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Abstract: Knowledge of life cycle progression and repro-
duction of seaweeds transcends pure academic interest.
Successful and sustainable seaweed exploitation and
domestication will indeed require excellent control of the
factors controlling growth and reproduction. The rela-
tive dominance of the ploidy-phases and their respective
morphologies, however, display tremendous diversity.
Consequently, the ecological and endogenous factors con-
trolling life cycles are likely to be equally varied. A vast
number of research papers addressing theoretical, ecolog-
ical and physiological aspects of reproduction have been
published over the years. Here, we review the current
knowledge on reproductive strategies, trade-offs of repro-
ductive effort in natural populations, and the environ-
mental and endogenous factors controlling reproduction.
Given that the majority of ecophysiological studies pre-
date the “-omics” era, we examine the extent to which this
knowledge of reproduction has been, or can be, applied
to further our knowledge of life cycle control in seaweeds.
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Introduction

Seaweeds are increasingly viewed as an important alterna-
tive source of food, feed, fuel and livelihood for humans.
Global seaweed aquaculture has expanded at a rate of 8%
per year in the past decade (FAO 2016). The combination of
human population growth, stagnation in the world’s fish-
eries as a result of depleting fish stocks, and the high envi-
ronmental impact of certain types of aquaculture, such as
intensive fish farming, are viewed as important incentives
driving seaweed aquaculture. Expansion and a better inte-
gration of seaweed in marine aquaculture are regarded as
pivotal for aquaculture to meet the growing global food
demand (Duarte et al. 2009, Mazarrasa et al. 2014). Inno-
vation in seaweed aquaculture and the rate at which new
species become domesticated is, however, highly depend-
ent on scientific effort (Mazarrasa et al. 2013). An excellent
knowledge of the ecological and molecular factors con-
trolling growth and reproduction of seaweeds is viewed as
one of the fundamental aspects herein. The complex life
cycles of algae, which often involve free-living diploid and
haploid life stages, make understanding and controlling
life cycles particularly challenging.

The relative dominance of the ploidy-phases and their
respective morphology display tremendous diversity in
seaweeds (Bell 1994, 1997). Consequently, the evolution-
ary and ecological aspects of this variation have been
given considerable attention (Valero et al. 1992, Richerd
et al. 1993, Mable and Otto 1998, Hughes and Otto 1999,
Thornber 2006). Algal life cycles differ in the relative
timing of syngamy and meiosis, and the degree of mitotic
activity in the haploid and diploid phases (Coelho et al.
2007, Cock et al. 2014, Figure 1). In diploid life cycles,
gametes are the only haploid cells, fusing immediately
to form a new diploid cell, followed by a series of mitotic
divisions before undergoing meiosis again. Conversely,
in haploid life cycles, meiosis directly follows syngamy
and the zygote is the only diploid cell in the life cycle.
Mitotic divisions in both the haploid and diploid phases
characterize haploid-diploid life cycles. Adding to the

Unauthenticated
Download Date | 6/2/18 7:27 AM


mailto:olivier.declerck@ugent.be

90 — X.Liuetal.: Seaweed reproductive biology DE GRUYTER

A

Fucus Chlamydomonas
oy © Meiosis At A T M@
( iplont™= )% G-:ar\netesﬁ Sporophyte £ GaW‘OP@ Cgme - PR
L gyngamy ./ Syngamy Syngarmf
4 AR
Zygote Zygote Gametes Gametes
Diploid Haploid
Laminaria Scytosiphon
Spore ;&)ﬂ
W Meloas /gl Meiosis
Sporophyw M”Gametophgd Sporoph)de'_.'\ r Gametophyte
S,rngarm.r - Singamy
Zygote Gametes Zygote Gametes
B Ectocarpus
Spore ,/0 b
Me:osts 3 \
S;Jorophyte Gametophyte Sporophyte
Syngamy /
%:.Zygo e Game‘fes
Parthenogen_'nes_s Parthenogenesis
& endoreduplication f
e
C Chondrus
Meloms
Sporophy'te Gametophyte
Syngamy
Carposp re
Carposporophytesa— Zygote Garnetes

Figure 1: Schematic representation of algal life cycles.

Diploid and haploid stages are marked by white and black arrows, respectively. (A) Brown algal life cycle. Fucales are characterized by a
diplontic life cycle. Meiosis in the reproductive tissue is immediately followed by gametogenesis and syngamy producing a diploid zygote.
Most algae such as Dictyota, Scytosiphon and Laminaria exhibit a diplohaplontic life cycle where a haploid gametophyte alternates with a
diploid sporophyte. Here following meiosis the resulting spore develops into a multicellular organism. Both haploid and diploid phases may
be of identical morphology (isomorphic) (Dictyota), or the two phases may develop differently (heteromorphic) with either the gametophyte
(Laminaria) or the sporophyte (Scytosiphon) being microscopic. Many unicellular algae (Chlamydomonas) are characterized by a haplontic
life cycle where the formation of a zygote is immediately followed by a meiotic division. (B) Simplified diplohaplontic life cycle of Ectocarpus
siliculosus. Meiosis (a) takes place in the sporophyte (diploid) to produce haploid spores. First cell division in germinating spores is asym-
metric (b) and they grow into multicellular gametophytes. Gametophytes produce morphologically identical but physiologically differenti-
ated male and female gametes (c), which fuse to form a zygote. After a symmetrical first cell division (d) the zygote grows into a diploid
sporophyte. Alternatively, gametes that do not meet a partner of the opposite sex grow into diploid parthenosporophytes by means of
parthenogenesis combined with endoreduplication (e) or into a haploid parthenosporophyte (f). The latter produces meiospores via a non-
reductive apomeiotic event (g). (C) Life cycle of the red alga Chondrus showing three distinct stages: the gametophyte, the sporophyte and
the carposporophyte, which develops parasitically on the gametophyte after fertilization. Loops connecting a generation with itself denote
asexual reproduction mediated by vegetative reproduction (e.g. fragmentation, propagule formation) (Fucus, Dictyota), the formation of
asexual spores (mitospores) (Dictyota, Ectocarpus, Laminaria), mitosis (Chlamydomonas) or parthenogenetic development of unfertilized
(female) gametes (Scytosiphon, Laminaria, Ectocarpus). Figure adapted from Bogaert et al. (2013).
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complexity, these two phases may be morphologically
indistinguishable (isomorphic) or highly dissimilar (het-
eromorphic). Furthermore, in many species both haploid
and diploid life cycle phases may replicate directly asexu-
ally, either through some form of vegetative fragmentation,
asexual spores or parthenogenetic development of unfer-
tilized gametes (Wynne and Loiseaux 1976, Clayton 1982,
Santelices 1990). Besides having a free-living haploid and
diploid phase, most red algae have an additional “third
generation”, the carposporophyte, which develops from
the fertilized egg cell and depends for its nutrition on
the female gametophyte. The carposporophyte releases
diploid spores, carpospores, which grow into diploid tet-
rasporophytes (West and Hommersand 1981). Regardless
of this large variation in life cycles, the core processes of
life cycles, meiosis and syngamy, are conserved among
virtually all eukaryotes (Cavalier-Smith 2002), leading to
questions about the levels at which the ecological and
molecular processes controlling these processes and their
relative timing are conserved.

An alternation of haploid and diploid life stages
mediated by meiosis and syngamy evolved at the base of
the eukaryotic tree of life (Cavalier-Smith 2002, Speijer
et al. 2015). A number of non-mutually exclusive theo-
ries, e.g. recombination, nutrition and repair theories
have been put forward to explain why a sexual life cycle
originally evolved. We refer to several excellent reviews
for an in-depth discussion on the origin and main-
tenance of sexual reproduction (e.g. Maynard-Smith
1978, Bernstein et al. 1981, Michod 1993, Barton and
Charlesworth 1998, Cavalier-Smith 2002). In the context
of this review, the empirical observation that starvation
is known to induce sexual reproduction in many protists
is important. According to Cavalier-Smith (2002) the
doubling of cell volume, which results from the syngamy
of two individuals or gametes, would have significantly
increased survival of the organism during periods of
food or nutrient shortage, while smaller, haploid cells
resulting from meiosis are advantageous under replete
resource conditions. This trade-off between reproduc-
tion and growth, either in the number of individuals at
the population level for unicellular organisms or thallus
size for multicellular ones, forms the basis of theories
of resource allocation which provide a framework for
linking physiological performance and life cycle evolu-
tion (Reznick 1985, J6sson and Tuomi 1994, Obeso 2002).
Therefore, the degree to which environmental conditions
that trigger reproduction are conserved is also relevant
from an evolutionary perspective.

The fundamental importance of life cycles and repro-
duction for an understanding of the biology of algae has
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spawned a whole series of reviews over the years focussing
on ecological, evolutionary, physiological or molecular
aspects (Table 1). This review does not intend to re-review
the entire body of research. Rather, we provide a brief over-
view of the current knowledge, and examine the extent to
which our ecological and physiological understanding of
the factors triggering life cycle transitions in seaweeds has
been embraced by present day “-omics” driven research.
The review limits itself to the induction of fertility, either
as meiosis or gamete formation. It does not cover processes
such the release of gametes, pheromone signalling or ferti-
lization. The focus is on seaweeds but, when appropriate,
we draw on the extensive knowledge of a few well-studied
microscopic algae (e.g. Chlamydomonas) for comparative
purposes.

Resource allocation — balancing
growth, reproduction, and survival

Evidence for trade-offs between
reproduction, growth and mortality

An organism’s life history is the result of combined trade-
offs among different fitness components like survival,
growth, and reproduction. As such, sexual reproduction
imposes a demographic cost on the organism and, thus,
the energy invested in reproduction is expected to affect
growth and survival (Williams 1966a,b). De Wreede and
Klinger (1988) reasoned that, if reproduction comes at a
cost, organisms are likely to (i) have a certain size before
becoming reproductive; (ii) reduce growth at the onset
of reproduction; (iii) die after releasing reproductive
structures or propagules; (iv) produce less reproduc-
tive spores or gametes in years with proficient growth
or display reduced survival in the following year; (v)
display an inverse correlation between the number of
spores or gametes produced and their survival. Review-
ing the evidence of resource allocation in seaweeds,
De Wreede and Klinger (1988) suggested there was no
apparent trade-off between growth and reproduction,
and neither were there clear indications that the same
resources could limit both seaweed growth and repro-
duction. The authors, however, stressed a general lack
of data and rigorous experiments, which could demon-
strate reproductive costs in algae. Since the review of
De Wreede and Klinger (1988), evidence for trade-offs
between reproduction and growth and or mortality has
been gradually mounting.
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Table 1: A chronological overview of review papers focusing on algal life cycles, fertility, and gamete release.

Author(s)

Focus of the review

Coleman (1962)
Ettl et al. (1967)

Knaggs (1969)
Dring (1970)

Dring (1974)

Dixon and Richardson (1970)
Wynne and Loiseaux (1976)
Searles (1980)

Liining (1980a)

Liining (1981)

West and Hommersand (1981)
Pedersen (1981)

Tanner (1981)

Clayton (1982)

Dring (1984)

Hoffmann (1987)

Dring (1988)
De Wreede and Klinger (1988)

Breeman (1988)

Clayton (1988)

Maggs (1988)

Liining and tom Dieck (1989)
Liining (1990)

Santelices (1990)

Brawley and Johnson (1992)

Valero et al. (1992)
Klinger (1993)

Bell (1997)

Mable and Otto (1998)
Brawley et al. (1999)
Santelices (2002)

Coleman and Proschold (2005)
Thornber (2006)

Pearson and Serrdo (2006)
Coelho et al. (2007)

Bartsch et al. (2008)

Luthringer et al. (2014)
Cock et al. (2014)

Genetic and environmental control of sexuality, cell fusion and chemotaxis of unicellular algae
An encyclopedic treatise of algal reproduction, vegetative reproduction, parthenogenesis and
apogamy

Life histories of red algae

Photoperiodic effects on algal development and reproduction, with special emphasis on fertility in
Pyropia tenera

Environmental control of fertility and release of spores and gametes, endogenous rhythms of
fertility, chemotaxis and gamete fusion

Growth and reproduction of red algae as a function of photoperiodism

Life history variation in brown algae

The evolutionary advantage of a triphasic life cycle characteristic for many red algae
Environmental control of algal life cycles

Effect of photoperiod on reproduction in algae

Life histories of red algae

Life histories of brown algae

Life histories of green algae

Variation in life history characteristics of Ectocarpales and their evolutionary significance
Photoperiodism, effects of daylength on development and life cycle controlin algae

An ecologically inspired review focusing on seasonal variation in fertility, endogenous and
environmental factors controlling fertility and release of gametes and spores, dispersal of
propagules

Photoperiodic responses of algae and photoreceptors involved in these responses

Reproductive strategies and resource allocation, ontogenetic patterns of fertility, sporophyte/
gametophyte and sex ratios, parthenogenesis

Although strictly speaking a review of algal biogeography, the link between reproduction/growth
and temperature is central in determining algal ranges

Evolution and life histories of brown algae

Intraspecific life history variation in red algae

Environmental control of fertility and growth in seaweeds, with a focus on large perennial species
An influential textbook covering many aspects of seaweed biology, ecology, ecophysiology and
biogeography, including life cycle control

