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Chapter 1

Abstract

Brown  algae  are  an  extremely  interesting,  but  surprisingly  poorly  explored,  group  of

organisms. They are one of only five eukaryotic lineages to have independently evolved

complex  multicellularity,  which  they  express  through  a  wide  variety  of  morphologies

ranging  from  uniseriate  branched  filaments  to  complex  parenchymatous  thalli  with

multiple cell types. Despite their very distinct evolutionary history, brown algae and land

plants share a striking amount of developmental features.  This has led to an interest  in

several aspects of brown algal development, including embryogenesis, polarity, cell cycle,

asymmetric  cell  division and a  putative  role  for plant  hormone  signalling.  This  review

describes  how  investigations  using  brown  algal  models  have  helped  to  increase  our

understanding  of  the  processes  controlling  early  embryo  development,  in  particular

polarization, axis formation and asymmetric cell division. Additionally, the diversity of life

cycles  in  the  brown  lineage  and  the  emergence  of  Ectocarpus as  a  powerful  model

organism,  are  affording  interesting  insights  on  the  molecular  mechanisms  underlying

haploid-diploid life cycles. The use of these and other emerging brown algal models will

undoubtedly  add  to  our  knowledge  on  the  mechanisms  that  regulate  development  in

multicellular photosynthetic organisms.

1. Introducing brown algae

Brown algae are a class of almost exclusively marine multicellular photosynthetic eukaryotes.

They occupy most of temperate, (sub)tropical and polar coasts. Many grow in the intertidal

and are subject to frequent changes, because they are not emersed at low tide and exposed to

desiccation and osmotic stress due to rain and evaporation.  The brown algae are a group of

photosynthetic organisms or ‘plant systems’ belonging to the Heterokonts (Figure 1) (van den

Hoek et al., 1995). Heterokonts are an extremely diverse kingdom that includes photosynthetic

as well as non-photosynthetic protists classified in 17 classes, including diatoms, chrysophytes

(golden algae) and xanthophytes (yellow-green algae), but also oomycetes or water molds, a

group of pseudo-fungi many of which are notorious plant parasites such as  Phytophtora and

Phytium causing late blight of potato and seed rot, respectively (Andersen, 2004; Riisberg et al.,

2009).  Photosynthetic  heterokonts  have  characteristic  chlorophyll  c-containing  plastids

surrounded by 4 membranes and thylakoids grouped in stacks  of  three  (Andersen,  2004).

Chloroplast multi-gene trees established that heterokonts and other chlorophyll c-containing

algae  have  acquired  their  plastids  by  secondary  endosymbiotic  events  involving  a
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heterotrophic  eukaryote  and a red alga or Hacrobia member  (Khan et al.,  2007;  Sanchez-

Puerta and Delwiche,  2007;  Wang et al.,  2008; Archibald,  2009;  Le Corguillé  et  al.,  2009;

Janouskovec et al.,  2010). The relationships among chlorophyll  c-containing organisms and

whether these acquired their secondary plastids independently or from a common ancestor

remain  uncertain  (Cavalier-smith,  1999;  Hallmann  and  Rappel,  1999;  Yoon  et  al.,  2002;

Delwiche, 2007; Baurain et al., 2010; Janouskovec et al., 2010).

Interestingly, brown algae are one of only five groups of eukaryotes that acquired complex

multicellularity,  the  others  being  red  algae  (Rhodophyta),  green  algae  (Chloroplastida,

including the land plants),  animals (Metazoa)  and fungi  (Fungi).  Being Heterokonts brown

3

Figure 1. Relationships between major eukaryotic lineages (after  (Kawai et al.,  2003; Burki et al.,  2007;

Patron et al., 2007; Burki et al., 2008; Archibald, 2009; Elias and Archibald, 2009; Riisberg et al., 2009;

Brown  and  Sorhannus,  2010;  Koonin,  2010))  indicating  photosynthetic  lineages  and  complex

multicellularity. Endosymbiotic gene transfer is indicated with gray rectangles specifying the nature of the

organelle donor (cyano = cyanobacterium, Red = Rhodophyta, Green = Viridiplantae, CCTH = Hacrobia).

Dashed  lines,  and  question  marks  refer  to  controversial  phylogenetic  relationships  among  the

hypothesized  “supergroups”.  Unresolved  relationships  are  indicated  as  polytomies.  Clades  containing

photosynthetic eukaryotes are marked with capitals. Lineages containing parenchymatous photosynthetic

organisms are marked by an asterisk; 1°, Primary endosymbiosis; 2°, secondary endosymbiosis; 3°, tertiary

endosymbiosis;  PD,  multicellularity by means  of  plasmodesmata  (Phaeophyceae  &  Viridiplantae);  PC,

multicellularity by means of pit connections (Rhodophyta). Branch lengths are not proportional to time.
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algae share a common ancestor with land plants well over 1,500 million years ago  (Yoon et al.,

2004). A genomic repertoire distinct from land plants is the result of this long independent

evolution, only occasionally disturbed by horizontal and endosymbiotic gene transfer  (Elias

and Archibald, 2009; Green, 2011).  Remarkably, and despite of their evolutionary distance,

brown  algae  and  land  plants  share  many common  developmental  features:  (i)  Following

mitosis,  daughter cells remain attached to each other, producing a multicellular body plan

often showing a considerable amount of cell differentiation. (ii) Cells remain embedded in a

rigid  extracellular  matrix  which  contains  cellulose  fibrils.  (iii)  Individual  cells  maintain

cytoplasmic continuity through the formation of plasmodesmata. (iv) In general, both land

plants  as  well  as  brown  algae  use  an  open-growth  strategy  in  which  a  potential  infinite

sequence of new organs is produced by meristematic cells. (v)  Some lineages have evolved

meristems that are able to divide in three dimensions with daughter cells establishing also

secondary cytoplasmic continuity with their direct neighbours  (parenchymatous tissues). (vi)

Multicellular development relays on positional control and clear cell lineages are absent. (vii)

Unlike  animals,  totipotency or the  ability to dedifferentiate  upon isolation  is  frequent.  In

contrast, other cell biological features such as the absence of a preprophase band, the presence

of centrioles (Nagasato et al., 1999), production of eicosanoid oxylipins (Ritter et al., 2008) set

them clearly apart from land plants and are more reminiscent of fungal and animal cells. 

