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Summary. We studied the maternal chloroplast inheritance of Chla-
mydomonas reinhardtii by epifluorescence microscopy after staining
with DNA specific fluorochrome DAPI and by genetic methods,
using wild type cells and cells containing previously isolated muta-
tion of cond-1 and cond-2. Wild type cells contained about 7 chloro-
plast (cp) nucleoids, while mutants, cond-1(+) and cond-2(+), con-
tained about 14 and 23 cp nucleoids, respectively, after one week
culture on agar plates. The total cpDNA contents were almost pro-
portional to the numbers of cp nucleoids. When cells containing
cond-1 or cond-2 mutation were used as a parental source to cross
with wild type cells of the other parent, preferential digestion of cp
nucleoids from male parent (mt") origin occurred in the zygotes,
although the frequencies of the digestion were slightly lower than
that in the zygotes from the cross between wild type cells. Western
blot analysis of the protein of zys/B gene, which has been found
related to preferential digestion of mt™ origin cp-nucleoids DNA,
showed that a high amount of this protein was detected with the ini-
tiation of preferential digestion of mt™ cp nucleoids and disappeared
with the completion of the digestion. Cp genetic markers for antibio-
tic resistance were maternally inherited in all crosses. These results
showed that although the preferential digestion of cp nucleoids con-
sisting of large number and large cpDNA amount requires a slightly
longer period to complete, this high ploidy of the cp nucleoids does
not disturb maternal inheritance.

Keywords: Chloroplast nucleoid number; Chloroplast DNA
amount; Preferential digestion; Maternal inheritance; Chlamydomo-
nas reinhardtii.

Introduction

The heterothallic isogamous green alga Chiamydo-
monas reinhardtii has been used as a model organism

* Correspondence and reprints (present address): Department of Bio-
chemistry, Faculty of Medicine, University of the Ryukyus, Nishiha-
racho, Okinawa 903-01, Japan.

for the study of maternal inheritance of chloroplast
genes (Sager 1954, Gillham 1974). With high resolu-
tion epifluorescence microscopy on the behavior of
chloroplast (cp) nucleoids, Kuroiwa etal. (1982)
showed that in the zygotes of C. reinhardtii the cp
nucleoids from male parent (mating type minus, mt”)
disappear within 40-50 min after mating, while those
from female parent (mating type plus, mt*) persist.
Preferential digestion of the mt™ cp nucleoids in
young zygotes has also been reported in C. moewusii
(Coleman and Maguire 1983), Dictyosphaeria caver-
nosa and Acetabularia calyculus (Kuroiwa et al.
1985). Thus, the preferential digestion of chloroplast
nucleoids was suggested as the primary reason for the
maternal inheritance of chloroplast genes (Kuroiwa
et al. 1982, Kuroiwa 1985).

Biochemical and physiological studies with C. rein-
hardtii has revealed that soon after zygote formation,
specific mRNAs are synthesized in the cell nucleus of
mt* cells, which code for proteins that directly or indi-
rectly activate Ca?* dependent nuclease to digest mt
cp nucleoids in zygotes (Kuroiwa 1985). A zygote
specific gene coding 20 kDa protein, zys/B, was iso-
lated by Uchida et al. (1993). The antibody, raised
against its fusion protein with MBS, recognized a
22 kDa protein in Western blotting. 22 kDa protein
was detected only in the stage of the occurrence of
preferential digestion, as was the transcript of zys/B
gene. Analysis of this protein by physiological treat-
ments to block preferential digestion, revealed that
zyslB gene tightly relates to preferential digestion of
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male origin cp-nucleoids DNA (Uchida et al. unpubl.
data). Several other zygote specific genes were iden-
tified (Ferris and Goodenough 1987, Wegener and
Beck 1991, Matters and Goodenough 1992, Armbrust
et al. 1993). Further investigations elucidated the
roles of their genes.

To understand the preliminal feature of maternal
inheritance, diploid cells having a higher amount of
cpDNA molecules were crossed with normal haploid
cells. The proportion of zygotes transmitting the
allele from a diploid parent to its meiotic progeny
increased (Matagne and Mathieu 1983). When the
parent cells are treated with 5-fluorodeoxyuridine
(FUdR) to reduce cpDNA and the number of cp
nucleoids and mated with untreated cells of the oppo-
site mating type, the proportion of zygotes transmit-
ting cp alleles from the FUdR-treated parent to their
meiotic progeny dramatically decreased (Wurtz et al.
1977, Matagne and Beckers 1983). However, because
of artificial diploid cells or physiological inhibitor
treatment, it is not clear whether chloroplast DNA
amount and the number of ¢p nucleoids disturb mater-
nal inheritance.