A monumental review discussing life cycles, sexual and asexual reproduction, resource allocation,
sporophyte/gametophyte ratios, seasonality and ontogenetic patterns, release of gametes and
spores, dispersal vectors and settlement and recruitment of propagules

Effect of environmental factors on gametogenesis, gamete release, fertilization (pheromones),
monoecious reproduction and selfing, polyspermy blocks, parthenogenesis and ecology of the
young zygote in unstable environments

Diversity and theoretical considerations of the evolution and stability of life cycles

Persistence of biphasic life cycles in algae

Evolution of brown algal life cycles

Diversity and theoretical considerations of the evolution and stability of life cycles

Gamete release and fertilization success in fucoid algae

Fertilization in natural environments with an emphasis on gamete release and polyspermy blocking
mechanisms

Sexual reproduction in culture of unicellular algae

Ecological and evolutionary aspects of isomorphic biphasic life cycles

Gamete release and fertilization success of fucoids

Diversity of life cycles with an emphasis on the molecular mechanisms governing life cycle
transitions in plant model organisms and a discussion of how these can lead to a better
understanding of algal life cycles

A comprehensive review of the kelp Laminaria (sensu lato), including factors controlling fertility,
spore release and chemotaxis

Ecological implications and molecular basis of sexual dimorphism in seaweeds

Diversity and regulation of brown algal life cycles
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Age and size

The cost of reproduction and the dependence of repro-
ductive structure on vegetative tissue for resources is
often translated into a correlation of fecundity with age
or size of the organisms (De Wreede and Klinger 1988,
Guillemin et al. 2014). Several authors noted threshold
sizes, i.e. minimal sizes below which individuals do not
become fertile (Mathieson and Guo 1992, Zou et al. 2006).
The age at which the seaweed first becomes reproduc-
tive varies widely among species. Available data have
been summarized by De Wreede and Klinger (1988). For
example, Colpomenia peregrina becomes reproductive
after 2 days, while Carpophyllum angustifolium becomes
reproductive only after 3 years. Among fucoids, several
species of Fucus produce gametes after 2 years (Mathieson
et al. 1976, Niemeck and Mathieson 1976) while Ascophyl-
lum nodosum requires 4-5 years (Sideman and Mathieson
1983). Among kelps with heteromorphic life histories,
microscopic gametophytes become fertile in a few days
while macroscopic sporophytes require months to be
reproductive (Bartsch et al. 2008). Even among relatively
closely related species, reproduction can be age-specific
or age-independent. Hence, a common pattern is difficult
to ascertain. Studies carried out using Sargassum polyc-
eratium demonstrated that resource availability plays
a critical role in reproductive effort and size thresholds
for reproduction. Individuals growing in deeper water
with lower available resource levels (less light and water
displacement) have been shown to have lower reproduc-
tive efforts and shorter reproductive seasons, as well as
a smaller minimal size for reproduction (De Ruyter van
Steveninck and Breeman 1987, Engelen et al. 2005).

Growth

Ang (1992) reported that fertile thalli of Fucus distichus
manifested zero or negative growth, but no difference
was found in longevity and mortality. Aberg (1996) dem-
onstrated differences in the annual reproductive effort of
Ascophyllum nodosum between small and large individu-
als, which were interpreted as a reproductive trade-off
by arguing that small individuals are better off investing
in growth, which offers them a better chance of survival,
while larger individuals can afford to invest in reproduc-
tion. By removing either vegetative stems or reproduc-
tive structures in Sargassum thunbergii, Chu et al. (2011)
demonstrated a trade-off between vegetative growth and
reproduction. This study confirmed older observations by
McCourt (1985) and Gillespie and Critchley (2001) of an
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inverse correlation between vegetative growth and repro-
ductive effort among different Sargassum species in the
Gulf of California and South Africa, respectively. Focusing
on the commercial red alga Gracilaria chilensis, Guillemin
et al. (2014) provided strong evidence for reproduction-
associated costs. The photosynthetic performance and
growth of vegetative thalli of male and female gameto-
phytes, and of tetrasporophytes were significantly higher
compared to the reproductive thalli of the corresponding
stages of the life cycle. The authors hypothesized that
nearby vegetative tissue or previously accumulated pho-
tosynthetic products are required to support the develop-
ment of reproductive structures.

Mortality

Seaweeds display widely diverging life history strategies
ranging from short-lived ephemeral species to extremely
long-lived species, such as Ascophyllum nodosum (Aberg
1992a,b) or certain red algae (crustose red algae: Paine
et al. 1979; Cryptonemia: Scott et al. 1982; coralline algae:
Frantz et al. 2005) and green algae (e.g. Halimeda, Hillis-
Colinvaux 1980). Likewise, reproduction strategies vary
from semelparity (single reproductive event) to iteropar-
ity (multiple reproductive events). The former is obviously
more common in short-lived annual species which tend
to grow to a certain size, reproduce and die. Semelpar-
ity as the putative ancestral mode of reproduction would
be in line with starvation and repair theories whereby
zygotes offer a better chance for surviving favorable eco-
logical conditions, but not all semelparous species are
short-lived. Tropical siphonous seaweeds (e.g. Caulerpa,
Halimeda) are semelparous, yet many are apparently
long-lived (Hillis-Colinvaux 1980, Clifton and Clifton
1999). Likewise, iteroparous species may also become
fertile from an early age or size onward (e.g. Sargassum
polyceratium, De Ruyter van Steveninck and Breeman
1987). This diverse array of life history strategies among
seaweeds makes them attractive but largely unexplored
models to assess evolutionary processes and trade-offs
related to reproduction.

Demographic models

Reproduction-associated costs are also indicated by more
indirect relationships, such as temporal patterns of growth
and reproduction, and “reproductive effort” (i.e. the pro-
portion of the total energy budget of an organism that is
devoted to reproductive processes; Bell 1980, Santelices
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1990). These characteristics should be interpreted in rela-
tion to a more general perspective of algal life-histories,
which takes into account growth, longevity, and mortality.
As the cost of reproduction can be expressed in these three
processes, all have to be assessed together. Demographic
studies are, however, quite rare in phycology and this is
especially true for studies that combine models analysing
trade-offs and their effects on population fitness. Demo-
graphic matrix models have been constructed for various
fucoids (Ascophyllum: Aberg 1992a,b, 1996, Araiijo et al.
2015; Fucus: Ang and DeWreede 1993, Aratjo et al. 2014;
Sargassum: Ang 1987, Engelen et al. 2005, Engelen and
Santos 2009) and a few red seaweeds (Gelidium: Santos
1993, Vieira and Santos 2010; Iridaea: Ang et al. 1990,
Gracilaria: Engel et al. 2001). For the long-lived fucoid,
Ascophyllum nodosum, fitness is more sensitive to varia-
tion in survival than to variation in growth and fecundity
(Aberg 1992a,b). For this reason, the reproductive effort of
this species is restricted to a level that does not undermine
future survival of thalli, and the costs would be expected
to be expressed in reduced fecundity in the future. Small
individuals investing in growth rather than reproduction
have a higher survival because the cost of reproduction is
high, whereas large individuals can allocate 70% of their
net growth to reproduction without affecting their sur-
vival (Aberg 1996). Nevertheless, reproduction needs to
be sufficient to guarantee persistence after disturbance
events, such as ice scouring at high latitudes and storms
and hurricanes at medium and low latitudes (Aberg 1992a,
Engelen et al. 2005). More opportunistic fucoids like the
invasive Sargassum muticum, which displays a very large
reproductive allocation, seem to rely on the same strategy,
irrespective of the state of invasion (Engelen and Santos
2009). Also, the red seaweed Gracilaria gracilis was char-
acterized by high survival and low recruitment rates, con-
sistent with an estimated longevity of 42 years (Engel et al.
2001). In contrast, short-lived ephemeral species are pre-
dicted to have a very high reproductive effort and associ-
ated costs as they do not have to balance costs with future
vital rates. To our knowledge, no such species has been
studied using demographic matrix models.

Costs required for reproduction and persistence are
temporally and spatially variable, for example, along
the distributional range of a species. Aratjo et al. (2015)
showed that A. nodosum individuals in populations
close to their southern limit in northern Portugal allocate
more resources to reproduction (despite their smaller
size, Aratjo et al. 2014), whereas more investment went
into defence in more centrally located populations. It is
uncertain whether there is a genetic basis for these dif-
ferences in strategy as edge populations in A. nodosum,
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like other fucoids, are generally (strongly) genetically dif-
ferentiated from central populations (Olsen et al. 2010).
A systems biology approach in which hypotheses gener-
ated from demographic models are tested experimentally
and subsequently adapted according to the new insights
obtained, would be a preferred approach for the future in
which “-omics” approaches can provide detailed insights
into the mechanisms behind trade-offs.

A need for experimental evidence
and demographic models

It should be pointed out that all studies addressing trade-
offs between reproduction and other life history traits in
seaweeds are based on correlation studies using naturally
occurring variation or experimentally modified popu-
lations, in which neither the environment nor some life
history trait was manipulated. In unmanipulated natural
populations, the costs of reproduction can be difficult to
detect, leading to the inaccurate conclusion that there
are no associated costs when inter-individual variation
in resource availability is large in relation to the variation
in proportions allocated to reproduction (van Noordwijk
and de Jong 1986). Correlative approaches are not without
criticism, because inverse correlations observed between
life-history traits may not be causal, but dependent, in
opposite ways, on environmental conditions (Obeso 2002,
Knops et al. 2007). Reznick (1985) would dismiss cor-
relative as well as experimental evidence entirely, and
emphasizes that indications of trade-offs should be tested
by genetic correlation studies using quantitative genetic
experiments under standardized conditions or selection
experiments (Reznick 1985, Stearns 1989). In terrestrial
plant studies aimed at understanding adaptive differen-
tiation and life-history evolution, reproduction costs are
typically determined by experimentally reducing fruit set
(von Euler et al. 2012) or increasing reproduction through
hand-pollination (Sletvold and Agren 2015). Reproduc-
tive costs should preferably be changed by non-invasive
manipulations. To the best of our knowledge, such experi-
ments have not been conducted in any algal systems.

A molecular perspective on fertility

Genetic control

Sexual reproduction encompasses the fusion of two
haploid gametes of opposite sex to form a diploid zygote,
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followed by meiosis to restore the haploid state, either
directly following syngamy or after development of the
diploid life stage through mitotic divisions. From a molecu-
lar perspective, the factors involved in gamete formation,
fusion and meiosis remain unknown for the vast majority
of algal groups. Most of our knowledge is based on exten-
sive genetic studies involving the green algal model organ-
ism Chlamydomonas (Goodenough et al. 2007, Lopez et al.
2015). In the following section we draw on the knowledge
of Chlamydomonas to investigate the extent to which the
molecular mechanisms involved in life cycle transitions
are conserved among algae in general (Figure 2).

The genes involved in meiosis appear to be remarkably
conserved across algal lineages and, by extension, across
the eukaryotic tree of life (Supplemental Table S1). The
presence of core meiotic genes (e.g. SPO11, HOP1, HOP2,
MNDI, etc.) is considered evidence for sexual reproduc-
tion (Schurko and Logsdon 2008). Also, in certain algae
where sexual reproduction is very rarely observed (Tre-
bouxiophyceae: Blanc et al. 2010, Fucikova et al. 2015),
or has not yet been observed (Ostreococcus: Derelle et al.
2006; Micromonas: Worden et al. 2009), homologues

Y»r'e N-adaption a1 NCG2, NAR3
Mt oMt program
W V.
\ —
o A Gamete FUS1, GCS1, NSG3, 6, 7,
@ - program MTAL, 2, SAG1, SAD1

Gametogenesis
\ :

Meiosis

k Early zygote

formation

SPO11, DMC1, HOP1,
HOP2, MND1, ...

1

EZY genes
3,7,8,10,15,17,18,
19,20,224,9

EZY genes
5,6,11,12,13,14,16,
21,23, GAS28
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of these core meiotic genes are present (Grimsley et al.
2010).

Gametogenesis has been thoroughly characterized
in Chlamydomonas. Following nitrogen depletion, cells
acclimate by upregulation of an N-starvation program,
as well as starting the gamete program (Abe et al. 2004,
2005). The genes involved in gametogenesis, however,
appear to be little conserved. For example, FUSI, initially
characterized as a sex-specific gene located in the mt+
locus and essential for pre-fusion attachment between the
plus and minus gametes (Ferris et al. 1996), is not found in
other organisms, not even in the relatively closely related
genera Gonium and Volvox (Ferris et al. 2010). Similarly,
MID (the sex determination gene in Chlamydomonas; Lin
and Goodenough 2007), SAGI and SADI (encoding the plus
and minus agglutinin, respectively), are not found outside
of the Chlamydomonadales (Goodenough et al. 2007).

The seemingly non-conserved nature of genes
involved in gametogenesis could result from rapid mole-
cular evolution, and a consequent lack of sequence simi-
larity of genes involved in sexual reproduction (Swanson
and Vacquier 2002, Swanson et al. 2011), rendering

/&
AN

Flagellar
agglutination

gamete

Gamete fusion fusion

GSP1, GSM1

cAMP Sythesis

—— Gametolysin (GLE)

Figure 2: Synthetic overview of gamete formation, fusion and meiosis in Chlamydomonas with indications of the genes involved and their
conservation in other algae (black, highly conserved; blue, somewhat conserved; red, not conserved).
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BLAST-searches less effective. Interestingly, a generative
cell specific 1 gene (GCSI1), orthologous to HAP2, which
was initially demonstrated to mediate membrane fusion
of male and female gametes during fertilization in land
plants (Mori et al. 2006) and later identified as an ances-
tral gamete, fusogen, due to its high conservation among
distantly related eukaryotes (Liu et al. 2008, Wong and
Johnson 2010, Speijer et al. 2015), seems to be highly con-
served among species of Chlorophyta.