Brown algae contain about 1800 species belonging to 285 genera, all of which are multicellular

(Silberfeld et al., 2010) (Figure 2). Phaeophyceae are a sister group of the Schizocladiophyceae

(Kawai et al.,  2003). The latter is a monotypic lineage that shares many characteristics with

brown algae,  but  differs  by the  absence  of  plasmodesmata connecting  neighbouring cells

(Kawai  et  al.,  2003).  The  latter  is  considered  significant  with  regard  to  the  evolution  of

complex multicellularity. Intercellular connections, enabling transport of photosynthates and

signaling  molecules,  are  crucial  in  the  development  of  a  multicellular,  morphologically

differentiated  thallus.  The  most  recent  calibrated  phylogenies  indicate  that  the

Schizocladiophyceae and Phaeophyceae diverged in the lower Jurassic, ca. 190 mya  (Brown

and  Sorhannus,  2010).  Subsequent  diversification  of  the  Phaeophyceae  in  the  Cretaceous

resulted in a bewildering diversity of thallus morphologies, life cycles and sexual strategies

(Bell, 1997; Graham and Vásquez, 2007; de Reviers et al., 2007).

The size of the thallus varies dramatically among species. The sporophytes of kelp species,

large brown algae belonging to the order Laminariales, may attain sizes of up to 60 m and

grow as fast as half a meter per day (van den Hoek et al., 1995; Graham and Vásquez, 2007).

They are able to translocate photosynthates, nitrogen and phosphorous across all parts of the

plant using differentiated cells, trumpet hyphae, resembling sieve tubes in land plants (Parker,

1965; Parker and Huber, 1965). Other brown algae are small epi- or endophytes that are rarely
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to be noticed with the naked eye  (Burkhardt and Peters, 1998; Peters and Burkhardt, 1998).

Thallus  complexity  varies  from  uniseriate,  branched  filaments  with  diffuse  growth  over

filamentous  thalli  with  localized  meristematic  zones  or  filaments  uniting  to  form  a

pseudoparenchyme,  to  complex  thalli  whereby a  single  or  a  group  of  meristematic  cells

divides  in  three  dimensions  and  the  produced  daughter  cells  establish  also  secondary

symplastic continuity with their direct neighbours to produce parenchymatous tissue (Niklas,

2000). 

In this review we will focus on how brown algal models can be attractive and powerful systems

that  will  offer  a  wider  phylogenetic  perspective  of  the  underlying  processes  controlling

development. The similarities in development between brown algae and land plants and the

advantages of brown algae in terms of manipulation for a number of experimental protocols

have led researchers to use fucoids,  such as  Fucus and  Silvetia  (formerly called  Pelvetia),  as

general models for a number of mechanisms such as embryogenesis, polarity and asymmetric

cell division  (Coelho et al.,  2002; Bisgrove, 2007b;  Coelho et al.,  2008; Peters et al.,  2008;

5

Figure  2.  Schematic  representation  of  brown  algal  diversity  based  on  phylogenies  by  Kawai  et  al.

(2007) and Silberfeld et al.  (2010).  Branch lengths are roughly proportional  to time based on a time-

calibrated phylogeny by Silberfeld et al.  (2010). Blue branches denote branches grouping the SSDO and

BACR-clade. Gamete dimorphism, type of life history and thallus structure are indicated for the most

important brown algal orders. Definitions of thallus structure follow Niklas  (Niklas, 2000; Bartsch et al.,

2008) other character states are gleaned from Silberfeld et al. (2010).
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Hable and Hart, 2010). Additionally, the diversity of life cycles among brown alga, and the

particularly  complex  haploid-diploid  life  cycle  of  Ectocarpus has  drawn  the  interest  of

evolutionary ecologists as well as functional biologists (Bell, 1997; Coelho et al., 2007; Coelho

et al., 2011). 

In recent years, following the selection of Ectocarpus as a model for the brown algae (Peters et

al., 2008), a considerable effort was invested in the development of genomic and genetic tools

for this organism. The most important of these was the assembly and analysis of the complete

214 Mbp genome sequence  (Cock et al., 2010), together with the development of a range of

molecular tools including whole genome tiling arrays, deep sequencing of small RNAs, mutant

screens  (Peters et al.,  2008), microarray analysis of gene expression  (Dittami et al., 2009), a

sequence-tagged genetic map (Heesch et al., 2010), stramenopile-adapted bioinformatic tools

(Gschloessl  et  al.,  2008),  proteomics  (Ritter et  al.,  2010) and metabolomic methodologies.

Finally, we also address the question of whether plant hormones, such as auxin, are involved

in  the  growth  and development  of  brown algae.  The  latter question  has  been raised  and

addressed several times in the past (Lau et al., 2009), but despite numerous reports indicating

the  presence  of  plant  hormones  in  brown  algae  the  effects  on  development  remain

controversial.

2. Life cycle and development 

Sexual life cycles in the eukaryotes involve a cyclic alternation between diploid and haploid

generations with meiosis mediating the transition from the diploid to the haploid state and

cell  fusion (syngamy) reconstituting a diploid genome.  Brown algae are  highly interesting

models for studies on the life cycles not only because of their evolutionary distance from

other eukaryotic lineages but also because they exhibit a broad variety of life cycles, ranging

from isomorphic  haploid-diploid  life  cycles,  in  which  both  gametophyte  and sporophyte

generations exhibit multicellular development, to diploid life cycles, where only the diploid

generation of the life cycle is multicellular (reviewed in (Coelho et al., 2007)).

The  ancestral  brown  algal  sexual  life  cycle  most  likely  involved  alternation  between  two

isomorphic  generations:  the  diploid sporophyte  and the haploid gametophyte  (Cho et  al.,

2004; Kawai et al., 2007). However, many deviations from this situation are found in extant

brown algae, which have independently evolved a remarkably fluid range of life cycles, usually

involving morphological differentiation and reduction of one of the two generations (Figure
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7

Figure 3. Schematic representation of brown algal life cycles. Diploid and haploid stages are marked by

white and black arrows, respectively. (A) Fucales are characterized by a diplontic life cycle. Meiosis in the

reproductive tissue is immediately followed by gametogenesis and syngamy producing a diploid zygote

(Evans  et  al.,  1982).  (B-D)  Most  brown  algae  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) (B,  Dictyota dichotoma)  (De Clerck, 2003), or one of both phases may develop differently

(heteromorphic)  with  either  the  gametophyte  (C,  Laminaria  digitata)  (Bartsch  et  al.,  2008) or  the

sporophyte  (D,  Scytosiphon  lomentaria)  (Parente  and  Neto,  2003) being  microscopic.  (E)  Simplified

diplohaplontic life cycle of Ectocarpus siliculosus (Peters et al., 2008; Bothwell et al., 2010). Meiosis (a) takes

place in the sporophyte (diploid) to produce haploid spores. First cell division in germinating spores is

asymmetric (b) and they grow into multicellular gametophytes. Gametophytes produce morphologically

identical but physiologically differentiated male and female gametes (c),  which fuse to form a zygote.

