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ABSTRACT Sexual differentiation of Chlamydomonas
reinhardtii is induced by the consecutive action of two extrinsic
cues—nitrogen deprivation and blue light. The definition of a
blue light-dependent step in gamete formation provided a basis
for the isolation of mutants altered in the signal transduction
pathway by which light controls sexual differentiation. In one
mutant (Irg1), gamete formation has become light independent.
In the other mutant (irg2), perception or transduction of the
light signal appears to be partially impaired. In both mutants,
the expression of genes activated by light in the late phase of
gamete formation is affected. Genetic analyses showed that
genes LRGI and LRG2 are linked. The recessive nature of the
Irgl1-1 mutation implies that the gene encodes a negative factor
or a protein that controls the activity of a negative factor. In the
case of lrg2-1, neither wild-type nor mutant allele was domi-
nant. Rather, two copies of the Irg2-1 gene simulate a wild-type
phenotype. The identification of genetic loci in the pathway for
blue light-mediated differentiation provides a basis for the
isolation of signal transduction genes in Chlamydomonas.

Light is an environmental factor of particular importance for
plants since it controls growth and development (1-3). In
contrast to the abundance of information about light-induced
responses, our knowledge about the molecular basis for the
perception and transduction of the light signal remains frag-
mentary. For red light-induced responses, progress has been
made in the molecular characterization of the phytochrome-
based photoreceptor system (2, 4). An initial step in the
molecular definition of blue light photoreceptors has been
made only recently (5-7). Very little is known about the
transduction chains by which the light signal perceived by the
photoreceptors is transmitted to the sites of action, where the
signal is ultimately converted into responses at the physio-
logical or genetic level.

For an elucidation of the signal transduction chain(s) by
which light controls plant development, a genetic approach,
which permits the dissection of the chain, appears to be well
suited. Such an approach has been used successfully in
bacterial, fungal, and animal systems. Recently, it has been
introduced for the elucidation of the chains by which a light
signal is transduced in plant cells. In Arabidopsis, this genetic
approach has resulted in the isolation of mutants that exhibit
altered responses to light or do not require light for greening
(8-16). One of the genes marked by mutation has recently
been cloned and shown to encode a protein that combines a
guanine nucleotide-binding protein-related domain and a
putative DNA-binding motif (17).

Mutants with defects in photoreceptors or a connected
chain for signal transmission have also been identified in
fungal systems such as Aspergillus (18), phycomyces (19),
Neurospora (20), and Trichoderma (21). Thus, the veAl

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

6981

mutation of Aspergillus confers independence of conidiation
from illumination with red light (18). The site of action and a
molecular characterization of the veA gene product remain to
be elucidated.

For a molecular analysis of light signal transduction chains
in a plant organism, the unicellular and haploid green alga
Chlamydomonas reinhardtii is ideally suited in many re-
spects. In this alga, blue light is an essential signal for the
differentiation of vegetative cells to gametes (22). This sexual
differentiation may proceed in two steps. The first step is
induced by withdrawal of the nitrogen source. If incubation
without nitrogen is performed in the dark, cells differentiate
not into gametes but rather into sexually noncompetent
pregametes. In a second step, these pregametes may be
converted into gametes by irradiation with blue light (22-24).
This conversion was shown to be dependent on the light-
induced expression of nuclear genes (23). Since the differ-
entiation of pregametes to gametes is well defined by phys-
iological and molecular criteria (23, 25), a solid basis for a
genetic analysis of the transduction chain(s) by which light
controls sexual differentiation is available.

Here we report on the characterization of two mutants; one
can form gametes in the absence of light and the other
exhibits a delay in pregamete to gamete conversion. The
mutant phenotypes are caused by mutations in genes LRGI
and LRG2, respectively. Our analyses suggest that these
genes encode components of the signal transduction chain
through which light controls the differentiation of pregametes
to gametes.