Following the attachment of opposite-type gametes
in Chlamydomonas, release of lytic enzymes results in
the rapid disassembly of the gamete cell wall (Matsuda
et al. 1985). The newly formed zygote triggers the synthe-
sis of a new zygote extracellular matrix (ECM). Among
the studied genes involved in ECM formation (Rodriguez
et al. 1999, Kubo et al. 2008), EZY (early zygote expressed)
12, 13 and 23 are highly conserved among all algae, while
others (EZY5, 6, 11, 14 and GAS28) are not. The fusion of
opposite mating type gametes initiates the diploid phase
of the Chlamydomonas life cycle. Regarding the genetic
mechanism underlying the full program of zygote devel-
opment, GSPI originating from plus gametes and GSM1
originating from minus gametes both contribute to
zygote development, including the resorption of flagella,
fusion of nuclei and chloroplasts, destruction of minus
gamete G- chloroplast DNA, and secretion of a resistant
cell wall (Wilson et al. 1999, Goodenough et al. 2007).
Earlier studies showed that the ectopic expression of
GSPI1 in minus gametes or of GSM1 in plus gametes can
switch the zygotic differentiation programme on, and the
resulting zygotes could undergo a normal meiosis (Zhao
et al. 2001, Lee et al. 2008). Further research has uncov-
ered the functional homology between GSP1/GSM1 and
KNOX/BELL, which regulate stem-cell specification in
land plants (Lee et al. 2008). Both genes are conserved
among algae, although they appear to be lost in some
lineages (Trebouxiophyceae, Gonium, Chondrus and
Saccharina, see Supplemental Table S1). The heterodi-
merization of GSP1 and GSM1 activates the zygote devel-
opment program.

Compared to the detailed knowledge of Chla-
mydomonas, the genetics underlying life cycle control in
multicellular algae is in its infancy. Knowledge of life cycle
progression at the molecular level is accumulating rapidly
for Ectocarpus, abrown algal model species with a haploid-
diploid life cycle with subtle but distinct morphological
differentiation between the sporophyte and gametophyte
phases (Figure 1B). The complex life cycle of Ectocarpus
has shown that life cycle transitions are controlled by
genetic mechanisms instead of ploidy level, and can show
a large degree of developmental plasticity (Miiller 1967,
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Bothwell et al. 2010). However the identity of the molecu-
lar players is only just being revealed thanks to the com-
bination of a whole genome sequence for Ectocarpus and
life cycle mutants (Cock et al. 2010, 2014). Results have
been published on two mutants, immediate upright (imm)
and ouroboros (oro). The imm mutant exhibits partial con-
version of the sporophyte generation into a gametophyte
during early development, and the oro mutant generates
a homeotic conversion of the sporophyte generation into
a fully functional gametophyte (Peters et al. 2008, Coelho
et al. 2011, Macaisne et al. 2017). Ongoing studies focus on
detecting the genes underlying the imm and oro mutants,
which would allow comparison of the diploid program
with other model systems. Next to these studies, Lipinska
et al. (2013, 2016) have characterized the transcriptome of
male and female gametes and identified genes which may
play a role in gamete recognition.

In multicellular red algae with complex triphasic life
cycles, a number of recent studies have sought to deter-
mine the molecular machinery and genes controlling
reproductive processes (Garcia-Jiménez and Robaina
2015). Whole genome data of the economically impor-
tant species Pyropia yezoensis (Nakamura et al. 2013) and
Chondrus crispus (Collén et al. 2013) have provided a first
glimpse into the gene repertoire involved in reproduc-
tion. Additional insights have been provided by transcrip-
tomic analyses in a number of species, including Pyropia
(Uji et al. 2013) and Gracilariopsis (Kamiya et al. 2011),
which have identified sets of genes upregulated in dif-
ferent phases of the life cycle. In Gracilaria, Hydropuntia
and Grateloupia, research has focused on the ornithine
decarboxylase GiODC gene, which regulates carpospore
maturation and liberation (Guzméan-Uridstegui et al. 2002,
2012, Sacramento et al. 2004b, Garcia-Jiménez et al. 2009,
reviewed in Garcia-Jiménez and Robaina 2015). Variation
in the expression of GiODC was observed during cysto-
carp development with levels reduced in fertile tissue
(Garcia-Jiménez et al. 2009). Ornithine decarboxylase has
been characterized in several other algae (including Chla-
mydomonas, Theiss et al. 2002) where it is involved in cell
growth and cell division.

Endogenous signaling

For morphologically complex seaweed species, e.g. Lami-
nariales, sporogenesis occurs in different parts of the
thallus (Leal et al. 2014). For some genera in the family
Alariaceae, sporogenesis occurs on the surface of special-
ized laminae, called sporophylls, located at the base of
the vegetative frond, while the nonsporophyllous genus
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Pleurophycus produces sporogenic tissue on the blade
and midrib. All members of the family Costariaceae, and
most genera of Laminariaceae and Lessoniaceae, with a
few exceptions, also form sori on their blades. The excep-
tions are the sporophyllous genera Macrocystis (Laminari-
aceae), and Egregia and Eisenia (Lessoniaceae), which
have basal sporophylls where sporogenesis occurs (Leal
et al. 2014). Distinctively, Aureophycus aleuticus forms
sori on its semidiscoidal holdfast (Kawai et al. 2013). The
above examples show apparent species-specific locali-
zation of reproduction. However, the typical reproduc-
tion area can also be altered experimentally or can be
non-specific in some species. For example, Alaria nana
was observed to produce sori on the vegetative blade
after sporophylls were experimentally removed (Pfister
1991). However, natural populations of two other sporo-
phyllous species, Undaria pinnatifida and Alaria crassi-
folia, were observed to produce sori on their blades and
midrib (Sanbonsuga and Hasegawa 1967, Stuart et al. 1999,
Kumura et al. 2006). In Macrocystis, apart from the sporo-
phylls, different vegetative blades, such as frond initials,
surface-canopy blades and apical scimitars, have been
reported to bear sori and the spores produced are viable
(Leal et al. 2014). Recently, sorus formation in the holdfast
haptera of Ecklonia radicosa has been described (Akita
et al. 2016), suggesting that sporogenesis in the holdfast is
not distinctively unique to the “primitive” kelp Aureophy-
cus aleuticus. In this regard, endogenous mechanisms are
most likely involved in the location (i.e. different thallus
parts) and timing of reproduction.

Findings on tissue-specific sporogenesis echo early
results with Laminaria digitata by Buchholz and Liining
(1999) and Liining et al. (2000). Excised portions from the
vegetative blade above the meristematic zone produced
sori when cultivated under 8-16 h of light per day and
at temperatures between 6°C and 12°C, but not on blade
discs cut from the meristem or in intact sporophytes culti-
vated under the same conditions. Subsequent studies have
shown similar results in other Laminaria species (Nimura
et al. 2002, Skriptsova and Titlyanov 2003). Such differ-
ent responses between excised blades and intact sporo-
phytes exposed to the same conditions strongly suggest
that sporogenesis is not uniquely controlled by the envi-
ronment. Furthermore, sporogenesis in Saccharina latis-
sima was observed not only in isolated blade fragments
but also in whole sporophytes with transverse cuts above
the meristematic region (Pang and Liining 2004). These
results suggest the production of a putative sporulation
inhibitor in the meristematic region of kelps (Liining et al.
2000, Pang and Liining 2004). The short day is thought
to be the primary signal to reduce meristematic activity at
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the base of the blade and may also decrease the produc-
tion of sporulation inhibitors down to a critical concentra-
tion allowing sorus formation in the distal blade portions.
In the field, the observed sorus formation in Laminari-
ales during low or no growth in autumn and early winter,
points to a combined endogenously and environmentally
controlled reduction in growth and putative sporulation
inhibitors.

The exact nature of the regulating factors is still uncer-
tain. Liining et al. (2000) suggested that the inhibitor may
not be a chemical substance after all, but signals (e.g. elec-
trical currents) transmitted from cell to cell. In addition,
whether the phytohormones of land plants are shared
with algae is controversial, especially given the distinct
evolutionary relationship. Many of the signaling pathway
components are not present in basal early-diverging line-
ages of the Streptophyta and/or other algal lineages (De
Smet et al. 2010, Lu and Xu 2015; Mori et al. 2017) making it
less likely that a phytohormone function could have been
inherited from a common unicellular ancestor. Nonethe-
less, evidence for phytohormone function in unicellular
algae is beginning to accumulate, such as the role of absci-
sic acid and auxins in regulation of growth in unicellular
green algae and diatoms (Kobayashi et al. 1997, Yoshida
etal. 2004, Park et al. 2013, Lu et al. 2014, Amin et al. 2015).
This is consistent with the hypothesis that hormones such
as auxin might have served initially as growth-regulating
hormones or pheromones in unicellular ancestors pre-
dating the advent of multicellularity (Cooke et al. 2002,
Bogaert et al. 2013). While it is well established that algae
(from cyanobacteria to brown algae) contain land plant
phytohormones (reviewed in Tarakhovskaya et al. 2007,
Stirk and Van Staden 2014, Lu and Xu 2015), compounds
such as auxins may be breakdown products or intermedi-
ates from tryptophan metabolism and have been detected
also in unikonts (Bertilsson and Palmér 1972).

The best explored putative phytohormones in brown
algae are auxins, which exert a growth-promoting func-
tion in land plants, but most research has concentrated
on the effects of indole-3-acetic (IAA) on growth and cell
polarity, rather than its influence on fertility (Basu et al.
2002, Lin and Stekoll 2007, Le Bail et al. 2010). Auxin was
shown to promote growth and inhibit sporogenesis when
applied exogenously to Saccharina japonica, and the
auxin oxidase activity in sporophyllous tissue was shown
to be dramatically increased (Kai et al. 2006). Abscisic
acid, in contrast, has been shown to promote sporogen-
esis in S. japonica (Nimura and Mizuta 2002). Among the
red algae, two different phytohormones have emerged
with a fertility-regulating role. Ethylene has been reported
to induce tetrasporogenesis in Pterocladiella capillacea
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(Garcia-Jiménez and Robaina 2012). The maturation,
liberation, and growth of carpospores in Grateloupia imbri-
cata and Hydropuntia cornea (Guzman-Uridstegui et al.
2002, 2012, Sacramento et al. 2004a, 2007), on the other
hand, have been shown to be stimulated by polyamines.

The effects of phytohormones on algae should be con-
sidered also in a holobiont context (i.e. the algae includ-
ing the interacting microorganisms) rather than focusing
on the alga itself as reported for interactions with fungi
(Fries 1988) and bacteria (Fries 1977) in fucoids. Recently,
it was shown that IAA, synthesized by a Sulfitobacter
species using tryptophan produced by the diatom Pseudo-
nitzschia multiseries, promotes the growth of the latter
(Amin et al. 2015). Growth-stimulating phytohormone-
like substances such as thallusin and other compounds
still to be identified have been also isolated from Monos-
troma and Ulva (Matsuo et al. 2005, Wichard et al. 2015).
Similarly, the brown alga Ectocarpus was shown to inter-
act with an alphaproteobacterium that harbors several
proteins thought to be involved in the synthesis of algal
hormones such as auxins and cytokinins (Dittami et al.
2014). Interactions have also been observed in land plants
where pathogenic or symbiotic bacteria can influence the
growth of a plant by manipulating its auxin homeostasis
(Lambrecht et al. 2000, Frugier et al. 2008, Ludwig-Miiller
2015). Therefore it is not certain if phytohormones are syn-
thesized by algae themselves and metabolic auxotrophy
may have evolved as a result of mutualism with micro-
organisms due to the aquatic environment (Kazamia et al.
2016, Mori et al. 2017).

In green algae, new compounds regulating fertil-
ity that are different from land plant phytohormones are
emerging. In Ulva, the presence of sporulation inhibi-
tors (SI) to maintain the vegetative state of the thallus
has been described (Stratmann et al. 1996, Wichard and
Oertel 2010). The release of these substances initiates the
formation of either sporangia or gametangia. The first
sporulation inhibitor (SI-1) has a high molecular mass
that completely suppresses gametogenesis at concentra-
tions lower than 1074 M. SI-1 is excreted into the cell wall
and leaks into the medium. The concentration declines
continuously with age, subsequently making the frond
reproductive (Nilsen and Nordby 1975, Stratmann et al.
1996). The second sporulation inhibitor, called SI-2, is a
non-proteinaceous, low-molecular weight compound.
SI-2 is excreted into the space between the two cell layers.
Gametogenesis or sporogenesis can be induced by cutting
the thallus into fragments and subsequent washing as
observed in different Ulva species, since this is thought
to result in the removal of both sporulation inhibitors
(Stratmann et al. 1996, Wichard and Oertel 2010, Vesty
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et al. 2015). The SI-2-type sporulation inhibitor forms a
gradient from the base to the top of the thallus, resulting
in higher percentages of gamete formation and discharge
from the apical regions (Wichard and Oertel 2010).