After a symmetric first cell division (d) the zygote grows into a diploid sporophyte. Alternatively, gametes

that do not meet a partner of opposite sex grow parthenogenically into diploid parthenosporophytes by

means of parthenogenesis combined with endoreduplication (e) or in a haploid parthenosporophyte (f).

The latter produce meiospores via a nonreductive apomeiotic event (g). Loops connecting a generation

with  itself  denote  asexual  reproduction  mediated  by  vegetative  reproduction  (e.g.  fragmentation,

propagule formation) (A, B)  (De Clerck, 2003; Tatarenkov et al., 2005), the formation of asexual spores

(mitospores)  (B,  E)  (Hwang  et  al.,  2005;  Bothwell  et  al.,  2010) or  parthenogenetic  development  of

unfertilized gametes (D) (Parente and Neto, 2003). 
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3).  For  instance,  in  the  kelps  the  gametophyte  generation  is  reduced  but  still  develops

independently  of  the  sporophyte.  In  the  Fucoids,  the  gametophyte  generation  has  been

completely lost, producing a diploid life cycle. Variations in life cycle structure can even be

seen within a single order, as demonstrated by the Ectocarpales in which some families have

life  cycles  with  isomorphic  generations  (the  Acinetosporaceae)  and  other  families  have

strongly  heteromorphic  generations,  with  either  the  gametophyte  (Chordariaceae,

Adenocystaceae) or the sporophyte (Scytosiphonaceae) generation being microscopic  (Peters

and Ramirez, 2001). 

Gametes  of brown algae may be of  equal  size (isogamous),  unequal  size (anisogamous)  or

differentiated  into  female  eggs  and  male  sperm  cells.  Isogamy  most  likely  presents  the

ancestral condition (Cho et al., 2004) and several lineages have evolved independently towards

anisogamous  and  oogamous  sexual  strategies.  Interestingly,  the  life  history of  the  model

brown alga Ectocarpus involves alternation between two morphologically distinct, sporophyte

and gametophyte generations, both free living and macroscopic (Figure 3). In addition to this

sexual  cycle,  an  asexual  cycle  presents  evidence  of  the  extraordinary  reproductive  and

developmental plasticity of Ectocarpus. Gametes that do not meet a partner of the opposite sex

can  still  germinate  parthenogenetically  to  produce  haploid  parthenosporophytes,  a

proportion  of  which  will  endoreduplicate  to  produce  homozygous  diploid

parthenosporophytes (Bothwell et al., 2010). Of particular significance is the fact that haploid

or endoreduplicated parthenosporophytes and diploid heterozygous sporophytes (produced

from  a  zygote)  are  morphologically  indistinguishable,  and  no  obvious  correlation  exists

between ploidy level and cell volume. This is in contrast to what is typically described for most

land plants where the level of ploidy is closely associated with the size of cells ( John and Qi,

2008). 

Gametophyte and sporophyte generations in Ectocarpus develop independently of the parent

organism  from  a  single  progenitor  cell that  is  released  into  the  surrounding  sea  water.

Remarkably, the morphological dissimilarity between generations is already discernible at the

first cell division, which is asymmetrical in the gametophyte ( just as in fucoids, producing a

rhizoid cell and a “thallus” cell) as opposed to symmetrical in the sporophyte  (Peters et al.,

2008). It would be tempting to speculate that the pattern of this first cell division is linked to

the developmental fate as a sporophyte or as a gametophyte. Mutant studies suggest that this

may not be the case: the sporophyte generation of the Ectocarpus life cycle mutant immediate

upright exhibits an asymmetrical first cell division (typical of a gametophyte) yet still develops

into a fully functional sporophyte (Peters et al., 2008).  

What are the biological functions of the two heteromorphic generations in haploid–diploid
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life  cycles?  Possible  advantages  of  possessing  distinct  gametophyte  and  sporophyte

developmental patterns include allowing the two generations to exploit alternative ecological

niches or to avoid biotic aggressors due to differential susceptibility. Interestingly, the degree

of morphological dissimilarity between the generations is highly variable between ecotypes,

although  a  relationship  between  the  degree  of  dissimilarity  and  the  homogeneity of  the

environment, in terms of niche or pathogen prevalence, remains to be demonstrated. 

How are  the sporophyte  and gametophyte  developmental  programs coordinated  with the

alternation between meiosis  and syngamy? Molecular approaches using established model

systems with haploid-diploid life cycles such as Arabidopsis would be expected to shed light on

this matter. From a practical point of view, however, identification of genes that synchronize

sporophyte/gametophyte development with life cycle progression can be hampered by the

fact  that  mutations  in  such  genes  would  most  probably induce  gametophyte  or  embryo

lethality. In theory, though, a mutation in a gene that regulates the transition between the two

generations  could  also  lead  to  the  development  of  the  “wrong” generation  (for example,

production of a gametophyte where a sporophyte would be expected). Redirection from a

gametophyte  to  a  sporophyte  developmental  program  occurs  during  androgenesis  and

gynogenesis in land plants but the molecular mechanisms that regulate these processes have

not  yet  been  accessed  genetically.  Ectocarpus,  therefore,  represents  a  promising system  to

search  for  mutations  that  affect  the  switch  between  the  sporophyte  and  gametophyte

generations. 

In the brown algae, the relationship between ploidy and the alternation of generations during

the  life  cycle  is  not  absolute,  and  the  “classic”  idea  that  gametophytes  are  haploid  and

sporophytes  are  diploid  is  not  strictly  applicable  to  these  organisms.  In  Ectocarpus,  both

gametophytes and sporophytes can be haploid or diploid, showing that nuclear ploidy and life

cycle  generation  are  uncoupled  (Müller,  1967).  Therefore,  the  “choice”  to  deploy  the

gametophyte or the sporophyte developmental program is not determined by the ploidy of

the initial cell but rather is under genetic control. Two single-locus mutations supporting this

interpretation have recently been isolated in  Ectocarpus.  These mutations cause partial and

complete  conversion,  respectively,  of  the  sporophyte  into  a  gametophyte  developmental

program  (Peters  et  al.,  2008;  Coelho  et  al.,  2011).  The  identification  of  these  two  master

regulatory genes responsible for the switch between life cycle generations will surely add to

our knowledge on how development is controlled at the level of the whole organism. 

