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The brown alga Ectocarpus siliculosus has a haploid–diploid life cycle that involves an alternation between two distinct generations,
the sporophyte and the gametophyte. We describe a mutant, ouroboros (oro), in which the sporophyte generation is converted into
a functional, gamete-producing gametophyte. The life history of the
mutant thus consists of a continuous reiteration of the gametophyte generation. The oro mutant exhibited morphological features
typical of the gametophyte generation and accumulated transcripts
of gametophyte generation marker genes. Genetic analysis showed
that oro behaved as a single, recessive, Mendelian locus that was
unlinked to the IMMEDIATE UPRIGHT locus, which has been shown
to be necessary for full expression of the sporophyte developmental
program. The data presented here indicate that ORO is a master
regulator of the gametophyte-to-sporophyte life cycle transition
and, moreover, that oro represents a unique class of homeotic mutation that results in switching between two developmental programs that operate at the level of the whole organism.
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any organisms have life histories that involve alternation
between two multicellular generations, a sporophyte and a
gametophyte (1). A considerable amount of theoretical work has
been carried out to understand the evolutionary and ecological
signiﬁcance of such complex life cycles (1). Haploid–diploid life
cycles (i.e., cycles in which there is an alternation between a diploid sporophyte and a haploid gametophyte generation) pose
a particular problem because it is necessary to explain why they
do not evolve towards either haploid or diploid life cycles, both of
which have theoretical advantages under some conditions. Possible advantages speciﬁc to haploid–diploid life cycles include the
potential of the two generations to exploit alternative ecological
niches, avoidance of biotic aggressors (because of differential
susceptibility of the two generations), and a reduced cost of
sex (one meiosis/fertilization every two generations). However,
very little experimental work has been carried out to test these
various hypotheses (1, 2). One of the limiting factors in this regard
is that the mechanisms that regulate life cycle progression at
the molecular level remain poorly understood.
Variant life cycles could potentially provide insight into underlying regulatory mechanisms. In a normal haploid–diploid life
cycle, the two generations are demarcated by meiosis, which
produces the spores that will become the gametophyte generation, and gamete fusion, which produces the zygote that will
become the sporophyte generation. However, many species exhibit various forms of apomixis, in which the life cycle progresses
without the occurrence of meiosis or fertilization (3, 4). Apomictic life cycles can involve both apospory (formation of a gametophyte from a sporophyte without meiosis) and apogamy
(formation of a sporophyte by parthenogenesis of a gametophyte
cell). Genetic analysis of apomictic systems is complicated by
a number of factors (5), but the existence of these systems does
suggest that life cycle regulation may be amenable to genetic
analysis. This contention has been supported by experimental
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work on the non-apomictic species Arabidopsis thaliana and on
non-apomictic strains of Physcomitrella patens, in which phenomena associated with apomixis, such as parthenogenesis, have
been observed in mutant strains.
Arabidopsis strains carrying mutations in homologs of PRC2 polycomb complex component genes or in the RETINOBLASTOMARELATED gene, a regulator of the PRC2 complex, exhibit fertilization-independent development of the endosperm and, in some
cases (FERTILIZATION INDEPENDENT ENDOSPERM1/MEDEA, FERTILIZATION INDEPENDENT ENDOSPERM2, and
MULTICOPY SUPPRESSOR OF IRA 1 [MSI1] mutants), parthenogenetic development of embryo-like structures (6–11). These
embryo-like structures usually abort after undergoing a few cell
divisions, making it difﬁcult to determine deﬁnitively whether the
structure formed corresponds to a bona ﬁde embryo. However,
strong evidence for a switch from the gametophyte to the sporophyte
developmental program has been obtained for the MSI1 mutant by
analyzing the expression of sporophyte generation marker genes in
the embryo-like structure (12). Together, these observations suggest
that the PRC2 complex acts to prevent transitions from the gametophyte to the sporophyte developmental program in the Arabidopsis
gametophyte, acting as part of a developmental switch for this life
cycle transition. Similar observations have been made in the moss
P. patens, where mutations in either the PHYSCOMITRELLA
PATENS CURLY LEAF (PpCLF) or the PHYSCOMITRELLA
PATENS FERTILIZATION INDEPENDENT ENDOSPERM
genes (both of which are predicted to encode components of
a PRC2 complex) result in fertilization-independent production of
a sporophyte-like body on side branches of the gametophytic protonema ﬁlaments (13, 14). In both studies, sporophyte marker