MATERIALS AND METHODS

Strains and Culture Conditions. C. reinhardtii strains 137¢
nitl, nit2 of mating types mz+ and mt— (wild type), 38 (pab2,
acl4, SM1), and 105 (arg7-3) were kindly provided by R.
Matagne (University of Liége, Belgium); strains CC-1705
(pabl) and CC-1010 (wild type) were from the Chlamydom-
onas Genetics Center (Duke University, Durham, NC). Mu-
tants Irgl and Irg2 were single cell clones of strains 137¢ m¢+
and CC-1010, respectively. We assume that they represent
spontaneous mutations that occurred while the strains were
propagated for the culture collection. Cells were grown
photomixotrophically with aeration in acetate-containing
TAP medium (26). When necessary, the medium was sup-
plemented with L-arginine (100 mg/liter) or p-aminobenzoic
acid (1 mg/liter). Gametogenesis was performed as described
(23). White light at 0.14 mmol'm~2s~! was provided by
fluorescent tubes (Osram L36W/35, F.R.G.). For irradiation
with blue light, an interference filter (Jenaer Glaswerke,
Schott und Genossen, Mainz, F.R.G.) with a maximal trans-
mission at 459 nm and a bandwidth of 19.4 nm was used. To
test for the Lrgl phenotypes of progeny from tetrads, game-
togenesis was performed in 96-well microtiter plates. Prior to
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gametogenesis, cells from tetrads were grown for 5-7 days on
plates (1.5% agar) containing TAP medium and necessary
supplements. These cells were suspended in nitrogen-free
TAP medium in two microtiter plates to a density of =5 x 106
cells per ml. One microtiter plate was incubated with con-
tinuous illumination (30 umol'm~2s~1); the other plate was
kept in the dark. After 20 h, an approximately equal number
of competent gametes of the opposite mating type were
added. To cells incubated in the dark, the gametes were
added in a dark room illuminated very weakly by a green
light. After an additional incubation for 12-24 h in the dark,
the presence or absence of a zygote pellicle in individual wells
was scored under a dissecting microscope. The presence of
a zygote pellicle was used as an indicator for the formation of
gametes by the clone tested. Presence of zygote pellicles only
in wells exposed to light indicated a Lrgl* phenotype.
Presence of zygote pellicles in wells of both dark- and
light-incubated cells indicated a Lrgl~ phenotype. A similar
protocol was used to test for the Lrg2 phenotype. In a first
step, pregametes were generated by suspending cells of
individual clones in nitrogen-free medium in wells of four
different microtiter plates. These plates were incubated in the
dark for 20 h. The wells were then exposed to white light (30
pmol'm~2s~1) for 0, 60, 90, or 240 min. At the end of the
illumination period, competent mating partners were added
and incubation continued in the dark for another 20 h. The
presence or absence of a zygote pellicle, indicating the
conversion of pregametes to gametes during the period of
illumination, was then recorded.

To assay diploid strains (always mz—) for mating compe-
tence, gametes were generated according to the standard
protocol (23) and tested by the agglutinin-based dried-spot
bioassay (27). The agglutinin for this test was isolated as
described (27).

Genetic Analyses. For tetrad analyses, the standard proto-
col was used (28). Diploid strains were constructed by using
complementing wild-type and mutant alleles of arg7-3, pabl,
pab2, nitl, nit2, and ac14. Gametes of opposite mating types,
harboring mutations that confer auxotrophic phenotypes,
were mated. After cell fusion, the cells were plated on
minimal medium lacking the necessary supplements (28) or,
in the case of Nit™ mutants, NO3 was used as sole nitrogen
source. Diploid clones were recovered and tested.

Northern Blot Analysis. Total RNA was isolated and pro-
cessed for RNA blot analysis as described (29). Labeling of
probes, hybridization conditions, and autoradiography were
performed as described (30). The probes used were gas28
(E. D. von Gromoff and C.F.B., unpublished data) and gle4
(31). Clone gas28 represents a gene specifically expressed in
the late phase of gametic differentiation—i.e., the conversion
of pregametes to gametes. It was isolated by differential
screening of a genomic DNA library with labeled single-
stranded DNAs reverse transcribed from poly(A)* RNA of
gametes and vegetative cells.

RESULTS

Mutants and Their Phenotypes. In the induction of sexual
differentiation of C. reinhardtii the two extrinsic signals,
nitrogen deprivation and blue light, act in sequence. Only
pregametes, generated from vegetative cells by incubation in
the dark without a utilizable nitrogen source, are competent
for the second, light-induced step. This provided a basis for
the isolation of mutants in which the light-dependent step is
altered. Among such mutants, we expect to find those
carrying mutations in genes for the photoreceptor as well as
for the connected signal transduction chain(s).