9
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3. Cell polarization and asymmetric cell 

division

Asymmetric cell division (ACD) is a nearly universal key mechanism that generates cellular

diversity  in  complex  multicellular  systems.  Because  of  its  importance,  the  mechanisms

involved in ACD have been investigated in a wide range of model systems. Cell polarity, the

asymmetrical distribution of organelles, is a fundamental prerequisite for ACD, and it enables

tip growth  (Cheung and Wu, 2008),  lobe formation  (Xu et al.,  2010),  polar diffuse growth

(Szymanski, 2009), localized secretion  (Young et al., 2008), cell motility (Li et al., 2008) and

polar transport of morphogens such as auxins (Dhonukshe et al., 2008). During polarization a

cell acquires a polarisation vector (Box 1).  

Zygotes of brown algae have served as practical model systems for cell polarization and ACD,

a cell division which produces two or more daughter cells with different cell fates, since the

late 19th century (e.g. (Rosenvinge, 1889; Farmer et al., 1898)). In particular, zygotes of Fucus and

Silvetia  have proved to be  tractable cell  biological  models  with important advantages  over

angiosperm systems. Studies on the establishment of polarity in angiosperms are technically

challenging because asymmetrically dividing cells are often embedded in the mother tissue or

surrounding cells (e.g. the zygote and lateral root initiation respectively) and polarity is often

predetermined (e.g. pollen tubes).  Fucoid eggs, conversely, are released in the surrounding

seawater as  radial  symmetric  spheres.  Polarity is  established  after fertilization  and can be

manipulated by external  cues.  Development of embryos is  highly synchronous,  facilitating

pharmacological treatments, cell cycle and biochemical studies (Corellou et al., 2000a). These

characteristics have enabled researchers to manipulate the polarization axis according to the

needs of the experimental set-up. In addition, zygotes of oogamous brown algae are relatively

large (50-100 µm) making it relatively easy to visualize the internal cytological organization

and making them amenable  to micromanipulation (micro-injection,  patch-clamping).  The

released eggs provide a “natural” system to study synchronous cell  wall  differentiation,  in

contrast to protoplast in land plants which are produced using potentially deleterious agents

such as lytic enzymes. Finally, in vitro cultured zygotes maintain their polarity, while most of

the cells  from multicellular plants  dedifferentiate  and lose  their original  polarization  axis

upon isolation and in vitro culture (Yang, 2008). 

The  historic  use  of  fucoid  reproduction  and  early  development  as  a  model  system  has

provided a number of crucial findings. In fucoid zygotes it has been clear for decades that

ACD is dependent on both internal and external factors (Kropf, 1992). Fucoid zygotes, being

10



Chapter 1

able to sense a whole range of environmental gradients

and  polarize  accordingly,  have  put  the  concept  of

multiple polarization signals at the forefront  (Paciorek

and  Bergmann,  2010).  The  widespread  and

fundamental role of free cytoplasmic calcium (Ca2+cyt)

gradients (Brownlee and Wood, 1986; Hepler, 2005), the

cytoskeleton  (Kropf, 1994;  Bisgrove,  2007b),  and their

interplay in the establishment of cell polarization, tip

growth  and  fate  determination  in  plant  systems

resulted to a considerable extent from insights gained

on fucoid zygotes. The same applies to the importance

of  the  plasma  membrane  (Fowler  and  Quatrano,

1997) and targeted secretion to the cell wall  (Berger et

al.,  1994;  Belanger and Quatrano,  2000).  Additionally

the fucoid zygotes were the first plant systems to show

the  importance  of  increases  in  free  Ca2+cyt  and

membrane depolarization in egg activation (reviewed

in Colin Brownlee, 1994; Dumas & Gaude, 2006).

ACDs are traditionally divided in two categories each

using a different mechanism (Knoblich, 2001; Knoblich,

2008). The first mechanism involves the asymmetrical

distribution  of  fate  determinants  according  to  a

polarization  axis  established  prior  or  during  cell

division.  Subsequently,  orientation  of  the  mitotic

spindle  in  parallel  with  the  polarization  axis  ensures

that  one  daughter  cell  will  inherit  most  of  the

determinants. Because the cell fate is controlled by cell

fate  determinants  within  the  cytoplasm,  this  mechanism  is  called  'intrinsic'  or  'cell-

autonomous'.  The  second  mechanism,  in  contrast,  involves  a  cell  producing  two  initially

identical daughter cells, which differentiate via positional signalling. Because cell fate in the

latter scenario is controlled by external sources, the mechanism is termed 'extrinsic' or 'non-

cell-autonomous'. 

The polarization mechanism and ACD in the fucoid zygote has shown that both intrinsic and

extrinsic cues can operate simultaneously (Kropf, 1992) (Figure 4). After fertilization, if there

are no detectable environmental cues, the sperm entry site will determine the axis of polarity

(Knapp,  1932;  Hable  and  Kropf,  2000).  However,  the  zygote  remains  responsive  to  an

11

Box  1.  Polarization  as  the

establishment  of  a  polarity  vector.

Polarizing cells,  such  as  Fucus  zygotes,

determine  which  side  of  the  cell  is

predestined for a  certain  cell  function

or  cell  fate.  The  moment  a  cellular

asymmetry  of  intrinsic  factors  is

established  (eg.  cGMP,  F-actin,  Ca2+

gradient,...),  the  cell  has  acquired

simultaneously both  direction and  sense

of a polarization vector. In this study we

will use 'direction' to denote with which

line   the  vector  is  parallel,  while  the

'sense' denotes the order of  the points

connected by the line. In some contexts,

also the magnitude of the vector may be

a term of physiological  relevance.  The

'magnitude'  of  a  vector  denotes  the

length. 