genes were used to verify that the structures produced corresponded to the sporophyte generation. As in Arabidopsis, sporophyte development arrests prematurely. Arrest occurs partly
because an active PRC2 complex seems to be needed for a later
transition within the sporophyte, from the vegetative to the reproductive phase (production of the sporangium). However, even
restoration of PpCLF expression at this later stage was not sufﬁcient to produce a functional sporophyte, suggesting either that
the sporophyte generation also depends on a factor supplied by the
underlying gametophore (on which it normally grows) or that the
haploid nature of the structure prevents full sporophyte development. Similar factors may explain the abortion of fertilizationindependent embryos in Arabidopsis mutants. In this respect, brown
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macroalgae represent interesting alternative model systems to study
the alternation of generations in haploid–diploid life cycles because
they can exhibit a remarkable plasticity with regard to ploidy and
because, in species with haploid–diploid life cycles, the two generations of the life cycle often develop completely independently,
after the release of single-cell propagules into the surrounding seawater.
The ﬁlamentous alga Ectocarpus siliculosus (Dillwyn) Lyngbye is
an emerging model for the brown algae (15), and a number of
molecular and genetic tools have recently been made available,
including a complete genome sequence (16, 17). Ectocarpus has
a haploid–diploid life cycle involving alternation between two independent heteromorphic generations, the sporophyte and the
gametophyte (Fig. S1A). In addition, unfused gametes can develop
parthenogenetically to produce partheno-sporophytes. One experimental advantage of this parthenogenesis is that mutations
affecting sporophyte development are directly expressed phenotypically in haploid partheno-sporophytes, facilitating mutant
screens (18). A spontaneous mutation (immediate upright; imm), in
which the sporophyte generation exhibits several characteristics of
the gametophyte, including an asymmetric initial cell division and
absence of a basal system of prostrate ﬁlaments, has recently been
described (18). Here we characterize a second Ectocarpus life cycle
mutant, ouroboros (oro), which exhibits homeotic conversion of
the sporophyte generation into a fully functional gametophyte.
The oro mutation represents a unique class of homeotic mutation,
causing switching between two different developmental programs
that operate at the level of the whole organism.
Results
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esis of freshly released gametes of Ectocarpus strain Ec 32. In
contrast to the situation in wild-type Ectocarpus, where gametes
germinate parthenogenetically (i.e., in the absence of gamete
fusion) to produce partheno-sporophytes (Fig. S1A), parthenotes
of the oro mutant exhibited both morphological and functional
features typical of gametophytes. The ﬁrst cell division was asymmetrical, rather than being symmetrical as in the wild-type partheno-sporophyte (18), resulting in cells with rhizoid and upright
ﬁlament identities (Fig. 1 A–C). Mutant individuals produced
richly branched thalli, again typical of the gametophyte, which
lacked the prostrate basal system found in the sporophyte (Fig.
1 D–F). Plurilocular sexual organs formed after 3 wk in culture
and resembled gametangia rather than sporangia, having an
elongated shape and never occurring at the tips of the upright
ﬁlaments (Fig. 1 G–I). Furthermore, oro parthenotes never produced unilocular sporangia, a feature that has been observed only
during the sporophyte generation.
Many oro parthenotes were indistinguishable from wild-type
gametophytes throughout their development, but minor differences were observed for some oro individuals during early development. For example, wild-type sporophytes produce a base
consisting of round cells strongly adhering to the substratum,
whereas gametophytes tend to ﬂoat off into the medium (18).
Some oro individuals exhibited weak adherence to the substratum
and produced a small number of round cells during the early
stages of development (Fig. 1J). However, these sporophyte-like
features were only observed transiently. When 45 parthenotes
that exhibited this intermediate phenotype were isolated and
their development was monitored, all developed gametophyte
morphology within 6 d (Fig. 1K). Zoids released by the plurilocular organs of the oro mutant germinated to produce individuals that reiterated the oro phenotype (Fig. S1B). Transmission of
the phenotype by this asexual pathway occurred stably for at least
36 asexual generations, and the phenotype was not affected by
cultivation at 5, 10, or 20 °C or under different daylength regimes.
To further investigate the nature of the oro parthenotes, we
developed a simple staining technique to distinguish between the
sporophyte and gametophyte generations. The carbohydrate
binding dye Congo red, which is used to stain xylan ﬁbers in algal
cell walls (19), stained the gametophyte, but not the sporophyte,
Coelho et al.
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ouroboros Mutant Parthenotes Closely Resemble Wild-Type
Gametophytes. The oro mutant was isolated after UV mutagen-