In the present experiment, we studied whether higher
number and higher DNA amount of c¢p nucleoids dis-
turb the process of the preferential digestion and
maternal inheritance. Changes in amount of ZyslB
protein in zygotes during the process of preferential
digestion were also analyzed. The results showed that
preferential digestion occurred in all crosses with the
appearance of Zys1B protein, although a slightly long-
er period was needed to complete the digestion of cp
nucleoids in high number. The cp genes were mater-
nally inherited.

Material and methods

Wild type cells and other cells used in the present experiments are
listed in Table 1. Mutants, cond-1 and cond-2, were isolated previ-
ously (Nakamura et al. 1994). Mutants, cond-1(-) and cond-2(-),
were progeny having mutant phenotype after the cross of cond-1(+)
and cond-2(+) cells with wild type mt™ cells, respectively. Cells of
cc-118 and cc-119 were obtained from the Chlamydomonas Genetic
Center, Department of Zoology, Duke University, Durham, NC.
Cells were cultured on agar culture plates as described previously
{Nakamura et al. 1986).

For gametogenesis, cells which had been cultured for one week were
harvested from the agar plates, suspended in a nitrogen-free medium,
and then incubated for 8 h with gentle shaking under constant illumi-
nation of 5000 lux. Zygotes were formed by mixing approximately
equal number of mt* and mt~ gametes.

To observe the preferential digestion of mt~ cp nucleoids, the zygotes
were fixed and stained with a DNA specific fluorochrome, DAPI as

Table 1. Various cell types of Chlamydomonas reinhardtii used in
the present experiments

Cells Mating types Chloroplast markers®
W (wild, 137¢) mt* no

W (wild, 137c) mt~ no

Cond-1(+)® mt* Km

Cond-1(-) mt” Km

Cond-2(+)® mt* Km

Cond-2(-) mi~ Km

Ce-118 mt* Str

Cc-119 mt™ Str

Km-2 mt~ Km

# Km kanamycin resistant; S¢r streptomycin resistant
® Previously isolated mutants of cond-1 and cond-2, respectively
(Nakamura et al. 1994)

described previously (Kuroiwa et al. 1982). Frequency of the prefe-
rential digestion was calculated as follows:

Preferential digestion (%) = 100 X (number of zygotes lacking mt”
cp nucleoids)/(total number of zygotes observed).

Total DNA amount was measured by VIMPCS (Hamamatsu Photo-
nics Ltd., Hamamatsu, Japan) including a high-sensitivity video-
camera SIT, which was connected to the Olympus epifluorescence
microscope, as described previously (Kuroiwa and Nakamura 1986).
Prior to the staining, cells were treated with 80% acetone solution to
eliminate chlorophyll.

Preparation of anti-Zys1B protein antibody and Western blot analy-
sis were done as described in a paper (Uchida et al. unpubl). A
609 bp Bsp MI fragment of cDNA clone pZS102-69 (Uchida et al.
1993) was cloned into the StuT site of expression vector pMALc
(England Biolabs, Beverly, MA, U.S.A.), and used to transformed E.
coli, XL1 blue. The fusion protein was purified and used to generate
polyclonal antibodies in a rabbit. For protein analysis of Chlamydo-
monas, 100 ml of 1 X 10° cells per ml were mixed to mating, collect-
ed, frozen with liquid nitrogen, and suspended in 1 ml of cold extrac-
tion buffer. The cells were disrupted, and spun for 15 min at 9000 g.
Protein content of the supernatant was measured by Bio-Rad Protein
Assay Kit. The supernatant was analyzed by SDS-PAGE on 15% gel.
40 ng protein was applied in each lane. The protein was transferred
to PVDF membrane (Bio-Rad) using a mini-trans-blot (Bio-Rad).
Western blot analysis was performed using an immune-blot assay kit
(Bio-Rad). The PVDF membrane was blocked for 1 to 3 h, washed,
then incubated over night with anti-Zys1B protein antibody. After
washing two times, the membrane was incubated for 2 h with goat
anti-rabbit IgG (H+L) AP conjugate, washed three times, then incu-
bated for 20 min in AP color reagents, and again washed.