Environmental control of fertility

General patterns

Reproductive phenology is observed to vary with environ-
ment (Figure 3). Several seaweed species follow patterns
that are related to latitude or climatic region, i.e. year-round
fertility in tropical regions, bi-annual reproduction events
peaking in spring and autumn in warm temperate regions,
and reproduction restricted to summer to early autumn in
cold temperate and polar regions (reviewed by Hoffmann
1987). However, there are also exceptions, such as seasonal
fertility in the tropics being related to periods of lower water
temperature (De Wreede 1976, Hoyle 1978, Engelen et al.
2005) and the late autumn/winter onset of sporogenesis
in Arctic endemic Laminaria solidungula related to high
ambient nutrient concentrations (Roleda 2016).
Experimental studies and field observations suggest
that light, temperature or their combination often induce
fertility in seaweeds (see Dring 1974, 1984, 1988, Liining
1980a, 1981, Liining and tom Dieck 1989). A series of
papers, predominantly addressing fertility in red and
brown algae under laboratory conditions (Supplemental
Table S2) highlighted the importance of photoperiod (day-
length) and temperature as the most important environ-
mental factors controlling reproduction in most seaweeds.
Liining and tom Dieck (1989) discerned different types of
response to synchronization of seasonal development
of reproductive structures depending on whether envi-
ronmental factors trigger reproduction directly (type 1)
or whether the environment controls a circadian clock
which then regulates reproduction (type 2). In a last type,
for which there is currently no proof in seaweeds (type 3),
the organism possesses a circannual clock which makes it
more independent of environmental [or climatic?] factors
directly influencing reproduction. The distinction between
these types depends on the contrast between “ultimate
factors”, which control the onset of reproduction directly,
and “proximate factors” which control a circadian clock.
Temperature, irradiance and nutrients are considered
“ultimate factors” controlling type 1 reproduction, which
is expected to prevail in short-lived species. Type 2 repro-
duction is controlled largely by photoperiod. Given the
distinction between “ultimate” and “proximate” factors,
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Figure 3: Life cycle control as a function of genotype and environmental factors.

it is important to discern genuine from non-genuine pho-
toperiodic effects (Dring 1984, 1988). The list of studies in
Supplemental Table S2 could best be interpreted in this
framework. In order to classify an effect of daylength as
a genuine photoperiodic effect, and not as a response to
the total irradiance or any other parameter autocorrelated
with daylength, daylength must control development or
reproduction. Observations indicating that the dose rather
than the timing of light may affect reproduction or growth
would exclude these as genuine photoperiodic responses
(Dring 1984). This is likely the case for several experimen-
tal studies that point to threshold irradiance values below
which seaweeds do not become reproductive (see Dring
1970, Callithamnion byssoides: Kapraun 1978; Desmares-
tia aculeata: Chapman and Burrows 1970). Such results
have been tentatively interpreted as an effect of increased
photosynthesis, leading to higher food reserves, on repro-
ductive effort (Dring 1974). Recently it was demonstrated
that bacteria associated with Arabidopsis can determine
the timing of flowering (Panke-Buisse et al. 2015), which
opens the question of the extent to which algal-associated
microbiomes are involved in reproduction and its timing.

Nutrients

Nutrients would qualify as “ultimate factors” trigger-
ing fertility. In freshwater green algae, the induction of

fertility by nitrogen limitation has been studied exten-
sively (e.g. Chlamydomonas, Oedogonium, Scenedesmus;
see Coleman and Prdschold 2005). For seaweeds, evidence
for a relationship between nutrients and fertility is rather
limited. Critical levels of internal nitrogen and phosphorus
are required to transform vegetative blades to sporangial
sori in kelp species (Mizuta et al. 1999, Nimura et al. 2002,
Kumura et al. 2006). In Dictyota dichotoma, nutrient limi-
tation has been shown to have a positive effect on sporo-
genesis (Bogaert et al. 2016), reflecting the antagonism
between growth and reproduction which is expected to
be more pronounced in short-lived species. Similar results
were presented for Dictyota kunthii by Hoffmann and
Malbran (1989). In a series of experiments with various
temperatures, irradiances and photoperiods, a clear
inverse correlation between growth and sporogenesis was
most pronounced at 20°C. However, a gradual decrease
in photoperiod resulted in an abrupt change in fertility,
and consecutive interruptions of long 16-h dark periods
over a 3 week period resulted in a cumulative decrease
of the tetrasporangia (Hoffmann 1988). These observa-
tions would point to a genuine photoperiodic effect. Also
nutrient concentrations have been shown to interact with
photoperiodic effects in other seaweeds (Rhodochorton
purpureum: Knaggs 1967, Dring and West 1983; Bonne-
maisonia hamifera: Liining 1980b; Asparagopsis armata:
Oza 1977, Liining 1981). Despite experimental evidence in
several species, no physiological explanation is available
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for the interaction effects between nutrient availability
and photoperiod. Furthermore, the influence of nutrients
vs. photoperiod on fertility complicates the classification
of reproductive control into clear-cut primary (type 1) and
proximate (type 2) factors controlling fertility (Liining and
tom Dieck 1989).

Light quality and identity of photoreceptors

Photoperiodic as well as non-photoperiodic responses
have often been shown to be wavelength specific in algae.
Especially the effects of blue and red/far-red light on
fertility have been investigated extensively (reviewed by
Dring 1984, 1988). Best studied in this respect is the effect
of gametogenesis and egg release in various kelp species
(Liining and Dring 1972, 1975, Liining 1980b). Blue irra-
diation increases the percentage of fertile gametophytes
(Liining and Dring 1972), but red light has an inhibi-
tory effect which is most prominent at 15°C. However, at
lower temperatures, some gametophytes become fertile
in red light. Sporogenesis seems also to be influenced by
light quality. In Saccharina japonica blue light promoted
sporogenesis while red light inhibited sporangium for-
mation (Mizuta et al. 2007). Bogaert et al. (2016) demon-
strated that red light increased sporogenesis in Dictyota.
Also the process of gamete release has been shown to be
wavelength-specific. Blue light has been shown to induce
gamete release in both Fucus and Dictyota (Kumke 1973,
Pearson et al. 2004), but gamete release was inhibited by
blue light in Laminaria (Liining 1981) and Ulva (Wichard
and Oertel 2010).

Despite these clear indications that light quality spe-
cifically induces or inhibits reproduction and growth,
the quest for the underlying photoreceptors and signal-
ling pathways has proved a hard nut to crack (Hegemann
2008). Phytochrome seems to be present only in strep-
tophyte algae, some early diverging prasinophytes and
stramenopiles, but not in red algae (Falciatore and Bowler
2005, Duanmu et al. 2014). Nevertheless, algae contain a
rich set of photoreceptors (Hegemann 2008). Instead of
phytochrome, stramenopiles possess their own blue light
photoreceptor, aureochrome (Takahashi et al. 2007). The
transcriptome of Saccharina japonica sporophytes under
blue light was characterized by Deng et al. (2012), while
differential gene expression under blue and red light was
studied by Wang et al. (2013). The results indicated that
the number of differentially expressed genes was sig-
nificantly higher under red light conditions compared to
blue light. However, the aureochrome and cryptochrome
photoreceptor genes showed no significant differential
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expression among the different light qualities. These
results are promising but also indicate that our under-
standing of the molecular mechanism of non-photo-
synthetic light perception and its control on a circadian
clock is still limited, especially in comparison with Chla-
mydomonas (see Mittag et al. 2005).

Ecotypic variation

Given the importance for seaweeds to sense their environ-
ment, either through photoperiod or temperature, one
should realize that these characteristics change across
latitudinal gradients. So far, relatively little attention has
been paid to measuring and understanding ecotypic lati-
tudinal variation among strains. Most studies addressing
intraspecific variation have concentrated on the effects of
temperature regimes on growth and survival, and their
biogeographic implications (e.g. Breeman 1988, Breeman
and Pakker 1994, Molenaar and Breeman 1994, Molenaar
et al. 1996, Breeman et al. 2002). Variation in the critical
daylength for the short-day response of sporogenesis has
been demonstrated for Rhodochorton purpureum (Dring
and West 1983) and Scytosiphon (Liining 1980a). However,
the growing demand for seaweed in mariculture increases
the need to better understand the degree of adaptation
among latitudinal ecotypes and the limits of acclimation.
So far studies are limited. For example, Lindstrom (2008)
addressed ecotypic differentiation in the sporogenesis of
Porphyra, and ecophysiological differentiation between
Arctic and temperate populations of Saccharina latis-
sima was studied by Olischlédger et al. (2014) in a global
change context. Efforts to combine quantitative genetics
and breeding with genomic information in commercial
seaweeds are leading to the identification of quantitative
trait loci (e.g. Liu et al. 2010, 2011) and have the poten-
tial to combine traditional ecophysiological studies with
“-omics” approaches.

Conclusion and perspectives

The diversity of life cycles in seaweeds is reflected in
the wide variation of processes that control life cycle
progression. A huge amount of research, mainly in the
second half of the 20th century, has uncovered the criti-
cal roles of temperature, photoperiod, irradiance and,
in some cases, nutrients as factors controlling reproduc-
tion in many species. There was a bias toward brown
and red algae, with fewer studies addressing fertility in
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green seaweeds. This ecological and ecophysiological
information forms an excellent basis for future studies
that address reproduction and life cycle progression
at a molecular level. The growing demand for seaweed
resources, either as feed, food or biomass, creates a
need for sustainable seaweed exploitation. This societal
demand presents a direct incentive to alleviate a number
of major bottlenecks which currently impede mariculture
practices (Charrier et al. 2017). An excellent knowledge
of seaweed life cycles, including better control of the dif-
ferent developmental stages, which allows handling of
seaweed in an aquaculture setting, is imperative. In con-
trast with the large number of ecophysiological studies
to date, our knowledge of the underlying molecular basis
of cell growth, development and reproduction falls short.
For example, despite clear indications that photoperiod
plays an important role in controlling reproduction, cir-
cadian clock genes have hardly been characterized from
seaweeds, which is in contrast to the extensive knowledge
on clocks in some unicellular algae (e.g. Chlamydomonas,
Ostreoccocus: see Mittag et al. 2005, Corellou et al. 2009).
In flowering plants, circadian clock genes control flower
development, among other processes. Most genes have
been characterized from genetic screening for mutants
with altered flowering timing, or with defects in the circa-
dian expression of reporter genes (Corellou et al. 2009).
A similar approach, applied to seaweeds and drawing
on the extensive existing ecophysiological data, has
the potential to significantly increase our knowledge of
seaweed reproduction. At present, considerable progress
is being made by establishing a number of model organ-
isms for which whole genome data are already avail-
able or are in the process of being generated, including
Ectocarpus (Cock et al. 2010), Pyropia (Nakamura et al.
2013), Chondrus (Collén et al. 2013), Saccharina (Ye et al.
2015) and Ulva (see Wichard et al. 2015). These genomic
resources, in combination with genetic maps and the pos-
sibility of creating developmental mutants for forward
genetics (e.g. Ectocarpus, Fjeld and Borresen 1975, Cock
et al. 2014) and a growing array of transformation proto-
cols for reverse and forward genetics (reviewed in Mikami
2013, and recently, Oertel et al. 2015, Suzuki et al. 2016),
should enable us to bring algal reproductive biology into
the “-omics” age.

Acknowledgments: We are very grateful to the European
Commission for funding the PHYCOMORPH COST Action
(FA1406), which stimulated interactions among the
authors of this paper. Xiaojie Liu is indebted to the China
Scholarship Council (201504910698) and Ghent University
BOF Special Research Fund (01SC2316) for a PhD grant.

X. Liu et al.: Seaweed reproductive biology =—— 101

Aschwin Engelen was funded by FCT fellowship SFRH/
BPD/107878/2015.

References

Abe, )., T. Kubo, Y. Takagi, T. Saito, K. Miura, H. Fukuzawa and Y.
Matsuda. 2004. The transcriptional program of synchronous
gametogenesis in Chlamydomonas reinhardtii. Curr. Genet. 46:
304-315.

Abe, J., T. Kubo, T. Saito and Y. Matsuda. 2005. The regulatory
networks of gene expression during the sexual differentiation
of Chlamydomonas reinhardtii, as analyzed by mutants for
gametogenesis. Plant Cell Physiol. 46: 312-316.

Aberg, P. 1992a. A demographic study of two populations of the
seaweed Ascophyllum nodosum. Ecology 73: 1473-1487.

Aberg, P. 1992b. Size-based demography of the seaweed Asco-
phyllum nodosum in stochastic environments. Ecology 73:
1488-1501.

Aberg, P. 1996. Patterns of reproductive effort in the brown alga
Ascophyllum nodosum. Mar. Ecol. Prog. Ser. 138:199-207.
Akita, S., M. Ito, M. Graham and D. Fujita. 2016. Sorus formation on
the holdfast haptera of the kelp Ecklonia radicosa (Phaeophy-

ceae, Laminariales). Bot. Mar. 59: 433—438.

Amin, S.A., L.R. Hmelo, H.M. van Tol, B.P. Durham, L.T. Carlson,
K.R. Heal, R.L. Morales, C.T. Berthiaume, M.S. Parker, B.
Djunaedi, A.E. Ingalls, M.R. Parsek, M.A. Moran and E.V.
Armbrust. 2015. Interaction and signalling between a cosmo-
politan phytoplankton and associated bacteria. Nature 522:
98-101.