Two mutants that met these expectations were identified.
The affected genes were named LRGI and LRG2 and the
mutated alleles were designated Irgl-1 and Irg2-1, respec-
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tively (Irg for light regulation of gametogenesis). The Irgl
mutant forms gametes in the absence of light. We assume that
it is based on a spontaneous mutation in strain CC-1010. The
kinetics of gamete formation in the light and in the dark are
shown in Fig. 1. While the standard wild-type strain did not
form gametes in the absence of light, the lrg!/ mutant pro-
duced gametes in the dark at a level comparable to that
observed when gametogenesis was performed in the light. In
the mutant, gametes appeared in the dark 8 h after gameto-
genesis was induced by withdrawal of the nitrogen source.
This suggested that in the mutant, as in wild type, the
program of differentiation induced by nitrogen withdrawal
has to be completed before the second step (for which, in
wild-type cells, light is required) may be executed.

Since in the Irgl mutant the light-dependent step in game-
togenesis—i.e., the conversion of pregametes to gametes—
occurred in the absence of light, it was of interest to test the
expression of genes shown to be induced by light treatment
of pregametes. Such genes are gas28—a gamete-specific gene
(E. D. von Gromoff and C.F.B., unpublished data)—and
gle—a gene encoding gametic autolysin (31). During game-
togenesis in the light, gas28 and gle mRNAs accumulated in
the late phase (Fig. 2). When gametogenesis of wild-type cells
was performed in the dark, mRNA levels of both genes were
low. In the Irgl mutant, we observed an increase in gas28 and
gle mRNA levels in the late phase during gametogenesis in
the dark. The expression of both genes in the mutant has thus
become light independent. This result suggests that the
product of the LRG1 gene controls expression of both genes;
mutant allele Irgl-1 permitted their expression in the absence
of light once competence for this step has been reached in the
differentiation program.

A second mutant was detected when the kinetics of pre-
gamete to gamete conversion were analyzed in various C.
reinhardtii strains. These Kinetics for wild type and the Irg2
mutant at three different fluence rates of blue light are shown
in Fig. 3. The mutant exhibited a delay in the light-dependent
conversion of pregametes to gametes. This delay could not be
reduced to wild-type level by an increase in the light inten-
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FiG. 1. Kinetics of gametic differentiation of /rg/ mutant strain
and wild type. The nitrogen source was removed at time 0. Incuba-
tions were performed either with continuous irradiation (0.1
mmol'm~2-s~1 of white light) (o) or in the dark (e). At the times
indicated, cells were removed, mixed with an excess of sexually
competent mating partner, and mated in the dark. After 60 min, the
cells were fixed by the addition of glutaraldehyde (final concentra-
tion, 1%) and the percentage of mating was determined as described
(24).
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Fi1G. 2. Accumulation of gas28 and gle mRNAs in Irgl and
wild-type strains during gametogenesis. For Northern blot analyses,
10 ug of total RNA was applied to each slot. The nitrogen source was
removed at time 0 and cells were incubated either in the light (L) or
in the dark (D). Samples for RNA isolation were removed at the times
(h) indicated. For a control, RNA from vegetative cells (V) was
included. Autoradiography from blots of mutant and wild-type RNAs
was performed for the same length of time.

sity. However, extended duration of illumination of mutant
pregametes resulted in gamete levels comparable to those
observed with wild-type cells (data not shown). A different
and extended illustration of the Irg2 mutant phenotype is
shown in Fig. 4. Here, the percentage of gametes generated
from pregametes after an irradiation with blue light for 90 min
is plotted against the fluence applied, which ranged (in
photons) from 10~! to 101! mol/m? (32). In the Irg2 mutant,
the overall pattern of fluence dependence was similar to that
of wild-type cells. However, as a consequence of the delay in
the light-dependent step, it exhibited a reduced level of
pregamete to gamete differentiation over the whole range of
fluences applied. To test whether the mating reaction itself
may account for the mutant phenotype, we tested the kinetics
of this reaction and observed no difference to wild type (data
not shown). Also, the kinetics of differentiation of vegetative
cells to pregametes were not influenced by the mutation (data
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Fi1G. 3. Kinetics of pregamete to gamete differentiation of Irg2
mutant strain and wild type. Prior to time 0, pregametes were
generated by incubation of cells without a nitrogen source in the dark
for 20 h. Starting at 0 min, pregametes were irradiated with blue light
(459 nm). Fluence rates applied were 3.8 X 10~° umol'm—2s~! (a),
3.8 X 10~% umol'm~2s~! (m), and 5.7 umol'm~2s~1 (@). Cells were
removed and assayed for gametes as described in the legend of Fig.
1.
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F1G. 4. Fluence response curves for pregamete to gamete con-
version. Pregametes of wild type (@) and the Irg2 mutant (a) were
irradiated for 90 min with blue light (459 nm) of the fluences indicated
on the abscissa. Generation of pregametes and assay for gametes
after irradiation were done as described in the legend of Fig. 1.