Fig. 1. oro mutant parthenotes closely resemble wild-type gametophytes.
Representative images are shown. (A) Wild-type gametophyte germling (4 d
old). (B) oro parthenote germling (4 d old). Note the asymmetrical ﬁrst cell
division (arrowhead). (C) Wild-type partheno-sporophyte germling (2 d old).
Note the symmetrical ﬁrst cell division (arrowhead). (D) Adult wild-type
sporophyte (3 wk old). (E) Adult wild-type gametophyte (3 wk old). (F) Adult
oro parthenote (3 wk old). (G) Plurilocular gametangium of a wild-type
gametophyte. (H) Plurilocular gametangium of an oro parthenote. (I) Plurilocular sporangia of a wild-type partheno-sporophyte. (J) Round cells
present during the early development of a few oro individuals (arrowhead).
(K) oro individuals that had round cells during early development reverted
to gametophyte morphology. (L) Wild-type partheno-sporophytes stained
with Congo red (no red staining). (M) Wild-type gametophytes stained with
Congo red (showing the characteristic red color). (N) oro individuals are
Congo red positive. (Scale bars: 10 μm.)

of wild-type Ectocarpus (Fig. 1 L and M). The oro parthenotes
were stained by Congo red, which again indicates that these
individuals are gametophytes (Fig. 1N). Wild-type sporophytes
and gametophytes also differ in their response to unidirectional
light during early development, with gametophytes exhibiting a
signiﬁcantly more marked response to this stimulus (18). Approximately 90% of the oro parthenotes germinated away from
unidirectional light (Fig. S2). This result was not signiﬁcantly
different from that obtained for a wild-type gametophyte (χ2 =
1.46, P > 0.05, df = 1, n = 305) but was signiﬁcantly different
from that obtained with wild-type partheno-sporophytes (χ2 =
29.60, P < 0.001, df 1, n = 1,030). An analysis of marker genes
whose transcripts have been shown to exhibit signiﬁcantly difPNAS | July 12, 2011 | vol. 108 | no. 28 | 11519

ferent levels of abundance during the two generations of the life
cycle (18) showed that oro parthenotes accumulated transcripts
that had been shown to be signiﬁcantly more abundant in the
gametophyte generation and, conversely, had reduced levels of
transcripts that had been shown to be signiﬁcantly more abundant in the sporophyte (Fig. 2).
oro Is a Single-Locus, Recessive Mutation That Causes Conversion of
the Sporophyte into a Functional Gametophyte. Zoids released from