Ang, P.O. 1987. Use of projection matrix models in the assessment
of harvesting strategies for Sargassum. Hydrobiologia 151:
335-339.

Ang, P.0. 1992. Cost of reproduction in Fucus distichus. Mar. Ecol.
Prog. Ser. 89: 25-35.

Ang, P.O. and R. DeWreede. 1993. Simulation and analysis of the
dynamics of a Fucus-distichus (Phaeophyceae, Fucales) popula-
tion. Mar. Ecol. Prog. Ser. 93: 253-265.

Ang, P.O., R. De Wreede, F. Shaughnessy and L. Dyck. 1990. A
simulation model for an /ridaea splendens (Gigartinales,
Rhodophyta) population in Vancouver, Canada. Thirteenth
International Seaweed Symposium, Springer.

Araiijo, R.M., E.A. Serrao, |. Sousa-Pinto and P. Aberg. 2014. Spatial
and temporal dynamics of Fucoid populations (Ascophyllum
nodosum and Fucus serratus): a comparison between central
and range edge populations. PLoS One 9: €92177.

Araijo, R., E.A. Serrdo, |. Sousa-Pinto, F. Arenas, C.A. Monteiro, G.
Toth, H. Pavia and P. i\berg. 2015. Trade-offs between life-
history traits at range-edge and central locations. J. Phycol. 51:
808-818.

Barton, N.H. and B. Charlesworth. 1998. Why sex and recombina-
tion? Science 281: 1986-1990.

Bartsch, I., C. Wiencke, K. Bischof, C.M. Buchholz, B.H. Buck,

A. Eggert, P. Feuerpfeil, D. Hanelt, S. Jacobsen, R. Karez, U.
Karsten, M. Molis, M.Y. Roleda, H. Schubert, R. Schumann,

K. Valentin, F. Weinberger and ). Wiese. 2008. The genus
Laminaria sensu lato: recent insights and developments. Eur. J.
Phycol. 43: 1-86.

Unauthenticated
Download Date | 6/2/18 7:27 AM



102 — X.Liu et al.: Seaweed reproductive biology

Basu, S., H.G. Sun, L. Brian, R.L. Quatrano and G.K. Muday. 2002.
Early embryo development in Fucus distichus is auxin sensi-
tive. Plant Physiol. 130: 292-302.

Bell, G. 1980. The costs of reproduction and their consequences.
Am. Nat. 116: 45-76.

Bell, G. 1994. The comparative biology of the alternation of genera-
tions. Lectures on Mathematics in the Life Sciences: Theories
for the Evolution of Haploid-Diploid Life Cycles 25: 1-26.

Bell, G. 1997. The evolution of the life cycle of brown seaweeds. Biol.
J. Linn. Soc. 60: 21-38.

Bernstein, H., G.S. Byers and R.E. Michod. 1981. Evolution of sexual
reproduction: importance of DNA repair, complementation, and
variation. Am. Nat. 117: 537-549.

Bertilsson, L. and L. Palmér. 1972. Indole-3-acetic acid in-human
cerebrospinal fluid: identification and quantification by mass
fragmentography. Science 177: 74-76.

Blanc, G., G. Duncan, I. Agarkova, M. Borodovsky, J. Gurnon, A. Kuo,
E. Lindquist, S. Lucas, ). Pangilinan, . Polle, A. Salamoyv, A.
Terry, T. Yamada, D.D. Dunigan, I.V. Grigoriev, J.-M. Claverie and
J.L. Van Etten. 2010. The Chlorella variabilis NC64A genome
reveals adaptation to photosymbiosis, coevolution with
viruses, and cryptic sex. Plant Cell 22: 2943-2955.

Bogaert, K.A., A. Arun, S.M. Coelho and O. De Clerck. 2013. Brown
algae as a model for plant organogenesis. Methods Mol. Biol.
959: 97-125.

Bogaert, K., T. Beeckman and O. De Clerck. 2016. Abiotic regulation
of growth and fertility in the sporophyte of Dictyota dichotoma
(Hudson) JV Lamouroux (Dictyotales, Phaeophyceae). J. Appl.
Phycol. 28: 2915-2924.

Bothwell, J.H., Marie, D., Peters, A.F., Cock, J.M. and Coelho, S.M.
2010. Role of endoreduplication and apomeiosis during parthe-
nogenetic reproduction in the model brown alga Ectocarpus.
New Phytol. 188: 111-121.

Brawley, S.H. and L.E. Johnson. 1992. Gametogenesis, gametes and
zygotes: an ecological perspective on sexual reproduction in
the algae. Brit. Phycol. . 27: 233-252.

Brawley, S.H., L.E. Johnson, G.A. Pearson, V. Speransky, R. Li and
E. Serrdo. 1999. Gamete release at low tide in fucoid algae:
maladaptive or advantageous? Am. Zool. 39: 218-229.

Breeman, A.M. 1988. Relative importance of temperature and other
factors in determining geographic boundaries of seaweeds:
experimental and phenological evidence. Helgolander
Meeresun. 42:199-241.

Breeman, A.M. and H. Pakker. 1994. Temperature ecotypes in sea-
weeds: adaptive significance and biogeographic implications.
Bot. Mar. 37: 171-180.

Breeman, A.M., Y.S. Oh, M.S. Hwang and C. van den Hoek. 2002.
Evolution of temperature responses in the Cladophora vaga-
bunda complex and the C. albida/sericea complex (Chloro-
phyta). Eur. J. Phycol. 37: 45-58.

Buchholz, C. and K. Liining. 1999. Isolated, distal blade discs of
the brown alga Laminaria digitata form sorus, but not discs,
near to the meristematic transition zone. J. Appl. Phycol. 11:
579-584.

Cavalier-Smith, T. 2002. Origins of the machinery of recombination
and sex. Heredity 88: 125-141.

Chapman, A. and E. Burrows. 1970. Experimental investigations into
the controlling effects of light conditions on the development
and growth of Desmarestia aculeata (L.) Lamour. Phycologia 9:
103-108.

DE GRUYTER

Charrier, B., J.C. Coates and I. Stavridou. 2017. Surfing amongst
oil-tankers: connecting emerging research fields to the current
international landscape. Trends Plant Sci. 22: 1-3.

Chu, S., Q. Zhang, S. Liu, S. Zhang, Y. Tang, Z. Lu and Y. Yu. 2011.
Trade-off between vegetative regeneration and sexual repro-
duction of Sargassum thunbergii. Hydrobiologia 678: 127-135.

Clayton, M.N. 1982. Life history studies in the Ectocarpales (Phaeo-
phyta): contributions toward the understanding of evolutionary
processes. Bot. Mar. 25: 111.

Clayton, M.N. 1988. Evolution and life histories of brown algae. Bot.
Mar. 31: 379-388.

Clifton, K.E. and L.M. Clifton. 1999. The phenology of sexual repro-
duction by green algae (Bryopsidales) on Caribbean coral reefs.
J. Phycol. 35: 2434,

Cock, J.M., L. Sterck, P. Rouzé, D. Scornet, A.E. Allen, G. Amoutzias,
V. Anthouard, F. Artiguenave, J.-M. Aury and J.H. Badger. 2010.
The Ectocarpus genome and the independent evolution of
multicellularity in brown algae. Nature 465: 617-621.

Cock, J.M., O. Godfroy, N. Macaisne, A.F. Peters and S.M. Coelho.
2014. Evolution and regulation of complex life cycles: a brown
algal perspective. Curr. Opin. Plant Biol. 17: 1-6.

Coelho, S.M., A.F. Peters, B. Charrier, D. Roze, C. Destombe, M.
Valero and J.M. Cock. 2007. Complex life cycles of multicellular
eukaryotes: new approaches based on the use of model organ-
isms. Gene 406: 152-170.

Coelho, S.M., O. Godfroy, A. Arun, G. Le Corguillé, A.F. Peters and
J.M. Cock. 2011. OUROBOROS is a master regulator of the
gametophyte to sporophyte life cycle transition in the brown
alga Ectocarpus. Proc. Natl. Acad. Sci. USA 108: 11518-11523.

Coleman, A.W. 1962. Sexuality. /n: (R.A. Lewin, ed) Physiology and
biochemistry of algae. Academic Press, New York. pp. 711-729.

Coleman, A.W. and T. Préschold. 2005. Control of sexual reproduc-
tion in algae in culture. Algal Culturing Techniques, Elsevier,
Amsterdam. pp. 389-397.

Collén, J., B. Porcel, W. Carré, S.G. Ball, C. Chaparro, T. Tonon, T.
Barbeyron, G. Michel, B. Noel and K. Valentin. 2013. Genome
structure and metabolic features in the red seaweed Chondrus
crispus shed light on evolution of the Archaeplastida. Proc.
Natl. Acad. Sci. USA 110: 5247-5252.

Cooke, T.J., D. Poli, A.E. Sztein and J.D. Cohen. 2002. Evolutionary
patterns in auxin action. Plant Mol. Bio. 49: 319-338.

Corellou, F., C. Schwartz, J.-P. Motta, F. Sanchez and F.-Y. Bouget.
2009. Clocks in the green lineage: comparative functional
analysis of the circadian architecture of the picoeukaryote
Ostreococcus. Plant Cell 21: 3436-3449.

De Ruyter van Steveninck, E.D. and A.M. Breeman. 1987. Population
dynamics of a tropical intertidal and deep-water population
of Sargassum polyceratium (Phaeophyceae). Aquat. Bot. 29:
139-156.

De Smet, I., U. Voss, S. Lau, M. Wilson, N. Shao, R. Timme, R.
Swarup, I. Kerr, C. Hodgman, R. Bock, M. Bennett, G. Jurgens
and T. Beeckman. 2010. Unraveling the evolution of auxin
signaling. Plant Physiol. 155: 209-221.

De Wreede, R.E. 1976. The phenology of three species of Sargas-
sum (Sargassaceae, Phaeophyta) in Hawaii. Phycologia 15:
175-183.

De Wreede, R. and T. Klinger. 1988. Reproductive strategies in algae.
Oxford University Press, New York.

Deng, Y., ). Yao, X. Wang, H. Guo and D. Duan. 2012. Transcriptome
sequencing and comparative analysis of Saccharina japonica

Unauthenticated
Download Date | 6/2/18 7:27 AM



DE GRUYTER

(Laminariales, Phaeophyceae) under blue light induction. PLoS
One 7:e39704.

Derelle, E., C. Ferraz, S. Rombauts, P. Rouze, A.Z. Worden, S.
Robbens, F. Partensky, S. Degroeve, S. Echeynie, R. Cooke, Y.
Saeys, ). Wuyts, K. Jabbari, C. Bowler, O. Panaud, B. Piegu, S.G.
Ball, J.P. Ral, F.Y. Bouget, G. Piganeau, B. De Baets, A. Picard,
M. Delseny, J. Demaille, Y. Van de Peer and H. Moreau. 2006.
Genome analysis of the smallest free-living eukaryote Ostreo-
coccus tauri unveils many unique features. Proc. Natl. Acad.
Sci. USA 103: 11647-11652.

Dittami, S.M., T. Barbeyron, C. Boyen, J. Cambefort, G. Collet,

L. Delage, A. Gobet, A. Groisillier, C. Leblanc, G. Michel, D.
Scornet, A. Siegel, J.E. Tapia and T. Tonon. 2014. Genome

and metabolic network of “Candidatus Phaeomarinobacter
ectocarpi” Ec32, a new candidate genus of Alphaproteobacteria
frequently associated with brown algae. Front. Genet. 5: 241.

Dixon, P.S. and W.N. Richardson. 1970. Growth and reproduction in
red algae in relation to light and dark cycles. Ann. NY. Acad.
Sci. 175: 764-777.

Dring, M.J. 1970. Photoperiodic effects in microorganisms.

In: (P. Halldal, ed) Photobiology of microorganisms.
Wiley Interscience, London. pp. 345-368.

Dring, M.). 1974. Reproduction. /n: (W.D.P. Stewart, ed) Algal
physiology and biochemistry. Blackwell Scientific Publication,
Oxford. pp. 814-837.

Dring, M.J. 1984. Photoperiodism and phycology. Prog. Phycol. Res.
3:159-192.

Dring, M.J. 1988. Photocontrol of development in algae. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 39: 157-174.

Dring, M.J. and J.A. West. 1983. Photoperiodic control of tetraspo-
rangium formation in the red alga Rhodochorton purpureum.
Planta 159: 143-150.

Duanmu, D., C. Bachy, S. Sudek, C.-H. Wong, V. Jiménez, N.C.
Rockwell, S.S. Martin, C.Y. Ngan, E.N. Reistetter and M.). van
Baren. 2014. Marine algae and land plants share conserved
phytochrome signaling systems. Proc. Natl. Acad. Sci. USA 111:
15827-15832.

Duarte, C.M., M. Holmer, Y. Olsen, D. Soto, N. Marba, J. Guiu, K.
Black and I. Karakassis. 2009. Will the oceans help feed
humanity? Bioscience 59: 967-976.

Engel, C.R., P. Aberg, O.E. Gaggiotti, C. Destombe and M. Valero.
2001. Population dynamics and stage structure in a haploid-
diploid red seaweed, Gracilaria gracilis. J. Ecol. 89: 436-450.