Genetic analysis was done using sfreptomycin resistant (str) and
kanamycin resistant (km) strains as markers for the transmission of
chloroplast genes, as described previously (Nakamura et al. 1991).

Results

Each wild type gamete contains a cell nucleus and a
cup-shaped chloroplast. Under epifluorescence mi-
croscope, each gamete was observed to contain a cell
nucleus and small spherical chloroplast {cp) nucle-
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Fig. 1 a—c. Epifluorescence photomicrographs of cp nucleoids and cell nuclei in gametes of wild type, cond-1(+) and cond-2(+) cells. The cells
were harvested from the agar plate after one week of culture, and then suspended in nitrogen-free medium for 8 h. a An mt* wild type gamete;
b a cond-1 gamete; ¢ a cond-2 gamete. Arrowhead and arrow indicate a cell nucleus and a cp nucleoid, respectively. Bar: 2 um

Table 2. Number of chloroplast nucleoids in various gametes

W (mt™) 7.1+£2.6
Cond-1(+) 133135
Cond-1{(-) 13.7+4.2
Cond-2(+) 23.7+6.8
Cond-2(-) 23.2x6.7

Celis were harvested after one week of culture and induced into
gametes. In each experiment, about 100 cells were analyzed

oids in a chloroplast, after staining with DAPIL. The
numbers of cp nucleoids per chloroplast of gametes of
wild type, and mutant cells cond-1(+) and cond-2(+)

were about 7, 14, and 23, respectively (Fig. 1 and
Table 2). Total amounts of cpDNA n three cell types
were measured with VIMPCS (Table 3). We concluded
that the amounts of three cell types were almost pro-
portional to the numbers of cp nucleoids as reported
previously (Nakamura et al. 1994).

10 min after the mating of wild type female and male
gametes, the newly formed zygotes were spherical
containing two cell nuclei and two chloroplasts
(Fig. 2 a). 1 h after mating, cp nucleoids from male
parents disappeared completely, but those from mt*
parent remained unchanged (Fig. 2 b). After 5 h, two
cell nuclei had already fused (Fig. 2 ¢).

Fig. 2 a—c. Epifluorescence photomicrographs of cp nucleoids and cell nuclei in young zygotes after mating between wild type cells. a A zygote
30 min after mixing of wild type mt* and mt~ gametes, showing two discrete cell nuclei and cp nucleoids of both gamete origins; b a zygote 2 h
after mixing, showing cp nucleoids of mt* origin (left half), only mt™ cp nucleoids (right half) disappeared; ¢ a zygote 4 h after mixing, show-
ing a fused cell nucleus and cp nucleoids of mt* origin (left half). Arrowhead and arrow indicate a cell nucleus and a cp nucleoid, respectively.

Bar: 2 um
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Table 3. Relative fluorescence intensities of total chloroplast DNA
(X108 counts) in various cell types measured with VIMPCS

W (mt*) 31x07
Cond-1(+) 78 +4.1
Cond-1(-) 75+14
Cond-2(+) 16.5+10.1
Cond-2(-) 19.6 £10.9

In each experiment, 10-17 cells were analyzed

Next, we used the mutant cells as one of the parents
and mated them with wild type cells. When wild type
mt* cells were mated with cond-1(-) cells, ¢p nucle-
oids from cond-1(-) cells were digested in most
zygotes (Fig. 3 a-c). Alternately when cond-1(+)
cells were mated with wild type mt™ cells, preferential
digestion occurred in the zygotes (Fig. 3 d—f). Simi-
larly, when cells containing cond-2 mutation were
mated with wild type cells, preferential digestion
occurred in most zygotes (Fig.3 g-1), although
exceptions were observed.

We summarized the frequencies of preferential diges-
tion in all crosses in Table 4. Frequencies were counted
1, 3, and 5 h after the mixing of two gametes. In the
cross between two wild type cells, the frequency was
almost 95% 5 h after the mixing. But when mutant
cells were used as one of the parents, the frequency
was slightly lower than that of wild type zygotes.
Especially, when cond-2(+) cells were mated with
wild type mt~ cells, the frequency was 63%. In this
cross, we cannot exactly recognize the very narrow
space derived from the wild type cell in the zygotes,
because the mt™ cell is much smaller than the mt* cell
(Fig. 1).