Schematic  representation  of  a  vector

with sense, direction and its magnitude.
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impressive  range  of  environmental  cues  (blue  light,  gravity,  ionic,  electrical  and  osmotic

gradients, presence of neighbouring zygotes, etc) until the polarization axis is fixed about 15-18

hours after fertilization (Hurd, 1920; Bentrup et al., 1967; Bentrup and Jaffe, 1968; Novak and

Bentrup, 1973; Love et al., 1997; Sun et al., 2004). The cell will preferentially polarize according

to these environmental cues and consequently its mRNA (Bouget et al.,  1995; Bouget et al.,

1996), endomembrane system (Hadley et al., 2006), sulfated fucans in the cell wall (Shaw and

Quatrano,  1996),  dihydropyridine  receptors  (presumably  calcium  channels)  (Berger  and

Brownlee, 1993; Shaw and Quatrano, 1996) and vitronectine (Wagner et al., 1992) will become

asymmetrically  distributed.  These  asymmetries  are  established  before  cell  division  and

therefore  represent  intrinsic  control  over ACD which  produces  two daughter cells  with  a

different fate (one rhizoid cell and one thallus cell). 
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Figure 4. Schematic overview of a working model of photopolarizaton and asymmetric cell division in

fucoid zygotes. (A) Following fertilization the sperm pronucleus migrates towards the egg pronucleus. At

the site of sperm entry, an F-actin/Arp2/3 patch is established and marks the default rhizoid pole. The

microtubular cytoskeleton is mainly nucleated at the level of the nuclear envelope. (B) A couple of hours

after fertilization the zygote secretes a uniform adhesive and attaches to the substrate. The cell becomes

sensitive to the direction of the light. Rhodopsin-like receptors perceive the direction of the incoming

light and establish a cGMP gradient decreasing from the thallus towards the rhizoid pole. In the meantime

karyogamy has  taken  place  and  the  centriole  pair  is  deposited  near  the  nuclear enveloppe.  (C)  The

centrioles  migrate  towards  two  opposite  poles  independently  of  the  future  polarization  axis  (dotted

arrow).  A new F-actin patch is established at the shaded side of the zygote.  Putative calcium channels

(DHP-R, dihidropyridine receptors) accumulate progressively at the rhizoid pole. A calcium gradient is

established  decreasing  from  the  future  rhizoid  pole  towards  the  thallus  pole.  (D)  Concurrently,  the

endomembrane system becomes asymmetrically distributed at the rhizoid pole and a polar secondary

adhesive  is  deposited  in  addition  to  the  uniform  primary  one.  Also  the  cortical  and  cytoplasmic

microtubular cytoskeleton become polarly distributed at the rhizoid pole early in the polarization process.

The centrioles have arrived at opposite poles and the two centrosomes have become the most prominent

nucleating centers of the cell. (E) During the polarization process the F-actin patch expands to form a cone

extending from the cortex at the rhizoid pole towards the nucleus. Targetted secretion towards the rhizoid

pole establishes the ASC ('axis stabilizing complex'). Among others a highly sulfated fucan (F2) is secreted

at the rhizoid pole. (F) Following F2 localization tip growth starts. Microtubules that get stabilized at the

level of the ASC result in an asymmetry in the microtubular distribution which is thought to generate the

force for the nuclear rotation which aligns the centrosomal axis with the polarization axis. (G) Prior to the

metaphase the centrosomal axis is partially aligned. (H) The mitotic spindle is established in a partially

aligned orientation.  (I)  After metaphase  the  alignment  is  completed.  ( J)  Out  of  the two  centrosomes

microtubules radiate and delineate the plane of cell division at the zone where they interdigitate. (K) F-

actin is deposited at this plane and the cell  plate is deposited in a centrifugal way. (L) Similar to land

plants, the asymmetric cell division of the zygote establishes the apical-basal pattern with a large thallus

cell and a smaller rhizoid cell.

Nowadays it is clear that every ACD depends on both intrinsic and extrinsic factors (De Smet

and Beeckman, 2011). In spite of the fact that this categorical framework has been fruitful in

the research of both internal and external factors, it stretches the truth in the sense that the

framework concentrates on the state of the daughter cells  as its  starting point rather than

approaching ACD as a developmental  process  (Abrash and Bergmann, 2009).  Therefore  it

neglects the fact that the asymmetrical state of the Fucus thallus and rhizoid cell is dependent

on external information in the first place. Similarly it has been shown that the orientation of

the theoretically extrinsic ACD of Drosophila male germline stem cells depends on the intrinsic

asymmetrical retention of the mother centrosome at the stem cell niche and migration of the

daughter centrosome towards the opposite cell pole (Yamashita et al., 2007). 
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The dependence of the ACD on cues as light, gravity, presence of neighbouring tissue and the

sperm entry site shows the fucoid zygotes are receptive to multiple polarization cues rather

than only one.  ACDs in plant  systems are  also  receptive  to  multiple  cues,  but  being in a

multicellular context these signals are rather ligand-receptor mediated signals (De Smet et al.,

2009) or cell-to-cell movement transcription factors and miRNAs instead of physical factors

as light and gravity like in fucoids (see Paciorek & Bergmann (2010) for a review). 

The mechanisms underlying the perception of the environmental signals in fucoids remain

obscure, although a rhodopsin-like protein (Gualtieri and Robinson, 2002), cGMP (Robinson

and Miller, 1997) and redox activity at the plasma membrane (Berger and Brownlee, 1994) have

been proposed to be involved in perception of the light direction (see  Kropf,  Bisgrove,  &

Hable (1999) and Robinson, Wozniak, Pu, & Messerli (1999) for a review). A speculative model

involving calcium channel untethering at the lit side and tethering at the dark side in response

to local cGMP concentration has also been proposed (Robinson et al., 1999). 

3.1 The role of Ca2+ 

Calcium appears to be an important player in cell polarity signalling during e.g. pollen growth,

polarized cell expansion of pavement cells and trichome development in  A. thaliana (Yang,

2008). The involvement of Ca2+cyt in asymmetric cell division of angiosperms, however, has

not yet been unequivocally established (De Smet and Beeckman, 2011), and this is mostly due

to difficulties in cell manipulation. The pioneering work of L. Jaffe and colleagues ( Jaffe et al.,

1974; Nuccitelli and Jaffe, 1974; Nuccitelli and Jaffe, 1976) showed that fucoid zygotes establish

endogenous ionic currents consisting of mainly Ca2+, K+ and Cl- soon after fertilization. This

research  drew interest  towards  the  important  role  for  Ca2+cyt   in  polarization  and  early

development ( Jaffe, 1999; Hepler, 2005). 