Engelen, A. and R. Santos. 2009. Which demographic traits
determine population growth in the invasive brown seaweed
Sargassum muticum? J. Ecol. 97: 675-684.

Engelen, A.H., A.M. Breeman, J.L. Olsen, W.T. Stam and P. i\berg.
2005. Life history flexibility allows Sargassum polyceratium to
persist in different environments subjected to stochastic distur-
bance events. Coral Reefs 24: 670-680.

Ettl, H., D. Miiller, K. Neumann, H. v. Stosch and W. Weber. 1967.
Vegetative Fortpflanzung, Parthenogenese und Apogamie bei
Algen. Sexualitdt Fortpflanzung Generationswechsel/Sexual-
ity Reproduction Alternation of Generations. Springer. pp.
597-776.

Falciatore, A. and C. Bowler. 2005. The evolution and function of
blue and red light photoreceptors. Curr. Top. Dev. Biol. 68:
317-350.

FAO. 2016. The State of World Fisheries and Aquaculture 2016. Con-
tributing to food security and nutrition for all. Rome. pp. 200.

X. Liu et al.: Seaweed reproductive biology =— 103

Ferris, P., J. Woessner and U. Goodenough. 1996. A sex recognition
glycoprotein is encoded by the plus mating-type gene fus1 of
Chlamydomonas reinhardtii. Mol. Biol. Cell 7: 1235-12438.

Ferris, P., B.).S.C. Olson, P.L. De Hoff, S. Douglass, D. Casero, S.
Prochnik, S. Geng, R. Rai, J. Grimwood, J. Schmutz, I. Nishii, T.
Hamaji, H. Nozaki, M. Pellegrini and J.G. Umen. 2010. Evolution
of an expanded sex-determining locus in Volvox. Science 328:
351-354.

Fjeld, A. and S. Borresen. 1975. Spontaneous mutability in Ulva
mutabilis. Occurrence of unstable strains. Norweg. J. Bot. 22:
77-82.

Frantz, B.R., M.S. Foster and R. Riosmena-Rodriguez. 2005. Clathro-
morphum nereostratum (Corallinales, Rhodophyta): the oldest
alga? ). Phycol. 41: 770-773.

Fries, L. 1977. Growth regulating effects of phenylacetic acid and
p-hydroxyphenylacetic acid on Fucus spiralis L. (Phaeophy-
ceae, Fucales) in axenic culture. Phycologia 16: 451-455.

Fries, L. 1988. Ascophyllum nodosum (Phaeophyta) in axenic culture
and its response to the endophytic fungus Mycosphaerella
ascophylli and epiphytic bacteria. J. Phycol. 24: 333-337.

Frugier, F., S. Kosuta, J.D. Murray, M. Crespi and K. Szczyglowski.
2008. Cytokinin: secret agent of symbiosis. Trends Plant Sci.
13:115-120.

Fucikova, K., M. PaZoutova and F. Rindi. 2015. Meiotic genes and
sexual reproduction in the green algal class Trebouxiophyceae
(Chlorophyta). J. Phycol. 51: 419-430.

Garcia-Jiménez, P. and R.R. Robaina. 2012. Effects of ethylene on
tetrasporogenesis in Pterocladiella Capillacea (Rhodophyta).
J. Phycol. 48: 710-715.

Garcia-Jiménez, P. and R.R. Robaina. 2015. On reproduction in red
algae: further research needed at the molecular level. Front.
Plant Sci. 6.

Garcia-Jiménez, P., F. Garcia-Maroto, J.A. Garrido-Cardenas, C.
Ferrandiz and R.R. Robaina. 2009. Differential expression of
the ornithine decarboxylase gene during carposporogenesis in
the thallus of the red seaweed Grateloupia imbricata (Halyme-
niaceae). J. Plant Physiol. 166: 1745-1754.

Gillespie, R. and A. Critchley. 2001. Reproductive allocation and
strategy of Sargassum elegans Suhr and Sargassum incisifo-
lium (Turner) C. Agardh from Reunion Rocks, KwaZulu-Natal,
South Africa. Bot. Mar. 44: 231-235.

Goodenough, U., H. Lin and J.-H. Lee. 2007. Sex determination in
Chlamydomonas. Semin. Cell Dev. Biol. 18: 350-361.

Grimsley, N., B. Péquin, C. Bachy, H. Moreau and G. Piganeau. 2010.
Cryptic sex in the smallest eukaryotic marine green alga. Mol.
Biol. Evol. 27: 47-54.

Guillemin, M.L., P. Valenzuela, J.D. Gaitan-Espitia and C. Destombe.
2014. Evidence of reproductive cost in the triphasic life history
of the red alga Gracilaria chilensis (Gracilariales, Rhodophyta).
J. Appl. Phycol. 26: 569-575.

Guzman-Uridstegui, A., P. Garcia-Jiménez, F. Marian, D. Robledo
and R. Robaina. 2002. Polyamines influence maturation in
reproductive structures of Gracilaria cornea (Gracilariales,
Rhodophyta). J. Phycol. 38: 1169-1175.

Guzman-Uridstegui, A., R. Robaina, Y. Freile-Pelegrin and D.
Robledo. 2012. Polyamines increase carpospore output and
growth during in vitro cultivation of Hydropuntia cornea. Bio-
technol. Lett. 34: 755-761.

Hegemann, P. 2008. Algal sensory photoreceptors. Annu. Rev. Plant
Biol. 59: 167-189.

Unauthenticated
Download Date | 6/2/18 7:27 AM



104 —— X.Liu et al.: Seaweed reproductive biology

Hillis-Colinvaux, L. 1980. Ecology and taxonomy of Halimeda: pri-
mary producer of coral reefs. Adv. Mar. Biol. 17: 1-327.

Hoffmann, A. 1987. The arrival of seaweed propagules at the shore:
a review. Bot. Mar. 30: 151-166.

Hoffmann, A.J. 1988. Day length and light responses in growth and
fertility of Glossophora kunthii (Phaeophyta, Dictyotales) from
Pacific South-America. J. Phycol. 24: 203-208.

Hoffmann, A.J. and M.E. Malbran. 1989. Temperature, photoperiod
and light interactions on growth and fertility of Glossophora
kunthii (Phaeophyta, Dictyotales) from Central Chile. J. Phycol.
25:129-133.

Hoyle, M.D. 1978. Reproductive phenology and growth rates in two
species of Gracilaria from Hawaii. J. Exp. Mar. Biol. Ecol. 35:
273-283.

Hughes, ).S. and S.P. Otto. 1999. Ecology and the evolution of bipha-
sic life cycles. Am. Nat. 154: 306-320.

Josson, K. and ). Tuomi. 1994. Costs of reproduction in a historical
perspective. Trends Ecol. Evol. 9: 304-307.

Kai, T., K. Nimura, H. Yasui and H. Mizuta. 2006. Regulation of sorus
formation by auxin in Laminariales sporophyte. J. Appl. Phycol.
18: 95-101.

Kamiya, M., H. Kawai, D. Moon and L.J. Goff. 2011. Isolation and
characterization of phase-specific cDNAs from carposporo-
phytes of Gracilariopsis andersonii (Gracilariales, Rhodo-
phyta). Eur. J. Phycol. 46: 27-35.

Kapraun, D.F. 1978. Field and culture studies on growth and repro-
duction of Callithamnion byssoides (Rhodophyta, Ceramiales)
in North Carolina. J. Phycol. 14: 21-24.

Kawai, H., T. Hanyuda, L.M. Ridgway and K. Holser. 2013. Ancestral
reproductive structure in basal kelp Aureophycus aleuticus. Sci.
Rep. 3:1-7.

Kazamia, E., K.E. Helliwell, S. Purton and A.G. Smith. 2016. How mutu-
alisms arise in phytoplankton communities: building eco-evolu-
tionary principles for aquatic microbes. Ecol. Lett. 19: 810-822.

Klinger, T. 1993. The persistence of haplodiploidy in algae. Trends
Ecol. Evol. 8: 256-258.

Knaggs, F. 1967. Rhodochorton floridulum (Dillwn.) Nag. Observa-
tions on the relationship between reproduction and environ-
ment. Nova Hedwigia 14: 31-38.

Knaggs, F.W. 1969. A review of Florideophycidean life histories and
of the culture techniques employed in their investigation. Nova
Hedwigia 18: 293-330.

Knops, J.M., W.D. Koenig and W.J. Carmen. 2007. Negative
correlation does not imply a tradeoff between growth and
reproduction in California oaks. Proc. Natl. Acad. Sci. USA 104:
16982-16985.

Kobayashi, M., N. Hirai, Y. Kurimura, H. Ohigashi and Y. Tsuji. 1997.
Abscisic acid-dependent algal morphogenesis in the unicel-
lular green alga Haematococcus pluvialis. Plant Growth Regul.
22:79-85.

Kubo, T., J. Abe, T. Oyamada, M. Ohnishi, H. Fukuzawa, Y. Matsuda
and T. Saito. 2008. Characterization of novel genes induced by
sexual adhesion and gamete fusion and of their transcriptional
regulation in Chlamydomonas reinhardtii. Plant Cell Physiol.
49: 981-993.

Kumke, J. 1973. Beitrdage zur periodizitdt der Oogon-Entleerung
bei Dictyota dichotoma (Phaeophyta). Z. Pflanzenphysio. 70:
191-210.

Kumura, T., H. Yasui and H. Mizuta. 2006. Nutrient requirement
for zoospore formation in two alariaceous plants Undaria

DE GRUYTER

pinnatifida (Harvey) Suringar and Alaria crassifolia Kjellman
(Phaeophyceae: Laminariales). Fisheries Sci. 72: 860-869.

Lambrecht, M., Y. Okon, A.V. Broek and ). Vanderleyden. 2000.
Indole-3-acetic acid: a reciprocal signalling molecule in
bacteria—plant interactions. Trends Microbiol. 8: 298-300.

Le Bail, A., B. Billoud, N. Kowalczyk, M. Kowalczyk, M. Gicquel, S.
Le Panse, S. Stewart, D. Scornet, J.M. Cock, K. Ljung and B.
Charrier. 2010. Auxin metabolism and function in the multicel-
lular brown alga Ectocarpus siliculosus. Plant Physiol. 153:
128-144.

Leal, P.P., C.L. Hurd and M.Y. Roleda. 2014. Meiospores produced
in sori of nonsporophyllous laminae of Macrocystis pyrifera
(Laminariales, Phaeophyceae) may enhance reproductive
output. J. Phycol. 50: 400-405.

Lee, J.H., H. Lin, S. Joo and U. Goodenough. 2008. Early sexual ori-
gins of homeoprotein heterodimerization and evolution of the
plant KNOX/BELL family. Cell 133: 829-840.

Lin, H. and U.W. Goodenough. 2007. Gametogenesis in the Chla-
mydomonas reinhardtii minus mating type is controlled by two
genes, MID and MTD1. Genetics 176: 913-925.

Lin, R. and M.S. Stekoll. 2007. Effects of plant growth substances on
the conchocelis phase of Alaskan Porphyra (Bangiales, Rhodo-
phyta) species in conjunction with environmental variables. J.
Phycol. 43: 1094-1103.

Lindstrom, S.C. 2008. Cryptic diversity, biogeography and genetic
variation in Northeast Pacific species of Porphyra sensu lato
(Bangiales, Rhodophyta). J. Appl. Phycol. 20: 951-962.

Lipinska, A., S. D’hondt, E. Van Damme and O. De Clerck. 2013.
Uncovering the genetic basis for early isogamete differentia-
tion: a case study of Ectocarpus siliculosus. BMC Genomics 14:
909.

Lipinska, A.P., E.J.M. Van Damme and O. De Clerck. 2016. Molecular
evolution of candidate male reproductive genes in the brown
algal model Ectocarpus. BMC Evol. Biol. 16: 1-11.

Liu, Y.J., R. Tewari, ). Ning, A.M. Blagbhorough, S. Garbom, J.M. Pei,
N.V. Grishin, R.E. Steele, R.E. Sinden, W.). Snell and O. Billker.
2008. The conserved plant sterility gene HAP2 functions after
attachment of fusogenic membranes in Chlamydomonas and
Plasmodium gametes. Genes Dev. 22: 1051-1068.

Liu, F., X. Wang, J. Yao, W. Fu and D. Duan. 2010. Development of
expressed sequence tag-derived microsatellite markers for
Saccharina (Laminaria) japonica. J. Appl. Phycol. 22: 109-111.

Liu, F., J. Yao, X. Wang, Z. Hu and D. Duan. 2011. Identification of
SCAR marker linking to longer frond length of Saccharina
japonica (Laminariales, Phaeophyta) using bulked-segregant
analysis. J. Appl. Phycol. 23: 709-713.

Lopez, D.A., T. Hamaji, J. Kropat, P. De Hoff, M. Morselli, L. Rubbi,
S.T. Fitz-Gibbon, S.D. Gallaher, S.S. Merchant and J.G. Umen.
2015. Dynamic changes in the transcriptome and methylome
of Chlamydomonas reinhardtii throughout its life cycle. Plant
Physiol. 169: 2730-2743.

Lu, Y. and J. Xu. 2015. Phytohormones in microalgae: a new oppor-
tunity for microalgal biotechnology? Trends Plant Sci. 20:
273-282.