We examined the accumulation of the protein coded
by zysiB gene through the preferential digestion. The
purified antibody detected a 22 kDa band in Western
blotting. High amount of Zys1B protein was detected
at 40 min after the mixing of wild type female and
male gametes, and then decreased to an undetectable
amount (Fig. 4 a). When the mutant cells were mated
with wild type cells, the changes of the amount of

Table 4. Frequencies of preferential digestien of mt™ chloroplast
nucleoids in various zygotes

Crosses Preferential digestion of cp nucleoids (%)
1h 3h 5h

W (mt*) X W (mt?) 6.2 78.0 95.2

W (mt*) X cond-1(~) 0 72.8 87.0

Cond-1(+) X W (mt") 13.8 79.6 82.9

W (mt*) X cond-2(-) 2.8 69.2 83.4

Cond-2(+) X W (mt") 1.9 43.7 63.2

In each experiment, about 200 zygotes were analyzed

a - 22 K
b -
Cc W O -
d -
= -

Fig. 4 a—e. Accumulation of Zys1B protein after mixing. Total pro-
teins were extracted from zygotes after the mating between wild type
cells or wild type and mutant cells. Zys1B protein was detected by
immunoblotting. The cross between wild type cells (a), wild type mt"
and cond-1(-) cells (b), cond-1 mt* and wild type mt (¢), wild type
mt* and cond-2(-) cells (d), cond-2(+) and wild type mt™ cells (e).
Proteins were extracted at 40 min, 75 min, 150 min, 240 min after
mixing, respectively

Zys1B protein were similar to that of zygotes of wild
type cells (Fig. 4 b—e).

Table 5 shows the frequencies of maternal inheri-
tance. Antibiotic resistance was used as marker for

Fig. 3 a-1. Epifluorescence photomicrographs of cp nucleoids and cell nuclei in young zygotes from the cross between mutant and wild type
cells. a~¢ Zygotes from the cross between wild type mt* (left half) and cond-1(~) (right half) gametes; d—f the zygotes from the cross between
cond-1(+) (left half) and wild type mt~ (right half) gametes; g—i the zygotes from the cross between wild type mt* (left half) and cond-2(-) (right
half) gametes; j-1 the zygotes after the cross of cond-2(+) (left half) and wild type mt™ (right half) gametes. a, d, g, and j 1 h after the mixing of
two gametes; b, e, h,and k 3 h; ¢, f, 1, and 1 5 h. Arrowhead and arrow indicate a cell nucleus and a cp nucleoid, respectively. Bar: 2 um
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Table 5. Frequencies of maternal inheritance of antibiotic resistance
in various crosses

Crosses No. zygotes % maternal
analyzed inheritance
Cc-118 (mt*) X cond-1(-) 643 98.9
Cond-1(+) X cc-119 (mt") 405 98.3
Cc-118 (mt*) X cond-2(-) 501 99.6
Cond-2(+) X cc-119 (mt™) 251 98.8
Ce-118 (mt*) X Km-2 (mt”) 427 98.6

the chloroplast inheritance. In all crosses, the cp
genetic markers showed a maternal inheritance.

Discussion

Two mutant cells having higher amount of chloroplast
(cp) DNA and higher number of the nucleoids, cond-
1 and cond-2 were isolated previously (Nakamura
etal. 1994). We studied the maternal chloroplast
inheritance of C. reinhardtii using these mutant cells.
The preferential digestion of mt™ (male) cp nucleoids
occurred in the young zygotes, although the frequen-
cies of preferential digestion were slightly lower than
in the normal zygotes from the cross between two
wild type cells. The protein coded on zys/B gene
expressed during the very early stage of zygotes
(Uchida et al. 1993) was detected in higher amount at
40 min in all crosses (Fig.4 a—e). Cp markers for
antibiotic resistance were maternally inherited to the
meiotic progeny in all crosses (Table 5). These results
indicate that higher number of ¢p nucleoids and higher
amount of cpDNA in one of the parents had almost no
effect on the completion of preferential digestion and
do not have any effects on maternal inheritance.
Zys1B protein was detected in early stages of the
zygote formation with the occurrence of the preferen-
tial digestion, then decreased to an undetectable level
with the completion of the preferential digestion. The
transit accumulation of transcript of zys/B gene
(Uchida et al. 1993) is very similar to that of the pro-
tein. The turnover of the transcript and the protein is
rapid. A putative amino-acid sequence of this protein
has cysteine- and glutamine-rich domain (Uchida
et al. 1993), indicating that this protein would be a
transcriptional regulator, which may be related to the
preferential digestion of mt™ cp nucleoids.