The first evidence for a Ca2+ influx at the future rhizoid pole and eflux at the thallus pole

resulting in a high Ca2+cyt  at  the  differentiating rhizoid pole came from the use  of  45Ca2+

isotopes  as  early  as  1975  (Robinson  and  Jaffe,  1975).  Later,  it  was  shown  that  rhizoids

preferentially germinate towards the side exposed to higher concentrations of Ca2+ ionophores

(Robinson and Cone, 1980). The use of calcium sensitive micro-electrodes, calcium reporter

Quin-2  (Brownlee and Wood,  1986) and  Fura-2  (Brownlee  and Pulsford,  1988) established

directly a high Ca2+cyt at the rhizoid tip. Just as in other tip growing systems, the high Ca2+cyt

in  polarizing  and  tip  growing  zygotes  is  regulated  by reactive  oxygen  production  (ROS),

illustrating the commonality of the ROS-Ca2+cyt motif in development despite phylogenetic

distances (Coelho et al., 2002; Coelho et al., 2008). 
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The  role  of  calcium  influx  during  polarization  of  Fucus  zygotes  has  been  studied  using

different calcium buffers (Speksnijder et al., 1989), calcium reporters (Pu and Robinson, 1998),

patch and current clamp techniques (Taylor and Brownlee, 1993; Taylor et al., 1996) and ion

substitutions or additions to the medium  (Nuccitelli  and Jaffe,  1976;  Robinson,  1996b).  By

quantitative micro-injection of Calcium Crimson dextran, high concentrations of Ca2+cyt were

detected  already within  one  hour  after exposure  of  the  cells  to  unilateral  light  (Pu  and

Robinson, 1998). These elevations are F-actin dependent  (Pu et al.,  2000). Pharmacological

data  and  antibody micro-injections  suggest  a  role  for  the  conserved  calmodulin  protein

downstream  of  Ca2+cyt  in  the  polarization  process  of  fucoids  (Robinson,  1996a;  Pu  and

Robinson,  1998).  Further  information  on  the  role  of  calcium  and  calmodulin  in  fucoid

polarization can be found in several excellent reviews (Taylor et al., 1992; Robinson et al., 1999;

Brownlee et al., 2001).

Upon selection of the polarization axis based on external factors the axis is still labile and can

be changed for example if the current axis is not parallel to the current light cue (Hable and

Kropf, 1998), indicating that polarity is acquired in distinct phases  (Paciorek and Bergmann,

2010).  Later,  the  axis  is  amplified by a positive  feedback loop involving local  increases  of

Ca2+cyt and secretion at the rhizoid pole (see Kropf, Bisgrove, & Hable (1999) for a review). It is

still  unclear how this positive feedback loop is achieved. It has been suggested that Ca2+cyt

induces local secretion of Ca2+ channels at the rhizoid pole (Kropf et al., 1999). This hypothesis,

however, contradicts the observation that inhibiting secretion does not affect redistribution of

dihydropiridine receptors (putative Ca2+-channels)  (Shaw and Quatrano, 1996). An alternative

hypothesis  involves  Ca2+ elevations  which  induces  cell  wall  softening  secretion  and

consequently allows turgor pressure to locally expand the cell wall and the plasma membrane

while  activating  stretch-sensitive  calcium  channels  (see  ( Jaffe,  1999) for  a  review).  Today,

fucoid  zygotes  remain  a  valuable  system  for  Ca2+ research  ( Jaffe,  1999) and  serve  in  the

development of new technical advances such as biolistic delivery of Ca2+ dyes into plant cells

(Bothwell et al., 2006).

3.2 The role of the cytoskeleton 

A lot  of  effort  has  been invested  in  determining  the  role  of  the  cytoskeleton in  polarity

acquisition and ACD in Fucus zygotes (see Bisgrove (2007) for a review). F-actin, nucleated by

the Arp 2/3  complex  (Hable  and Kropf,  1998),  localizes  at  the  future  rhizoid  pole  within

minutes  after axis  selection  (Alessa  and Kropf,  1999).  The  actin  patch  then increases  and

expands to form a cone extending from the cortex at the rhizoid pole towards the nucleus

(Hable and Kropf, 2005). A similar importance of F-actin for the acquisition of polarity is
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corroborated by studies on protoplast regeneration in  Macrocystis pyrifera (Varvarigos et al.,

2007) and on the ACD during branch initiation of  Sphacelaria rigidula (Katsaros et al., 2006).

Interestingly,  asymmetric  cell  division of stomatal  subsidiary mother cell  in  Zea mays also

involves an F-actin patch extending towards the nucleus to localize to the pole close to the

guard mother cell (Panteris et al., 2006). F-actin plays an important role during polar growth

of e.g. the A. thaliana root hair (Baluska et al., 2000), Nicotiana tabacum pollen tubes (Cheung

and Wu, 2008), A. thaliana pavement cells (Fu et al., 2005) and A. thaliana trichomes (Mathur et

al., 2003). In these systems, F-actin is highly dynamic, oscillating between a polymerized and

depolymerized state. These dynamics are regulated by effectors of ROP1, a Rho-like GTPase

(Fu et al., 2001; Fu et al., 2005; Gu et al., 2005). These small GTPases act as molecular switches

in many processes, both in animals, plants and yeast (Brembu et al., 2006; Perez and Rincón,

2010). In  Fucus distichus  two small  GTPases, FdRac1 and FdRab8,  have been detected using

degenerated PCR. Sequence analysis indicates that these proteins are members of respectively

the  Rho-family  and  the  Rab-family  (Fowler  et  al.,  2004).  FdRac1  has  been  shown  to

accumulate at the rhizoid pole of polarized zygotes (Fowler et al., 2004) and the Rac1 inhibitor

NSC23766 has been shown to inhibit endomembrane polarization and adhesive polarization

(Hable et al., 2008). The finding that Rac1 has a function in ACD in a heterokont alga supports

the hypothesis that the role of Rho GTPases in cell polarity is a common feature in eukaryotes

(Fowler et al., 2004).

In land plants the orientation of cellulose microfibril deposition in the cell wall is controlled

by the cortical microtubular cytoskeleton (Hamant and Traas, 2010). The orientation of these

microfibrils determines the direction of polar cell expansion (Kropf, 1994; Hamant and Traas,

2010).  Brown  algae  also  contain  cellulose  and  hexameric  cellulose  synthase  complexes

(Katsaros et al.,  1996; Schubetaler et al.,  2003; Michel et al.,  2010), however cortical F-actin

determines the orientation of the cellulose microfibrils  (Karyophyllis et al.,  2000; Katsaros,

2003). Cortical microtubules in fucoid zygotes have been detected using immunofluorescence

(Motomura, 1994), and microinjection of fluorescent tubulin monomers (Corellou et al., 2005).