the plurilocular sexual organs of the male oro mutant fused with
female gametes from the wild-type strain Ec 25 in crossing
experiments to produce zygotes, indicating that the oro zoids
were gametes and not spores (Fig. S3A). This result demonstrated that the oro parthenotes not only exhibit gametophyte
morphology but are actually functional gametophytes.
Three of the zygotes from the cross between the oro mutant
and Ec 25 were raised to maturity. All three individuals exhibited
a typical sporophyte pattern of growth throughout their development and produced unilocular sporangia, indicating that the
oro mutation was recessive (Fig. S3B). Sporophyte progeny were
also obtained when the oro mutant was crossed with another,
more distantly genetically related strain, Ec 568 (20).
To analyze the genetic inheritance of the oro locus, 14 unilocular sporangia were isolated individually from 3 diploid sporophytes derived from the cross between the oro mutant and the
female strain Ec 25. These sporangia, which each contained
>100 meiospores (derived from a single meiosis followed by at
least ﬁve mitotic divisions), produced 14 meiotic “families” of
gametophytes, all of which exhibited a germination pattern typical of wild-type gametophytes. Therefore, there was no evidence
that the oro mutation had a phenotypic effect during the gametophyte generation, which was to be expected if the effect of
the mutation is to convert the sporophyte into a gametophyte.
For each of the families derived from a single unilocular sporangium, between 19 and 27 gametophytes were sub-isolated.
Gametes produced by these gametophytes were allowed to germinate parthenogenetically, and the pattern of growth of the
parthenotes was monitored (Table S1). Overall, 162 gametophytes produced parthenotes that developed as parthenosporophytes (as expected for wild-type individuals), and 177
produced parthenotes with the oro phenotype. These ﬁgures
are consistent with a 1:1 segregation ratio and Mendelian inheritance of a single-locus recessive mutation (ANOVA, F1,26 =
1.07, P = 0.3). The sex of several individuals each from 12 of the
unilocular-sporangium-derived families that exhibited an oro
phenotype was determined in test crosses with male and female
tester strains: 33 of the oro plants tested were females, and 48
were males (Table S2). These data indicated that the ORO locus
was not linked to the sex locus (ANOVA, F1,22 = 3.21, P = 0.09).
Diploid Individuals That Are Homozygous for the oro Mutation Exhibit
a Gametophyte Phenotype. To determine whether diploid spor-
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ophytes (produced by the fusion of two gametes) were also
converted to gametophytes in the presence of the oro mutation,
a female oro strain (generated by the segregation analysis described above) was back-crossed with the male oro strain. The
diploid progeny of this cross exhibited a similar phenotype to oro
parthenotes except that the conversion to gametophyte morphology was slightly less marked. Many round cells (typical of
sporophytes) could be observed during early development, but,
as had been observed with the parthenotes, gametophyte morphology was adopted as growth progressed. Crosses (n = 11)
with female (Ec 25 and Ec 410) and male (Ec 400 and Ec 32)
tester strains demonstrated that the oro homozygous individuals
produced functional gametes and that these gametes behaved as
males, despite the presence of both the male and female haplotypes of the sex locus.
Genetic Interactions Between the oro and imm Mutations. Individuals carrying both the oro and the imm mutations were constructed
by crossing imm strain Ec 419 and oro strain Ec 494. All 14 of the
11520 | www.pnas.org/cgi/doi/10.1073/pnas.1102274108

Fig. 2. qRT-PCR analysis of the abundances of gene transcripts in the oro mutant compared with wild-type gametophyte (GA) and partheno-sporophyte
(pSP). The abundance of transcripts of four genes that have been shown to
be differentially expressed in the gametophyte and sporophyte generations
(18) was assayed in oro individuals. Data are means of three independent
biological replicates ± SE. Transcript abundance was signiﬁcantly different
in the oro and GA samples compared with the wild-type pSP sample for all
of the genes tested (ANOVA, P < 0.05). (From top to bottom) IDW6,
Esi0351_0007; IDW4, Esi0085_0048; IUP6, Esi0031_0170; IUP2, Esi0416_0001.

zygotes isolated from this cross developed as wild-type sporophytes, indicating that complementation had occurred. Sixteen
unilocular sporangia were isolated from one of the sporophytes
(Ec 560), and between 9–20 gametophytes were sub-isolated from
each of the meiotic families derived each from a single unilocular
sporangium. Parthenotes that developed from gametes produced
by these gametophytes exhibited one of four different patterns of
early development (Table S3 and Fig. 3 A–E): (a) individuals
morphologically identical to the wild-type partheno-sporophyte;
(b) immediate development of erect ﬁlaments and production of
a straight, rather than wavy, rhizoid (the phenotype of the imm
mutant; ref. 18); (c) parthenotes with the phenotype described
above for the oro mutant, i.e., gametophyte-like but with the formation of a small number of round cells during early development
in some individuals; and (d) parthenotes that more strongly resembled the gametophyte during early development (absence of
round cells) except that some individuals possessed a straight
rather than wavy rhizoid. For the phenotypic classes c and d, all
individuals rapidly adopted a typical gametophyte morphology as
they developed (Fig. 3F). At maturity, parthenotes of classes a and
b were functional sporophytes (producing unilocular sporangia
Coelho et al.

Comparison of mRNA Abundances in Life Cycle Mutants with the WildType Sporophyte and Gametophyte. An expressed-sequence-tag-
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based microarray carrying probes corresponding to 10,600 of the
16,256 genes identiﬁed in the Ectocarpus genome (16, 21) was
used to carry out a broad analysis of changes in steady-state
mRNA abundances in the life cycle mutants (ArrayExpress accession no. E-MTAB-485). Transcript abundances were compared in parthenotes of all four possible classes of segregant in
the population derived from the cross between the imm and oro
mutants: (a) IMM ORO (wild-type partheno-sporophyte), (b)
imm ORO, (c) IMM oro, and (d) imm oro individuals, using
bulked segregants to minimize variance due to unlinked loci. A
ﬁfth sample corresponding to the wild-type gametophyte was
also analyzed to provide a reference for the gametophyte generation of the life cycle. We carried out pairwise comparisons of