not shown). The only defect of the mutant at the physiological
level thus appears to be a delayed response of pregametes to
the extrinsic signal light. This conclusion is supported by data
on the expression of genes gas28 and gle (Fig. 5). While in
wild-type pregametes gas28 mRNA levels started to increase
within 30 min after start of irradiation, /rg2 pregametes
exhibited a delay and reduction in gas28 mRNA accumula-
tion. Fluctuations in gas28 mRNA levels after induction were
observed in both strains. The gle mnRNA levels in the mutant
were lower and did not remain at an induced level as in
wild-type cells. Rather, 1 h after start of irradiation, the
mRNA level began to decrease. We conclude that gene LRG2
exerts control over the expression of genes gas28 and gle.

Genetic Characterization of Mutants. First we performed
crosses to determine whether the mutant phenotypes were
caused by mutations in single or multiple genes. To answer
this question, progeny from crosses between the Irg/ mutant
and wild type and between the Irg2 mutant and wild type were
analyzed. More than 50 complete tetrads from each cross
exhibited a 2:2 segregation of mutant and wild-type pheno-
types (Table 1). These results suggest that the mutant phe-
notypes are based on mutations in single genes—although the
possibility that more than one mutation in closely linked
genes is the cause for the mutant phenotypes cannot rigor-
ously be excluded. Crosses between the Irgl and Irg2 mutants
indicated that the two LRG genes are located on the same
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Fi1G. 5. Changes in the amount of gas28 and gle mRNAs during
pregamete to gamete conversion. Pregametes of the Irg2 mutant or
wild type were generated by starvation for nitrogen in the dark for 20
h. Starting at time 0, pregametes were irradiated (white light) and
samples for RNA isolation were removed at the times (h) indicated.
Total RNA (10 ug) was applied to each slot. Northern blot analyses
were performed as described (29). Autoradiography from blots of
mutant and wild-type RNAs was performed for the same length of
time.
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Table 1. Genetic characterization of Irg mutations

Cross Tetrads Segregation
Irgl-1 X LRGI 53 2:2
Irg2-1 X LRG2 64 2:2
Irgl-1 X Irg2-1 52 21:3:28*

*Types of tetrads, parental ditype, nonparental ditype, and tetratype.

chromosome, separated by 32.7 map units. No segregation of
the mutant alleles with the mating-type locus on chromosome
VI was observed (data not shown). From this result, we
conclude that the mt locus has no effect on the phenotype of
either Irg mutant. Double-mutant strains carrying lrgl-I and
Irg2-1 exhibited the phenotype of the Irg/ mutant, indicating
that Irgl-1 is epistatic to allele Irg2-1.

We also tested the dominance of mutant versus wild-type
alleles. For these tests, C. reinhardtii diploid cells were
constructed (28). For an assay of diploid gametes, we tested
their ability to bind to agglutinin of m¢+ gametes immobilized
on glass microscope slides (27). The analyses indicated a
dominance of the wild-type LRGI allele over the Irgl-1
mutant allele; heterozygous diploid cells formed gametes in
the light but failed to form gametes in the dark (Table 2).
Analyses of cells with various combinations of LRG?2 alleles
gave the surprising result that diploids harboring two mutant
alleles (Irg2-1/Irg2-1) exhibited a phenotype similar to wild
type—i.e., they did not exhibit a delay in the differentiation
of pregametes to gametes in the light (Table 2). In contrast,
diploid strains harboring the LRG2/LRG2 or the LRG2/
Irg2-1 alleles formed gametes from pregametes only with a
delay. Thus, the combination of two wild-type gene copies or
a wild-type gene combined with the Irg2-1 allele may cause a
mutant phenotype (see Discussion). Detailed kinetic analyses
of pregamete to gamete conversion showed that the outcome
of these experiments was not dependent on the genetic
background of the strains used (data not shown). This con-
firms the observation that in diploids two mutant Irg2-1
alleles give a phenotype similar to that of haploid wild-type
cells.