Wartz et al. (1977) reported that the decrease of mt*
cpDNA by the treatment of FUdR causes a dramatical
increase in the proportion of exceptional zygotes
transmitting genes from the mt™ parent. In our present

experiment, higher cpDNA amount of mt™ than that of
mt* did not disturb maternal inheritance. Nakamura
and Kuroiwa (1989) suggested a possibility of under-
estimation of frequency of maternal inheritance in the
experiment of FUdR treatment, from the observation
of young zygotes containing no cp nucleoid in high
frequency. Otherwise, FUdR probably inhibited the
process of maternal inheritance, because FUdR has
been reported to cause point mutation, deletion, or
rearrangement for chloroplast genes (Wurtz et al.
1979, Shepherd etal. 1979, Myers etal. 1982).
Matagne and Mathieu (1983) studied the role of mat-
ing type gene dosage and cpDNA content after cross-
ing the diploid cells with normal cells. Double the
number of cpDNA copies and nucleoids in one parent
increase the proportion of zygotes transmitting the
allele from this parent to its meiotic progeny. Matagne
and Beckers (1983) supported the above result by
treating diploid cells with FUdR and suggested the
combined action of preferential digestion and random
climination of both parental cpDNA for maternal
inheritance. However, their results are not easily
explained because diploid cells used as one of the par-
ents contribute two-fold mating type gene dosage and
two-fold cpDNA amount simultaneously to the
zygotes. Furthermore, normal meiosis does not occur
in the zygotes from haploid X diploid crosses and
many progeny die or abort after a few generations of
growth because of aneuploid progeny (Gillham et al.
1987).

In the present experiment, the frequency of the prefe-
rential digestion observed under the microscope was
in accordance with that of maternal inheritance of cp
markers. Immunogold electron microscopy suggests
that the preferential digestion would be caused by the
digestion of the cp molecules, not by a reorganization
of cpDNA from the tightly packed nuclei into a looser
structure that is no longer visible by DAPI staining
(Uchida et al. 1992). These observations indicate that
the fundamental cause of the maternal inheritance is
the preferential digestion of mt™ cp nucleoids as
reported previously (Kuroiwa et al. 1984, Kuroiwa
1985). Regardless of five-fold cpDNA amount of mt~
parent, almost no time lag for the completion of the
preferential digestion of mt™ cp nucleoids was
observed. There is probably a mechanism for mt™
nucleoids to be quickly digested in the mt™ cells coor-
dinately with the active initiation of the preferential
digestion in mt* cells (Kuroiwa 1985), or for proteins
leading to the initiation of the digestion to be exces-
sively produced during mating.



T. Ikehara et al.: Chloroplast nucleoid number, DNA amount and maternal inheritance 17

Acknowledgements

This work was supported in part by a grant for Special Research on
Priority Area to H. 1. and S. N. (project no. 06101002) from the
Ministry of Education, Science and Culture of Japan.

References

Armbrust EV, Ferris PJ, Goodenough UW (1993) A mating type-
linked gene cluster expressed in Chlamydomonas zygotes partic-
ipates in the uniparental inheritance of the chloroplast genome.
Cell 74: 801-811

Coleman AW, Maguire MJ (1983) Cytological detection of the basis
of uniparental inheritance of plastid DNA in Chlamydomonas
moewusii. Curr Genet 7: 211-218

Ferris PJ, Goodenough UW (1987) Transcription of novel gene,
including a gene linked to the mating-locus, induced by Chlamy-
domonas fertilization. Mol Cell Biol 7: 2360-2366

Gillham NW (1974) Genetic analysis of the chloroplast and mito-
chondrial genes. Annu Rev Genet 8: 347-391

— Boynton JE, Johnson AM, Burkhart BD (1987) Mating type
linked mutations which disrupt the uniparental transmission of
chloroplast genes in Chlamydomonas. Genetics 115: 677-634

Kuroiwa T (1985) Mechanisms of maternal inheritance of chloro-
plast DNA: an active digestion hypothesis. Microbiol Sci 2:
267-270

—  Nakamura S (1986) No effect of preferential digestion of chloro-
plast genome of male origin on chloroplast genome of female
origin in young zygotes of Chlamydomonas reinhardtii as
revealed by a video-intensified microscope photon counting sys-
tem. Histochem Cytochem Acta 21: 95-103