It has been proposed that they have a role in tip growth (Corellou et al., 2005). Additionally,

the cytoplasmic microtubular skeleton has been shown to polarize and co-localize with the

endoplasmatic reticulum and to direct exocytosis towards the rhizoid pole (Peters and Kropf,

2010). The finding that microtubules are important for exocytosis and tip growth, just as in

land  plants  (Sieberer  et  al.,  2005),  is  corroborated  by  studies  on  the  tip  growing  apical

meristem cells of Sphacelaria. The polarization of the microtubular skeleton in fucoid zygotes

is regulated by phospholipase D, which demonstrates the conservation of phospholipase D

signalling  in  microtubule  regulation  in  eukaryotes  (Peters  et  al.,  2007) and  illustrates  the

similarities with polarity establishment during tip growth in land plants (see Hable and Hart
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(2010) for a recent review).

3.3 Division plane determination and 

cytokinesis

In  contrast  to  animals  cells  and  brown algae,  land  plants  do  not  have centrioles  in  their

microtubule organising complex (Shimamura et al., 2004). In animal cells and budding yeast it

is the position of the centrosomal axis that determines the orientation of the division plane.

The spindle is reoriented by a 'search and capture' mechanism that aligns the centrosomal axis

with the polarization axis and off-center placement of the nucleus can be achieved by stronger

pulling forces at the pole of the smaller cell  (McCarthy and Goldstein, 2006; Yamashita and

Fuller, 2008). It is still unclear how the plane of cytokinesis is determined in angiosperm cells.

In  some land  plant  cells  the  future  cell  plate  is  positioned  by the  pre-prophase  band,  a

dynamic microtubular band beneath the plasma membrane that predicts the position of the

plasma membrane (see  Van Damme (2009) for a review). The land plant preprophase band

and the animal spindle have opposite relations and therefore it has been argued that the 'plant

polarity proteins' that are asymmetrically distributed towards one pole of the polarization axis

are not able to coordinate the division plane orientation during asymmetric cell division, like

they do  in  animals  and  yeast.  Consequently  plant  division  mechanisms  are  regarded  as

intrinsically different (Abrash and Bergmann, 2009). 

In brown algae, correct positioning of the plane of cytokinesis is of fundamental importance,

as misaligned asymmetrical division in fucoid zygotes disrupts normal development  (Shaw

and Quatrano, 1996). In contrast to land plants, the position of the cell plate is determined in a

way similar to furrow plane determination in animals and budding yeast. Cell plates are not

established with the help of a phragmoplast and do not use a preprophase band to position

the future cytokinesis plane. Similarly to animals, in brown algae centrioles serve as the most

important nucleation sites for microtubuli.  One important difference, however,  is  that the

centrioles  duplicate  and migrate  to opposite  poles  soon after the last  cytokinesis  and not

during  S-phase  of  the  cell  cycle.  Therefore,  almost  all  vegetative  cells  have  two  pairs  of

centrioles instead of only one. Using polyspermic zygotes of Scytosiphon and zygotes of Fucus it

has  been  shown  that  the  position  of  the  cytokinetic  plane  is  determined  by  the  two

centrosomes out of which microtubules radiate and delineate the plane of cell division at the

zone where they interdigitate (Nagasato and Motomura, 2002; Bisgrove et al., 2003). During

the first cell cycle of fucoid zygotes, the centrosomal axis is rotated until it is parallel with the

polarization  axis  using  a  mechanism  similar  to  the  'search  and  capture'  mechanism  of

17



Chapter 1

microtubuli  in  animals  and  budding  yeasts  (see  Bisgrove  (2007) for  a  review).  A similar

reorientation  of  the  centrosomal  axis  parallel  to  the  new polarization  axis  has  also  been

observed during branch formation in Ectocarpus siliculosus, Sphacelaria rigidula and Macrocystis

pyrifera (Katsaros,  1992;  Katsaros  et  al.,  2006).  In  highly  vacuolated  Macrocystis  pyrifera

protoplasts  and  vegetative  cells,  however,  the  cytokinetic  mechanism  has  been  modified

(Varvarigos et al., 2005) in a way more reminiscent to the one in land plants  (Panteris et al.,

2004). 

The finding that fucoid zygotes use a division mechanism similar to ophistokonts suggests

that  the  direct  specification  of  the  plane  perpendicular  to  the  polarization  axis  is  not

inherently coupled to plant developmental  biology.  In land plant cells  with a preprophase

band, it remains completely unknown how the preprophase band is positioned (Müller et al.,

2009).  In  other  land  plants,  cells  like  pollen  (Oh  et  al.,  2010) and  Physcomitrella patens

protonemata  (Doonan et al.,  1985), no preprophase bands are present,  still  the cell plate is

positioned according to the polarization axis  of the  cell.  This  indicates  that  an additional

mechanism should be involved in division plane determination in land plants (Paciorek and

Bergmann, 2010). Interestingly it has been recently suggested that the division mechanism in

land plants and animals does not differ that substantially as previously thought. During cell

division of  A. thaliana  GFP-tagged plus-end binding EB1a and EB1b were reported to form

polar caps during prophase and to penetrate inside the nuclear envelope (Chan et al., 2005;

Dhonukshe et al., 2006; Lloyd and Chan, 2006). The polar caps were suggested to take up a

role similar to centrioles in ophistokont and heterokonts. During tobacco pollen development,

which lacks preprophase bands, also a microtubular cap structure was reported during the

ACD  and  the  EB1  gene  product  has  been  suggested  to  interact  with  TOBACCO

MICROTUBULE  BUNDLING  POLYPEPTIDE  OF  200  kDa  (TMBP200),  a  MAP215/DIS1-

family member which was shown to be essential for asymmetric cell division (Oh et al., 2010).