Lu, Y., D. Tarkowska, V. Tureckova, T. Luo, Y. Xin, J. Li, Q. Wang, N.
Jiao, M. Strnad and J. Xu. 2014. Antagonistic roles of abscisic
acid and cytokinin during response to nitrogen depletion in
oleaginous microalga Nannochloropsis oceanica expand the
evolutionary breadth of phytohormone function. Plant J. 80:
52-68.

Unauthenticated
Download Date | 6/2/18 7:27 AM



DE GRUYTER

Ludwig-Miller, ). 2015. Bacteria and fungi controlling plant growth
by manipulating auxin: balance between development and
defense. J. Plant Physiol. 172: 4-12.

Liining, K. 1980a. Control of algal life-history by day length and
temperature. /In: (J.H. Price, D.E. Irvine and W. Farnham, eds)
The shore environment. Academic Press. pp. 915-945.

Liining, K. 1980b. Critical levels of light and temperature regulating
the gametogenesis of three Laminaria species (Phaeophyceae).
J. Phycol. 16: 1-15.

Liining, K. 1981. Photomorphogenesis of reproduction in marine
macro-algae. Ber. dt. Bot. Ges. 94: 401-417.

Liining, K. 1990. Seaweeds: their environment, biogeography, and
ecophysiology. Wiley, New York.

Liining, K. and M. Dring. 1972. Reproduction induced by blue light
in female gametophytes of Laminaria saccharina. Planta 104:
252-256.

Liining, K. and M. Dring. 1975. Reproduction, growth and photosyn-
thesis of gametophytes of Laminaria saccharina grown in blue
and red light. Mar. Biol. 29: 195-200.

Liining, K. and I. tom Dieck. 1989. Environmental triggers in algal
seasonality. Bot. Mar. 32: 389-398.

Liining, K., A. Wagner and C. Buchholz. 2000. Evidence for inhibi-
tors of sporangium formation in Laminaria digitata (Phaeo-
phyceae) during the season of rapid growth. J. Phycol. 36:
1129-1134.

Luthringer, R., A. Cormier, S. Ahmed, A. Peters, J.M. Cock and S.
Coelho. 2014. Sexual dimorphism in the brown algae. Perspect.
Phycol. 1: 11-25.

Mable, B.K. and S.P. Otto. 1998. The evolution of life cycles with
haploid and diploid phases. BioEssays 20: 453-462.

Macaisne, N., F. Liu, D. Scornet, A.F. Peters, A. Lipinska, M.-M.
Perrineau, A. Henry, M. Strittmatter, S.M. Coelho and .M. Cock.
2017. The Ectocarpus IMMEDIATE UPRIGHT gene encodes a
member of a novel family of cysteine-rich proteins that have an
unusual distribution across the eukaryotes. Development 144:
409-418.

Maggs, C.A. 1988. Intraspecific life history variability in the Floride-
ophycidae (Rhodophyta). Bot. Mar. 31: 465-490.

Mathieson, A.C. and Z. Guo. 1992. Patterns of fucoid reproductive
biomass allocation. Brit. Phycol. J. 27: 271-292.

Mathieson, A.C., J.W. Shipman, J.R. O’shea and R.C. Hasevlat. 1976.
Seasonal growth and reproduction of estuarine fucoid algae in
New England. J. Exp. Mar. Biol. Ecol. 25: 273-284.

Matsuda, Y., T. Saito, T. Yamaguchi and H. Kawase. 1985. Cell wall
lytic enzyme released by mating gametes of Chlamydomonas
reinhardtii is a metalloprotease and digests the sodium
perchlorate-insoluble component of cell wall. J. Biol. Chem.
260: 6373-6377.

Matsuo, Y., H. Imagawa, M. Nishizawa and Y. Shizuri. 2005. Isolation
of an algal morphogenesis inducer from a marine bacterium.
Science 307: 1598.

Maynard-Smith, J. 1978. The evolution of sex. Cambridge University
Press.

Mazarrasa, I., Y.S. Olsen, E. Mayol, N. Marba and C.M. Duarte. 2013.
Rapid growth of seaweed biotechnology provides opportunities
for developing nations. Nat. Biotechnol. 31: 591-592.

Mazarrasa, I., Y.S. Olsen, E. Mayol, N. Marba and C.M. Duarte.
2014. Global unbalance in seaweed production, research
effort and biotechnology markets. Biotechnol. Adv. 32:
1028-1036.

X. Liu et al.: Seaweed reproductive biology = 105

McCourt, R.M. 1985. Reproductive biomass allocation in three Sar-
gassum species. Oecologia 67: 113-117.

Michod, R.E. 1993. Genetic error, sex, and diploidy. /. Hered. 84:
360-371.

Mikami, K. 2013. Current advances in seaweed transformation.

An Integrated View of the Molecular Recognition and Toxinol-
ogy - From Analytical Procedures to Biomedical Applications
323-347.

Mittag, M., S. Kiaulehn and C.H. Johnson. 2005. The circadian clock
in Chlamydomonas reinhardtii. What is it for? What is it similar
to? Plant Physiol. 137: 399-409.

Mizuta, H., K. Nimura and H. Yamamoto. 1999. Inducible conditions
for sorus formation of the sporophyte discs of Laminaria japon-
ica Areschoug (Phaeophyceae). Fisheries Sci. 65: 104-108.

Mizuta, H., T. Kai, K. Tabuchi and H. Yasui. 2007. Effects of light
quality on the reproduction and morphology of sporophytes
of Laminaria japonica (Phaeophyceae). Aquac. Res. 38:
1323-1329.

Molenaar, F.J. and A.M. Breeman. 1994. Ecotypic variation in
Phyllophora pseudoceranoides (Rhodophyta) ensures winter
reproduction throughout its geographic range. J. Phycol. 30:
392-402.

Molenaar, F.J., A.M. Breeman and L.A.H. Venekamp. 1996. Ecotypic
variation in Cystoclonium purpureum (Rhodophyta) synchro-
nizes life history events in different regions. J. Phycol. 32:
516-525.

Mori, T., H. Kuroiwa, T. Higashiyama and T. Kuroiwa. 2006. GENERA-
TIVE CELL SPECIFIC 1 is essential for angiosperm fertilization.
Nat. Cell Biol. 8: 64-71.

Mori, I.C., Y. Ikeda, T. Matsuura, T. Hirayama and K. Mikami. 2017.
Phytohormones in red seaweeds: a technical review of meth-
ods for analysis and a consideration of genomic data. Bot.
Mar. 60: 153-170.

Miiller D.G. 1967 Generationswechsel, Kernphasenwechsel und
Sexualitdt der Braunalge Ectocarpus siliculosus im Kulturver-
such. Planta 75: 39-54.

Nakamura, Y., N. Sasaki, M. Kobayashi, N. Ojima, M. Yasuike,

Y. Shigenobu, M. Satomi, Y. Fukuma, K. Shiwaku and A.
Tsujimoto. 2013. The first symbiont-free genome sequence of
marine red alga, Susabi-nori (Pyropia yezoensis). PLoS One 8:
e57122.

Niemeck, R.A. and A.C. Mathieson. 1976. An ecological study of
Fucus spiralis L. J. Exp. Mar. Biol. Ecol. 24: 33-48.

Nilsen, G. and @. Nordby. 1975. A sporulation-inhibiting substance
from vegetative thalli of the green alga Ulva mutabilis, Fgyn.
Planta 125: 127-139.

Nimura, K. and H. Mizuta. 2002. Inducible effects of abscisic acid on
sporophyte discs from Laminaria japonica Areschoug (Lami-
nariales, Phaeophyceae). J. Appl. Phycol. 14: 159-163.

Nimura, K., H. Mizuta and H. Yamamoto. 2002. Critical contents of
nitrogen and phosphorus for sorus formation in four Laminaria
species. Bot. Mar. 45: 184-188.

Obeso, J.R. 2002. The costs of reproduction in plants. New Phytol.
155: 321-348.

Oertel, W., T. Wichard and A. Weissgerber. 2015. Transformation of
Ulva mutabilis (Chlorophyta) by vector plasmids integrating
into the genome. J. Phycol. 51: 963-979.

Olischlager, M., C. Ifiiguez, F.J.L. Gordillo and C. Wiencke. 2014.
Biochemical composition of temperate and Arctic popula-
tions of Saccharina latissima after exposure to increased

Unauthenticated
Download Date | 6/2/18 7:27 AM



106 —— X.Liuetal.: Seaweed reproductive biology

pCO2 and temperature reveals ecotypic variation. Planta 240:
1213-1224.

Olsen, J.L., FW. Zechman, G. Hoarau, J. Coyer, W.T. Stam, M. Valero
and P. Aberg. 2010. The phylogeographic architecture of the
fucoid seaweed Ascophyllum nodosum: an intertidal ‘marine
tree’ and survivor of more than one glacial interglacial cycle. J.
Biogeogr. 37: 842-856.

Oza, R.M. 1977. Culture studies on induction of tetraspores and their
subsequent development in the red alga Falkenbergia rufola-
nosa (Harvey) Schmitz. Bot. Mar. 20: 29-32.

Paine, R., C. Slocum and D. Duggins. 1979. Growth and longevity in
the crustose red alga Petrocelis middendorffii. Mar. Biol. 51:
185-192.

Pang, S.J. and K. Liining. 2004. Breaking seasonal limitation: year-
round sporogenesis in the brown alga Laminaria saccharina
by blocking the transport of putative sporulation inhibitors.
Aquaculture 240: 531-541.

Panke-Buisse, K., A.C. Poole, ).K. Goodrich, R.E. Ley and J.
Kao-Kniffin. 2015. Selection on soil microbiomes reveals repro-
ducible impacts on plant function. ISME J. 9: 980-989.

Park, W.-K., G. Yoo, M. Moon, C.W. Kim, Y.-E. Choi and J.-W. Yang.
2013. Phytohormone supplementation significantly increases
growth of Chlamydomonas reinhardtii cultivated for biodiesel
production. Appl. Biochem. Biotechnol. 171: 1128-1142.

Pearson, G.A. and E.A. Serrdo. 2006. Revisiting synchronous gamete
release by fucoid algae in the intertidal zone: fertilization suc-
cess and beyond? Integr. Comp. Biol. 46: 587-597.

Pearson, G.A., E.A. Serrao, M. Dring and R. Schmid. 2004. Blue- and
green-light signals for gamete release in the brown alga, Silve-
tia compressa. Oecologia 138: 193-201.

Pedersen, P.M. 1981. Phaeophyta: life histories. /n: (C.S. Lobban
and M.). Wynne, eds) The biology of seaweeds. University of
California Press. 17: pp. 195-217.

Peters, A.F., D. Scornet, M. Ratin, B. Charrier, A. Monnier, Y.
Merrien, E. Corre, S.M. Coelho and J.M. Cock. 2008. Life-cycle-
generation-specific developmental processes are modified in
the immediate upright mutant of the brown alga Ectocarpus
siliculosus. Development 135: 1503-1512.

Pfister, C.A. 1991. Reproductive plasticity in the kelp Alaria Nana
(Phaeophyceae). J. Phycol. 27: 763-766.

Reznick, D. 1985. Costs of reproduction: an evaluation of the empiri-
cal evidence. Oikos 44: 257-267.

Richerd, S., D. Couvet and M. Valero. 1993. Evolution of the alterna-
tion of haploid and diploid phases in life-cycles. Il. Mainte-
nance of the haplo-diplontic cycle. J. Evol. Biol. 6: 263-280.

Rodriguez, H., M. Haring and C. Beck. 1999. Molecular charac-
terization of two light-induced, gamete-specific genes from
Chlamydomonas reinhardtii that encode hydroxyproline-rich
proteins. Mol. Gen. Genet. 261: 267-274.

Roleda, M.Y. 2016. Stress physiology and reproductive phenology
of Arctic endemic kelp Laminaria solidungula ). Agardh. Polar
Biol. 39:1967-1977.

Sacramento, A.T., P. Garcia-Jiménez, R. Alcazar, A.F. Tiburcio and
R.R. Robaina. 2004a. Influence of polyamines on the sporula-
tion of Grateloupia (Halymeniaceae, Rhodophyta). J. Phycol.
40: 887-894.

Sacramento, V., M. Endler, H.K. Rubinsztejn, L.S. Lima, K. Goncalves,
F.N. Nascimento and G.A. Bueno. 2004b. MoCA: a middleware
for developing collaborative applications for mobile users. /EEE
Distributed Systems Online 5: 2-2.

DE GRUYTER

Sacramento, A.T., P. Garcia-Jiménez and R.R. Robaina. 2007. The
polyamine spermine induces cystocarp development in the
seaweed Grateloupia (Rhodophyta). Plant Growth Regul. 53:
147-154.

Sanbonsuga, Y. and Y. Hasegawa. 1967. Studies on Laminariales
in culture. I. On the formation of zoosporangia on the thalli of
Undaria pinnatifida and Costaria costata in culture. Bull. Hok-
kaido Reg. Fish. Res. Lab. 32: 41-48.

Santelices, B. 1990. Patterns of reproduction, dispersal and recruit-
ment in seaweeds. Oceanogr. Mar. Biol. 28: 177-276.

Santelices, B. 2002. Recent advances in fertilization ecology of
macroalgae. J. Phycol. 38: 4-10.

Santos, R. 1993. Plucking or cutting Gelidium sesquipedale? A
demographic simulation of harvest impact using a population
projection matrix model. Fourteenth International Seaweed
Symposium, Springer.

