Gillham, N. W., Boynton, J. E. & Chua, N.-H. (1978) Curr. Top.

Bioenerg. 8, 209-259.

Haff, L. & Bogorad, L. (1976) Biochemistry 15, 4105-4109.

Rochaix, J. D. & Malnoe, P. (1978) Cell 15, 661-670.

Gelvin, S., Heizmann, P. & Howell, S. H. (1977) Proc. Natl. Acad.

Sci. USA 74, 3193-3197.

6. Coen, D. M., Bedbrook, J. R., Bogorad, L. & Rich, A. (1977) Proc.
Natl. Acad. Sci. USA 74, 5487-5491.

7. Sager, R. (1977) Adv. Genet. 19, 287-340.

8. Harris, E. H., Boynton, J. E. & Gillham, N. W. (1976) in The
Genetics of Algae, ed. Lewin, R. A. (Blackwell, London), pp.
119-144.

9. Harris, E. H, Boynton, J. E., Gillham, N. W., Tingle, C. L. & Fox,
S. B. (1977) Mol. Gen. Genet. 155, 249-265.

10. Bennoun, P., Girard, ]J. & Chua, N.-H. (1977) Mol. Gen. Genet.
153, 343-348.

11.  Chua, N.-H. (1976) in Genetics and Biogenesis of Chloroplasts
and Mitochondria, eds. Biicher, Th., Neupert, W., Sebald, W.
& Werner, S. (Elsevier/North-Holland, Amsterdam), pp.
323-330.

12.  Hudock, M. O,, Togasaki, R. K., Lien, S., Hosek, M. & San Pietro,
A. (1975) Plant Physiol. 56, 510 (abstr.).

138. Hudock, M. O. & Togasaki, R. K. (1974) J. Cell Biol. 63, 149a

(abstr.).
14. Waurtz, E. A,, Sears, B. B,, Rabert, D. K., Shepherd, H. S., Gillham,

N. W. & Boynton, J. E. (1979) Mol. Gen. Genet. 170, 235-

242.
15. Harris, E. H, Boynton, J. E. & Gillham, N. W. (1974) J. Cell Biol.

63, 160-179.

16. Slonimski, P. P. & Tzagoloff, A. (1976) Eur. J. Biochem. 61,
27-41.

17. Tzagoloff, A., Foury, F. & Akai, A. (1976) in The Genetic
Function of Mitochondrial DNA, eds. Saccone, C. & Kroon, A.
M. (Elsevier/North-Holland, Amsterdam), pp. 155-161.

18. Gorman, D. S. & Levine, R. P. (1965) Proc. Natl. Acad. Sci. USA
54, 1665-1669.

19. Sueoka, N. (1960) Proc. Natl. Acad. Sci. USA 46, 83-91.

20. Ebersold, W. T. & Levine, R. P. (1959) Z. Vererb. 90, 74-82.

21. Van Winkle-Swift, K. P. (1977) J. Phycol. 13, 225-231.

22. Chua, N.-H. & Bennoun, P. (1975) Proc. Natl. Acad. Sci. USA
72, 2175-2179.

23. Alberte, R. S., Hesketh, J. D. & Kirby, J. S. (1976) Z. Pflanzen-
physiol. 77,152-159.

24. Hiyama, T. & Ke, B. (1972) Biochim. Biophys. Acta 267, 160~
171.

25. Chua, N.-H. & Gillham, N. W. (1977) J. Cell Biol. 74, 441-452.

26. Chua, N.-H., Matlin, K. & Bennoun, P. (1975) J. Cell Biol. 67,
361-377.

27. Lee, R. W., Gillham, N. W., Van Winkle, K. P. & Boynton, J. E.
(1973) Mol. Gen. Genet. 121, 109-116.

28. Waurtz, E. A., Boynton, J. E. & Gillham, N. W. (1977) Proc. Natl.
Acad. Sci. USA 77, 4552-4556.

29. Bennoun, P. & Chua, N.-H. (1976) in Genetics and Biogenesis
of Chloroplasts and Mitochondria, eds. Biicher, Th., Neupert,
W., Sebald, W. & Werner, S. (Elsevier/North-Holland, Am-
sterdam), pp. 33-39.

30. Sato, V. L., Levine, R. P. & Neumann, J. (1971) Biochim. Biophys.
Acta 253, 437-448.

31. Ellis, R. J. (1977) Biochim. Biophys. Acta 463, 185-191.

32. Mendiola-Morgenthaler, L. R., Morgenthaler, J.-J. & Price, C.
A. (1976) FEBS Lett. 62, 96-100.

AR