DISCUSSION

For the differentiation of pregametes to gametes both nitro-
gen deprivation and blue light are necessary (23). Light has
previously been shown to be required for the execution of the
second step in gametogenesis—i.e., the conversion of pre-
gametes to gametes. We postulate that in the Irg! mutant, this
step is specifically affected. Before the phase when light
becomes effective, a program of differentiation induced by
the withdrawal of a nitrogen source has to be completed.
Completion of this first step of differentiation appears to be
required before the gene product of LRGI may function. This
conclusion is supported by (i) the similarity in the kinetics of

Table 2. Test of Irgl-1 and Irg2-1 alleles for dominance*

Gameto- Irradiation, ¥
LRGI genesist LRG2 min
genotype Light Dark genotype 0 60 240

Irgl-1/lrgl-1 + + Irg2-1/Irg2-1 -+ +
Irgl-1/LRGI + - Irg2-l/LRG2 - - +
LRGI/LRGI + - LRG2/LRG2 - - +
LRGI + - LRG2 - + +
Irgl-1 + + Irg2-1 - - +

*Formation of gametes was assayed by reaction with immobilized
agglutinin (27).

fGametogenesis was performed as described in the legend of Fig. 1.
Cells were assayed 20 h after start of gametogenesis.

#Pregametes used for the tests were generated as described in the
legend of Fig. 3.
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gametic differentiation of wild-type cells in the light and Irg!/
mutant cells in the dark (Fig. 1) and by (ii) the pattern of the
accumulation of gas28 and gle mRNAs during gametogene-
sis. In the Irgl mutant, these mRNAs accumulated during
gametogenesis in the dark and, as expected, in the late phase
(Fig. 2). These results together indicate that in the Irg/ mutant
solely the conversion of pregametes to gametes is affected.

The control of gamete formation may be explained by a
model that assumes a convergence of the signal transduction
chains activated by the two extrinsic cues (24). The obser-
vation that in the Irg/ mutant only the light signal is indis-
pensable suggests that gene LRG1 encodes a component of
the signal transduction chain located between (and including)
the photoreceptor and the point of convergence of the two
signal transduction chains. By a mutation in gene LRGI, this
component of the signal transduction chain may have been
inactivated or altered, resulting in generation of a constitutive
signal. The recessiveness of the lrgl-1 allele suggests that the
LRG]I gene product is a negative factor or affects the activity
of a negative factor.

In the Irg2 mutant as well, the differentiation of pregametes
to gametes appears to be specifically affected, although its
phenotype is clearly distinct from that of the /rgl mutant. The
delay in the conversion of pregametes to gametes could not
be abolished by an increase in fluence rate (Figs. 3 and 4).
However, the Kinetics of pregamete to gamete differentiation
in the Irg2 mutant were influenced by the fluence rate (Fig.
3). Also, the expression of genes gas28 and gle upon illumi-
nation of pregametes was reduced, albeit not abolished (Fig.
5). We have shown previously that the rate of pregamete to
gamete conversion may be limited by the fluence rate of blue
light, suggesting that the end product of the signal transduc-
tion chain accumulates in a fluence rate-dependent manner
(24). In the context of these observations, the results may
best be explained by assuming that the mutation in LRG2
caused either a less active gene product or, alternatively, a
lower abundance of the gene product. The LRG2 gene
product may be part of the photoreceptor or the connected
signal transduction chain. In view of the responsiveness of
the Irg2 mutant to an increase in fluence rate, we consider it
unlikely that the LRG2 gene product has an enzymatic or
structural function in a later step—i.e., the differentiation of
pregametes to gametes.

Surprisingly, in diploid strains, two Irg2-1 mutant alleles
restored a wild-type phenotype, while two wild-type alleles
or a mutant and a wild-type allele together caused a delayed
conversion of pregametes to gametes—i.c., a mutant pheno-
type (Table 2). A doubled dosage of two partially defective
genes may best match the situation in haploid cells. An
advantage of two partially defective mutant alleles over two
wild-type genes has also been observed in another system
(33). In diploid cells (an artificial situation for C. reinhardtii),
the gene dosis of LRG2/LRG?2 or LRG2/lrg2-1 may be too
high. The elevated gene dosis may result in an excess of
LRG?2 gene product. Overexpression of genes encoding com-
ponents of signal transduction pathways has been shown to
cause aberrant regulatory effects (34). These data thus point
to a very sensitive role of the LRG2 gene product in trans-
duction of the light signal.

In plants, the identification of individual components of
signal transduction pathways and their classification into
distinct signal pathways remains a major challenge (35).
Mutants will be of crucial importance in establishing a causal
relationship between a signal pathway component and the
biological response elicited by the cue that triggers transduc-
tion of the signal. For an analysis at the molecular level, the
isolation and characterization of the mutated genes is crucial.
To this end, experiments to clone genes LRG! and LRG?2
need to be done.
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