Fig. 3. Segregation analysis of the oro and imm loci. (A) Germling showing
a wild-type partheno-sporophyte phenotype. (B) Germling showing an imm
phenotype. (C) Germling showing an oro phenotype. (D and E) Germlings
showing imm oro double-mutant phenotypes. (F) imm-like germlings from
the imm oro mutants develop into gametophytes. See text for details. (Scale
bars: 10 μm.)
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each of the three mutant samples and the gametophyte sample
with the wild-type partheno-sporophyte sample using the Signiﬁcance Analysis of Microarrays (SAM) method (22). In each
case, the genes for which we detected signiﬁcant changes in
mRNA abundance were assigned to a broad range of Gene
Ontology (GO) categories (Dataset S1). This result indicated
that both the imm and the oro mutations lead to complex
modiﬁcations of cellular mRNA levels, involving changes in the
expression levels of genes with roles in many different cellular
processes. A GO slim analysis (http://www.geneontology.org)
was carried out to look for general trends across the four different comparisons. Only one GO slim category, “protein metabolic process” (GO:
0019538), was represented solely in samples that contained
functional gametophytes (oro mutant, imm oro double mutant,
and wild-type gametophyte).
Fig. 4 illustrates the overlaps between the lists of differentially
expressed genes identiﬁed in the four comparisons (imm, oro,
and imm oro mutant strains and wild-type gametophyte with
partheno-sporophyte). In all four comparisons, more genes were
identiﬁed as being up-regulated than down-regulated (between
3- and 62-fold difference). This result suggests that the transition
from the sporophyte to the gametophyte stage involves primarily
gene induction rather than gene repression.
To carry out a broad cluster analysis, a set of 4,046 genes that
exhibited signiﬁcant changes in transcript abundance across the
ﬁve samples analyzed in the microarray experiment were identiﬁed by applying a one-way ANOVA test. The 4,046 genes could
be grouped into four clusters (Fig. S4A). The two largest clusters
corresponded to genes whose transcripts tended to exhibit
abundances in the mutant samples that were intermediate between those in the wild-type sporophyte and gametophyte samples, with preferential expression either in the sporophyte
(cluster 1) or in the gametophyte (cluster 2). These expression
patterns were consistent with intermediate phenotypes exhibited
by the single- and double-mutant lines. A GO slim analysis indicated that GO categories associated with primary metabolism,
including carbohydrate and lipid metabolism, and related functions such as transport were overrepresented in cluster 1 and
underrepresented in cluster 2. In contrast, GO categories associated with protein synthesis and modiﬁcation and other basic
cellular processes, such as cell cycle, DNA replication, and developmental processes, showed the opposite trend (Fig. S4B).
These trends indicate that there may be differences in the allocation of cellular resources in the two generations, perhaps

Fig. 4. Venn diagram showing the overlap between the sets of genes that
had signiﬁcantly different transcript abundances in the mutant (imm, oro,
imm oro) strains and in the wild-type gametophyte (GA) compared with the
wild-type partheno-sporophyte. The two numbers separated by a slash indicate the number of genes whose transcripts were signiﬁcantly more (to the
left) or less (to the right) abundant in the indicated sample, compared with
the wild-type partheno-sporophyte.
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and plurilocular sporangia releasing mitospores and not gametes),
whereas parthenotes of classes c and d were functional gametophytes, producing gametes that were able to fuse with gametes of
the opposite sex. These phenotypic data indicated that the four
classes corresponded to the following genotypes: (a) IMM ORO,
(b) imm ORO, (c) IMM oro, and (d) imm oro. The four different
phenotypic groups occurred in equal proportions (ANOVA,
F3,60 = 0.83, P = 0.5). Note that the three mutant classes exhibited gametophyte-like phenotypic features to an increasing degree
as follows: imm < oro < imm oro. All of the phenotypic classes
were stable for at least eight asexual generations (asexual propagation being via mitospores in the case of classes a and b and
via parthenogenetic development of gametes in the case of classes
c and d).
To conﬁrm that parthenotes of class d corresponded to imm
oro double mutants, one individual from this class was crossed
with a wild-type strain (Ec 32). Seven sporophytes with wild-type
phenotypes were derived from this cross, and 15–25 gametophytes were produced from each sporophyte. Phenotypic
analysis of the parthenotes derived from these gametophytes
conﬁrmed that the original individual carried both the imm and
oro mutations (Table S4).