Schurko, A.M. and J.M. Logsdon. 2008. Using a meiosis detection
toolkit to investigate ancient asexual “scandals” and the evolu-
tion of sex. BioEssays 30: 579-589.

Scott, F.J., R. Wetherbee and G.T. Kraft. 1982. The morphology and
development of some prominently stalked southern Australian
Halymeniaceae (Cryptonemiales, Rhodophyta). |. Cryptone-
mia kallymenioides (Harvey) Kraft comb. nov. and C. undulata
sonder. J. Phycol. 18: 245-257.

Searles, R.B. 1980. The strategy of the red algal life history. Am. Nat.
115:113-120.

Sideman, E.J. and A.C. Mathieson. 1983. The growth, reproductive
phenology, and longevity of non-tide-pool Fucus distichus (L.)
powellin New England. J. Exp. Mar. Biol. Ecol. 68: 111-127.

Skriptsova, A. and E. Titlyanov. 2003. Effect of the meristem on
sporification of Laminaria cichorioides. Russ. J. Mar. Biol. 29:
372-377.

Sletvold, N. and J. Agren. 2015. Climate-dependent costs of repro-
duction: survival and fecundity costs decline with length of
the growing season and summer temperature. Ecol. Lett. 18:
357-364.

Speijer, D., ). Lukes and M. Elias. 2015. Sex is a ubiquitous, ancient,
and inherent attribute of eukaryotic life. Proc. Natl. Acad. Sci.
USA 112: 8827-8834.

Stearns, S.C. 1989. Trade-offs in life-history evolution. Funct. Ecol.
3:259-268.

Stirk, W.A. and J. Van Staden. 2014. Plant growth regulators in
seaweeds: occurrence, regulation and functions. Adv. Bot. Res.
71: 125-159.

Stratmann, J., G. Paputsoglu and W. Oertel. 1996. Differentia-
tion of Ulva Mutabilis (Chlorophyta) gametangia and gamete
release are controlled by extracellular inhibitors. J. Phycol. 32:
1009-1021.

Stuart, M., C. Hurd and M. Brown. 1999. Effects of seasonal growth
rate on morphological variation of Undaria pinnatifida
(Alariaceae, Phaeophyceae). Sixteenth International Seaweed
Symposium, Springer.

Suzuki, R., S. Ota, T. Yamazaki, A. Toyoda, S. Nonaka, C. Matsukura,
K. Kuwano and S. Kawano. 2016. Morphological changes of
giant mitochondria in the unicellular to multicellular phase dur-
ing parthenogenesis of Ulva partita (Ulvophyceae) revealed by
expression of mitochondrial targeting GFP and PEG transforma-
tion. Phycol. Res. 64: 176-184.

Swanson, W.). and V.D. Vacquier. 2002. Reproductive protein evolu-
tion. Annu. Rev. Ecol. Syst. 33: 161-179.

Unauthenticated
Download Date | 6/2/18 7:27 AM



DE GRUYTER

Swanson, W.)., J.E. Aagaard, V.D. Vacquier, M. Monn4, H.S. Al
Hosseini and L. Jovine. 2011. The molecular basis of sex: link-
ing yeast to human. Mol. Biol. Evol. 28: 1963-1966.

Takahashi, F., D. Yamagata, M. Ishikawa, Y. Fukamatsu, Y. Ogura, M.
Kasahara, T. Kiyosue, M. Kikuyama, M. Wada and H. Kataoka.
2007. AUREOCHROME, a photoreceptor required for photomor-
phogenesis in stramenopiles. Proc. Natl. Acad. Sci. USA 104:
19625-19630.

Tanner, C.E. 1981. Chlorophyta: life histories. /n: (C.S. Lobban and
M.). Wynne, eds) The biology of seaweeds. University of Califor-
nia Press. 17: pp. 218-247.

Tarakhovskaya, E., Y.I. Maslov and M. Shishova. 2007. Phytohor-
mones in algae. Russ. J. Plant Physiol. 54: 163-170.

Theiss, C., P. Bohley and J. Voigt. 2002. Regulation by polyamines of
ornithine decarboxylase activity and cell division in the unicel-
lular green alga Chlamydomonas reinhardtii. Plant Physiol.
128: 1470-1479.

Thornber, C.S. 2006. Functional properties of the isomorphic bipha-
sic algal life cycle. Integr. Comp. Biol. 46: 605-614.

Uji, T., H. Mizuta and N. Saga. 2013. Characterization of the sporo-
phyte-preferential gene promoter from the red alga Porphyra
yezoensis using transient gene expression. Mar. Biotechnol. 15:
188-196.

Valero, M., S. Richerd, V. Perrot and C. Destombe. 1992. Evolution of
alternation of haploid and diploid phases in life cycles. Trends
Ecol. Evol. 7: 25-29.

van Noordwijk, A.J. and G. de Jong. 1986. Acquisition and allocation
of resources: their influence on variation in life history tactics.
Amer. Nat. 128: 137-142.

Vesty, E.F., R.W. Kessler, T. Wichard and J.C. Coates. 2015. Regula-
tion of gametogenesis and zoosporogenesis in Ulva linza
(Chlorophyta): comparison with Ulva mutabilis and potential
for laboratory culture. Front. Plant Sci. 6: 15.

Vieira, V. and R.0.P. Santos. 2010. Demographic mechanisms deter-
mining the dynamics of the relative abundance of phases in
biphasic life cycles. J. Phycol. 46: 1128-1137.

von Euler, T., J. Agren and ). Ehrlén. 2012. Floral display and habitat
quality affect cost of reproduction in Primula farinosa. Oikos
121: 1400-1407.

Wang, W.J., F.J. Wang, X.T. Sun, F.L. Liu and Z.R. Liang. 2013. Com-
parison of transcriptome under red and blue light culture of
Saccharina japonica (Phaeophyceae). Planta 237: 1123-1133.

West, J.A. and M.H. Hommersand. 1981. Rhodophyta: life histories.
In: (C.S. Lobban and M.). Wynne, eds) The biology of seaweeds.
University of California Press. 17: pp. 133-193.

Wichard, T. and W. Oertel. 2010. Gametogenesis and gamete release
of Ulva mutabilis and Ulva lactuca (Chlorophyta): regulatory
effects and chemical characterization of the “swarming inhibi-
tor”. J. Phycol. 46: 248-259.

Wichard, T., B. Charrier, F. Mineur, J.H. Bothwell, O. De Clerck and
J.C. Coates. 2015. The green seaweed Ulva: a model system to
study morphogenesis. Front. Plant Sci. 6: 72.

Williams, G.C. 1966a. Adaptation and natural selection: a critique of
some current evolutionary thought. Princeton University Press.

Williams, G.C. 1966b. Natural selection, the costs of reproduc-
tion, and a refinement of Lack’s principle. Amer. Nat. 100:
687-690.

X. Liu et al.: Seaweed reproductive biology = 107

Wilson, N.F., J.S. O’Connell, M. Lu and W.J. Snell. 1999. Flagellar
adhesion between mt* and mt- Chlamydomonas gametes
regulates phosphorylation of the mt*- specific homeodomain
protein GSP1. J. Biol. Chem. 274: 34383-34388.

Wong, J.L. and M.A. Johnson. 2010. Is HAP2-GCS1 an ancestral gam-
ete fusogen? Trends Cell Biol. 20: 134-141.

Worden, A.Z., ).-H. Lee, T. Mock, P. Rouzé, M.P. Simmons, A.L. Aerts,
A.E. Allen, M.L. Cuvelier, E. Derelle and M.V. Everett. 2009.
Green evolution and dynamic adaptations revealed by genomes
of the marine picoeukaryotes Micromonas. Science 324:
268-272.

Wynne, M.). and S. Loiseaux. 1976. Recent advances in life history
studies of the Phaeophyta. Phycologia 15: 435-452.

Ye, N.H., X.W. Zhang, M. Miao, X. Fan, Y. Zheng, D. Xu, J. Wang, L.
Zhou, D. Wang, Y. Gao, Y. Wang, W. Shi, P. Ji, D. Li, Z. Guan, C.
Shao, Z. Zhuang, Z. Gao, J. Qi and F. Zhao. 2015. Saccharina
genomes provide novel insight into kelp biology. Nat. Commun.
6: 6986.

Yoshida, K., E. Igarashi, E. Wakatsuki, K. Miyamoto and K. Hirata.
2004. Mitigation of osmotic and salt stresses by abscisic acid
through reduction of stress-derived oxidative damage in Chla-
mydomonas reinhardtii. Plant Sci. 167: 1335-1341.

Zhao, H., M. Lu, R. Singh and W.J. Snell. 2001. Ectopic expression of
a Chlamydomonas mt+-specific homeodomain protein in mt—
gametes initiates zygote development without gamete fusion.
Genes Dev. 15: 2767-2777.

Zou, D., K. Gao and Z. Ruan. 2006. Seasonal pattern of reproduction
of Hizikia fusiformis (Sargassaceae, Phaeophyta) from Nanao
Island, Shantou, China. J. Appl. Phycol. 18: 195-201.

Supplemental Material: The online version of this article
(DOI: 10.1515/bot-2016-0091) offers supplementary material,
available to authorized users.

Bionotes

Xiaojie Liu

Phycology Research Group, Biology
Department, Ghent University, Krijgslaan
281/S8, 9000 Ghent, Belgium

Xiaojie Liu is currently a PhD student at Ghent University. He
received his master’s degree from the Institute of Oceanology,
Chinese Academy of Sciences, focusing on the interaction between
Ulva and its associated bacteria. He started his PhD in October 2015.
His research focuses on the genetics governing gametogenesis in
Ulva mutabilis. In addition, he is constructing a genetic map of Ulva.
A combination of bioinformatics and molecular biology are his main
research tools.

Unauthenticated
Download Date | 6/2/18 7:27 AM



108 —— X.Liu et al.: Seaweed reproductive biology

Kenny Bogaert

Phycology Research Group, Biology
Department, Ghent University, Krijgslaan
281/S8, 9000 Ghent, Belgium; and
Department of Chemistry, B6c, University of
Liege, Liege, Belgium

Kenny Bogaert is currently a postdoctoral researcher at the Univer-
sity of Liége. He received his PhD in Biology from the Ghent Univer-
sity in 2015 for work on the early development of Dictyota dichotoma
focusing on transcriptomics and its cell polarization. He also has
conducted research on the abiotic factors controlling fertility of
Dictyota dichotoma and on Fucus zygote photopolarization. After
focusing for a time on the metabarcoding of deep-see eukaryotes,
he is contributing to the application of surprisal analysis in tran-
scriptomics. Presently his postdoctoral research is focusing again
on the development of macroalgae (i.e. Dictyota spp.).

Aschwin H. Engelen

Marine Ecology and Evolution Research
Group, Centro de Ciencias do Mar,
Universidade do Algarve, Faro, Portugal

Aschwin H. Engelen is a postdoctoral member of the Marine Ecology
and Evolution research group of the Centre of Marine Sciences
(CCMAR), Portugal. His research is directed towards the (molecular)
ecology of marine benthic, habitat-forming organisms, especially
seaweeds and seagrasses within a global change context. Espe-
cially, foundation species are used as model organisms to provide
new insights into their adaptation and acclimation to global change
in the marine realm. Seaweeds are studied across their distribution
to provide genetic insights on global change effects from the past to
better understand the implications for the future. Invasive species
and climate change, in the form of elevated temperatures and ocean
acidification, are studied. Over the last years, his research focus has
shifted towards holobiont perspectives on marine ecology. There-
fore, a large part of his time is directed towards the composition and
function of host-associated microbial communities and their interac-
tions using NGS.

Frederik Leliaert

Phycology Research Group, Biology
Department, Ghent University, Krijgslaan
281/58, 9000 Ghent, Belgium; Botanic
Garden Meise, Nieuwelaan 38, Meise,
Belgium

Frederik Leliaert is research director at the Botanic Garden Meise
and visiting professor at Ghent University. He uses molecular, mor-
phological, ecological and geographic data to resolve phylogenetic
relationships, test species boundaries, and to explore the biogeo-
graphical history of marine macroalgae.

DE GRUYTER

Michael Y. Roleda
Norwegian Institute of Bioeconomy
Research, Bodg, Norway

Michael Y. Roleda obtained his Dr. rer. nat. from the University of
Bremen in Germany. He is currently a senior researcher at the Nor-
wegian Institute of Bioeconomy Research based in Bodg, Norway.
His fields of research include algal stress physiology and global
climate change impacts, carbon physiology, phenology, reproduc-
tive biology and life cycles, photobiology, and cultivation. His
current applied research collaborations include using seaweed for
food, feed, biofuel, and bio-packaging applications.

Olivier De Clerck

Phycology Research Group, Biology
Department, Ghent University, Krijgslaan
281/S8, 9000 Ghent, Belgium,
olivier.declerck@ugent.be

Olivier De Clerck is an associate professor at Ghent University
(Belgium), specializing in diversity, distribution and genetics of
marine seaweeds. In his research he addresses questions ranging
purely from descriptive taxonomic studies, over invasive species
biology to ecological studies forecasting the distribution of species
in relation to environmental changes. Much of his work is centered
on genetic data which are used for species identification, recon-
struction of evolutionary relationships and understanding range
dynamics over long periods of time.

Unauthenticated
Download Date | 6/2/18 7:27 AM