— Kawano S, Nishibayashi S, Sato C (1982) Epifluorescent micro-
scopic evidence for maternal inheritance of chloroplast DNA.
Nature 298: 481483

— Nakamura S, Sato C, Tsubo Y (1984) Epifluorescence micro-
scopic studies on the mechanism of preferential destruction of
chloroplast nucleoids of male origin in young zygotes of Chla-
mydomonas reinhardtii. Protoplasma 125: 43-52

— Enomoto S, Shihira-Ishikawa I (1985) Preferential destruction
of chloroplast nucleoids in zygotes in green algae Dictyosphaer-
ia cavernosa and Acetabularia calyclus. Experientia 41:
1178-1180

Matagne RF, Beckers M-C (1983) Perturbation of chloroplast gene
transmission in diploid and triploid zygotes of Chiamydomonas
reinhardtii by 5-flnorodeoxyuridine. Curr Genet 7: 335-338

~  Mathieu D (1983) Transmission of chloroplast genes in triploid
and tetraploid zygospores of Chlamydomonas reinhardtii: roles
of mating-type gene dosage and genetic chloroplast DNA con-
tent. Proc Natl Acad Sci USA 80: 4780-4783

Matters GL, Goodenough UW (1992) A gene/pseudogene tandem
duplication encodes a cysteine-rich protein expressed during
development in Chlamydomonas reinhardtii. Mol Gen Genet
232: 81-88

Myers AM, Grant DM, Rabert DK, Harris EH, Boynton JE, Gillham
NW (1982) Mutations of Chlamydomonas reinhardtii with
physical alterations in their chloroplast DNA. Plasmid 7:
133-151

Nakamura S, Kuroiwa T (1989) Selective elimination of chloroplast
DNA by 5-fluorodeoxyuridine causing no effect on preferential
digestion of male chloroplast nucleoids in Chlamydomonas. Bur
J Cell Biol 48: 165173

— Itoh S, Kuroiwa T (1986) Behavior of chloroplast nucleus dur-
ing chloroplast development and degeneration in Chlamydomo-
nas reinhardtii. Plant Cell Physiol 27; 775-784

—  Chibana H, Kuroiwa T (1991) Domination by female cells over
preferential digestion of chloroplast nucleoids in Chlamydomo-
nas reinhardtii. Plant Cell Physiol 32: 359-364

— Sakihara M, Chibana H, Tkehara T, Kuroiwa T (1994) Mutations
disturbing the condensation of plastid nucleoids in Chlamydo-
monas reinhardtii. Protoplasma 178: 111118

Sager R (1954) Mendelian and non-mendelian inheritance of strepto-
mycin resistance in Chlamydomonas. Proc Natl Acad Sci USA
40: 356-362

Sager R (1972) Cytoplasmic genes and organelles. Academic Press,
New York

Shepherd HS, Boynton JE, Gillham NW (1979) Mutations in nine
chloroplast loci of Chlamydomonas affecting different photo-
synthetic functions. Proc Natl Acad Sci USA 76: 1353-1357

Uchida H, Kawano S, Sato N, Kuroiwa T (1993) Isolation and char-
acterization of novel genes which are expressed during the very
early stage of zygote formation in Chlamydomonas reinhardtii.
Curr Genet 24: 296-300

— Nozue F, Kuroiwa H, Osafune T, Sumida A, Ehara T, Kuroiwa
T (1992) Evidence for preferential digestion of male-derived
chloroplast DNA in young zygotes of Chlamydomonas rein-
hardtii by histochemical immunogold electron microscopy.
Cytologia 57: 463—470

Wegener D, Beck CF (1991) Identification of novel genes specifical-
ly expressed in Chlamydomonas reinhardtii zygotes. Plant Mol
Biol 16: 937-946

Wurtz EA, Boynton JE, Gillham NW (1977) Perturbation of chloro-
plast DNA amounts and chloroplast gene transmission in Chla-
mydomonas reinhardtii by S5-fluorodeoxyuridine. Proc Natl
Acad Sci USA 74: 4552-4556

— Sears BB, Rabert DK, Shepherd HS, Gillham NW, Boynton JE
(1979) A specific increase in chloroplast gene mutations follow-
ing growth of Chlamydomonas in 5-flucrodeoxyuridine. Mol
Gen Genet 170: 235-242