associated with adaptation to different ecological niches or
growth habits.
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Quantitative RT-PCR (qRT-PCR) Analysis of Gene Expression. In an
effort to better understand the molecular mechanisms underlying
the alternation between the sporophyte and gametophyte generations, we searched the microarray data for genes that were
differentially expressed in mutant and wild-type samples and that
were predicted to encode proteins with potentially interesting
functions (regulatory proteins, for example). Nine genes were selected, to which we added the Ectocarpus ARGONAUT1 gene
because there is accumulating evidence that small RNA pathways
play important roles at key stages of the life cycle (23, 24). Transcript abundances for these 10 genes were then assayed by using
qRT-PCR in ﬁve samples corresponding to those analyzed in the
microarray experiment (Fig. 5 and Table S5). Transcripts of 9 of
the genes analyzed exhibited either increases (Esi0308_0025,
Esi0556_0008, Esi0074_0057, Esi0049_0053, Esi0009_0052)
or decreases (Esi0095_0057, Esi0203_0032, Esi0245_0009,
Esi0292_0018) in abundance in both the wild-type gametophyte
sample and in some or all of the mutant samples, suggesting that
these are life cycle-regulated genes that are inﬂuenced by the
imm and/or the oro loci. The proteins encoded by these genes
include a putative transcription factor (Esi0095_0057) and the
ARGONAUT1 protein (Esi0203_0032). Interestingly, the gradual increases in the abundances of the Esi0308_0025 (predicted to
encode a serine/threonine kinase) and Esi0074_0057 (predicted
to encode a Homeodomain-like protein) transcripts when the
imm, oro, imm oro, and wild-type gametophyte samples were
compared correlated with the increasingly gametophyte-like nature of the individuals in each of these samples that was observed
during the morphological analysis described above. Moreover, for

Fig. 5. qRT-PCR analysis of the abundance of gene transcripts in wild-type
partheno-sporophyte, imm, oro, imm oro, and wild-type gametophytes. Genes
were selected either from the microarray analysis or based on their predicted
function (see text for details). Data are means of three independent biological
replicates ± SE.
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Esi0308_0025, there was a synergistic effect of the imm and oro
mutations resulting in a greater increase in transcript abundance in
the imm oro double mutant than with either of the individual mutations alone. The Esi0556_0008 transcript increased in abundance only in the samples that contained functional gametophytes
(wild-type gametophyte, oro mutant, and imm oro double mutant),
suggesting that this gene may be important for the transition from
sporophyte to gametophyte function rather than, for example, for
a morphological feature of the gametophyte that is not directly
related to life cycle function. Esi0556_0008 is predicted to encode
an extracellular structural protein. For Esi0068_0016, there was no
obvious correlation between transcript levels in the mutant lines
and in the wild-type gametophyte. This result was consistent with
the data from the microarray analysis, which suggested that the
mutations do not exactly reproduce the phenotype of the wildtype gametophyte, even in the case of the imm oro double mutant,
which is a functional gametophyte with morphological characteristics that are almost identical to those of the wild-type
gametophyte.
Discussion
Mutation at the ORO Locus Results in Conversion of the Sporophyte
Generation into a Functional Gametophyte. oro parthenotes

exhibited several features typical of young wild-type gametophytes, including an asymmetric ﬁrst cell division, production of
highly ramiﬁed ﬁlaments composed exclusively of cylindrical cells,
production of sexual structures resembling plurilocular gametangia, positive staining with Congo red, the presence of transcripts of
genes that are normally expressed during the gametophyte generation, and production of functional gametes (Fig. 1 and Fig. S2).
Together, these results indicate that parthenotes derived from oro
gametes take on a gametophyte fate and that ORO functions either to activate the sporophyte program at the appropriate stage
of the life cycle or to repress the gametophyte developmental
program during the sporophyte generation. Transcriptomic analysis indicated that the switch from the gametophyte to the
sporophyte generation involved predominantly gene repression,
providing support for the latter hypothesis.
The global, organism-level developmental modiﬁcation observed in the oro mutant indicates that this gene is a master
regulator, inﬂuencing a broad range of processes associated with
the gametophyte developmental program. This hypothesis was
supported by the microarray analysis, which identiﬁed a signiﬁcant number of genes whose transcript abundances were modiﬁed in the absence of a functional ORO locus.
Interactions Between the ORO and IMM Loci. The imm mutation
results in partial conversion of the sporophyte into a gametophyte
(18), whereas individuals carrying the oro mutation are functional
gametophytes that are almost indistinguishable from wild-type
gametophytes. The phenotype of the imm oro double mutant
closely resembled that of the oro mutant alone, indicating that
ORO is at least partially epistatic to IMM. There was partial
overlap between the sets of genes that exhibited signiﬁcant
changes in transcript abundance compared with the wild-type
sporophyte reference for the imm and oro mutants (16% and 37%
of the gene sets for each mutant, respectively), consistent with
a partial epistatic relationship between the two genes. Like oro, the
imm mutation resulted in modiﬁcations of the transcript abundances of a large number of genes, suggesting that both genes
control the expression of many downstream genes (ref. 18 and this
study). However, a proportion of the genes that exhibited signiﬁcant changes in transcript abundance in the wild-type gametophyte
compared with the wild-type sporophyte were not represented in
the gene lists for the imm and oro single mutants and the imm oro
double mutant (70%, 68%, and 56%, respectively), suggesting that
even the imm oro double mutant does not completely recapitulate
the gametophyte developmental program.
oro Mutation and Life Cycle Variability. The isolation of the oro
mutant has allowed previous observations about the Ectocarpus
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life cycle and sexuality to be independently conﬁrmed. For example, several lines of evidence indicated that life cycle generation can be uncoupled from ploidy. Haploid, diploid, or
tetraploid partheno-sporophytes (25, 26) and haploid, diploid, and
aneuploid gametophytes (26–28) have been observed in culture.
Here we have shown that zygotes derived from a cross between
male and female oro mutants give rise to functional, diploid
gametophytes. Moreover, crosses carried out using this strain and
male and female tester lines indicated that the male haplotype of
the sex locus was dominant over the female haplotype. Again, this
ﬁnding conﬁrms Müller’s earlier work on sexually heterozygous
gametophytes constructed through laboratory crosses of non-mutant strains (27, 28).
In some species of brown algae, gametes develop parthenogenetically to produce partheno-gametophytes rather than parthenosporophytes (e.g., Myriotrichia clavaeformis; ref. 29). Hence, the
modiﬁed life cycle observed in individuals carrying the oro mutation is the “normal” situation for some brown algal species.
However, unlike in the oro mutant, their zygotes always develop
into sporophytes. Once the genetic lesion that corresponds to the
oro mutation has been identiﬁed, it will be interesting to compare
the structure of this locus in species that produce either parthenosporophytes or partheno-gametophytes.
Changes in life cycle structure have been associated with
several important transitions during evolution. In land plants, for
example, adaptation to the terrestrial environment appears to
have been linked with increasing dominance of the sporophytic
stage of the life cycle. The brown algae include organisms with
remarkably varied life cycles, ranging from isomorphic, haploid–
diploid cycles to diploid cycles in which there is only one multicellular generation. They therefore represent an ideal group
both for understanding the adaptive beneﬁts of particular life

cycle structures and for investigating the general role played by
life cycle modiﬁcations in evolutionary processes.
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Materials and Methods
Biological Material. Cultivation, crossing, raising of sporophytes from zygotes,
isolation of meiotic families, and sexing of gametophyte strains were carried
out as described (20, 30). See SI Materials and Methods and Table S6 for details.
UV Mutagenesis. Gametes from Ec 32m strain were irradiated with a UV (254
nm) lamp for 45 min immediately after release from plurilocular gametangia.
Irradiated gametes were allowed to settle in the dark at 13 °C for 4 h. Petri
dishes were then transferred to a culture chamber at 13 °C and cultivated as
described above.
Microarray Analysis of mRNA Abundances. Preparation of material, hybridization, and analysis of microarray data were performed essentially as described by Dittami et al. (21). Lists of genes with signiﬁcant differences in
transcript abundance were established by pairwise analyses using the SAM
method (22) in the TIGR MeV package (Version 3.1). See SI Materials and
Methods for details.
qRT-PCR Analysis of Transcript Abundance. qRT-PCR validation was carried out
essentially as described by Peters et al. (18). Transcript abundance was estimated
based on the analysis of three biological replicates, normalized against the
EF1α reference gene. See SI Materials and Methods and Table S7 for details.
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