Brown algal  cytokinesis  usually occurs  by centrifugal  outgrowth of  a partition membrane

which  gets  progressively filled  with  cell  wall  material  delivered  by the  Golgi  bodies  and

transported by microtubules, as in land plants. However representatives of the Dictyotales-

Sphacelariales-Syringodermatales clade such as  Dictyota and Halopteris (no clear pattern) and

Sphacelaria (centripetal)  (Katsaros et al., 2009) present an exception to this pattern. There are

also additional differences compared to land plants like the involvement of ER derived flat

cisternae (Nagasato et al., 2010) that are supported by a peculiar actin structure at the future

division plane (Karyophyllis et al., 2000; Bisgrove and Kropf, 2004)  and probably serve as the

main membrane source for the partition membrane. Golgi derived vesicles in contrast rather

serve as the main source of cell wall material (recently reviewed in Katsaros et al. 2009 and

Motomura, Nagasato, & Kimura (2010)).
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3.4 The axis stabilizing complex

Fucoid  zygotes  have  been  instrumental  in  appreciating  the  importance  of  the  plasma

membrane, cortical sites, cell wall and targeted secretion for patterning and morphogenesis in

plant systems (reviewed in (Fowler and Quatrano, 1995; Fowler and Quatrano, 1997; Belanger

and Quatrano, 2000)). In earlier work it has been established that the period during which the

zygotes can reorient their polarization axis is prolonged as long as the cell wall is repeatedly

removed (Kropf et al., 1988). Similarly, when the cell wall of a rhizoid cell is removed, the cell

is able to regenerate but loses its polarity (Kropf et al., 1993).  Sulfated F2 fucans and at least

one binding protein is preferentially secreted at the rhizoid pole with the same kinetics as the

final  alignment  (Shaw and Quatrano,  1996;  Fowler and  Quatrano,  1997).  Also  tip  growing

meristem  cells  of  Sphacelaria lose  their  polarity  following  cell  wall  removal  and  divide

symmetrically (Rusig et al., 1993). Together with the idea that F-actin localizes to the rhizoid

pole, this led to the hypothesis that transmembrane interactions between the cytoskeleton and

the cell wall at the rhizoid pole (collectively termed the 'axis stabilizing complex' or 'ASC') are

involved in polar growth. This positional information at the ASC may also play a role in the

rotation of the centrosomal axis that aligns it with the polarization axis, because inhibiting

polarized secretion to the cell wall with brefeldin A inhibits not only tip growth (as expected)

but also alignment of the centrosomal axis with the polarization axis  (Shaw and Quatrano,

1996).  Inhibiting  polarized  secretion,  however,  does  not  inhibit  polar  localization  of

dihydropyridine receptors and F-actin. Next to a role in cell plate determination, polar growth

and fixation of the polarization axis, the ASC also plays a role in cell fate specification. Laser-

ablation of one cell of two-celled zygotes established that the remnants of cell walls are able to

induce a thallus or a rhizoid cell fate in the daughter cell of the regenerating remaining cell

that comes into contact with this cell wall (Berger et al., 1994). The finding that intrinsic factors

are not necessarily transcription factors, mRNA's, membrane proteins and kinases but might

be secreted cell wall components is intriguing and calls for additional research (Scheres and

Benfey, 1999). 

Also for land plants the role of targeted secretion of fate determinants towards cortical sites is

relevant (reviewed in  (Belanger and Quatrano,  2000)).  In addition the recently discovered

BREAKING  OF  ASYMMETRY  IN  THE  STOMATAL  LINEAGE  (BASL)  in  Arabidopsis

meristemoid mother cell ACD (Dong et al., 2009) and the LRR-RLK PANGLOSS1 (PAN1) in

maize subsidiary mother cell ACD (Cartwright et al., 2009), whose localization overlaps with

the  F-actin  patch,  also  have  polarized  distribution  patterns  at  a  cortical  domain  and  are

reported to control ACD. Polar localization of PIN-FORMED (PIN) proteins is dependent on

the  actin  cytoskeleton  and  on  localized  secretion  towards  cortical  sites  (Muday,  2001;
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Dhonukshe et al., 2008). The apical-basal pattern of zygotes of tobacco that develop in vitro is

dependent on the presence of the original  cell  wall,  and even cell  walls  that hang loosely

around the zygote are enough to signal the apical-basal axis  (He et al.,  2007). Interestingly

arabinogalactan proteins were reported to be asymmetrically distributed in the tobacco zygote

cell wall before ACD and pharmacological interference with these arabinogalactan proteins

increases the frequency of symmetrical cell divisions (Qin and Zhao, 2006).

3.5 Cell cycle and development

Zygotes of brown algae serve as excellent model systems for cell cycle research as they are

naturally synchronized by fertilization (Corellou et al., 2000a). For example the inhibition of

CDK proteins through a tyrosine phosphorylation at the S/M DNA replication checkpoint was

first demonstrated in fucoid zygotes (Corellou et al., 2000a) and later confirmed in A. thaliana

(De Schutter et  al.,  2007).  Because fucoid zygotes polarize and divide asymmetrically free

from the surrounding tissue,  they are  particularly interesting models  for the study of  the

interactions between cell cycle progression and the early patterning in a unicellular context

because  the  first  cell  cycle  of  the  zygote  is  concomitant  with  cell  polarization.  Cell  cycle

alterations during late embryogenesis and organogenesis of animals and adult development of

land plants seem to have little effect on patterning. In contrast, cell cycle alternation during

early embryogenesis in animals and budding in the unicellular yeast seems to result in severe

effects  on  patterning because  of  a  tight  coordination  between cell  cycle  and polarization.

Indeed,  the G1/S checkpoint  in  fucoid zygotes  simultaneously controls  S-phase  entry and

polarization, confirming that this trend also extends to plant systems. Coordination of cell

cycle and polarization in Fucus resembles the cell cycle of the unicellular budding yeast in its

presence of a DNA replication checkpoint a G1/S checkpoint which coordinates cell cycle and

polarization (Corellou et al., 2001a), but it differs in the lack of a morphogenesis checkpoint

(Bothwell et al., 2008).

Fucoid  zygotes  are  excellent  systems  to  test  whether  there  are  differences  in  cell  cycle

regulation between early embryo's and somatic cells in plant systems. The cell cycle in early

embryos of animals differs substantially from cell cycle regulation in somatic cells. S-phases

and M-phases alternate in quick succession without G1 and G2 phases which is regulated by

periodic synthesis and degradation of cyclin B which activates the CDK CDC2  (Kishimoto,

1988;  Arion  and  Meijer,  1989).  In  somatic  cells  during  organogenesis  or  upon  terminal

differentiation, however, the cell cycle appears to be more tightly controlled by CDKs then in

the  early  embryos  (see  (Budirahardja  and  Gönczy,  2009) for  a  review).  In  Fucus  zygotes

however the cell cycle is also tightly regulated and parallels a somatic cell cycle (Corellou et al.,
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2001b).  This confirms the general  idea that embryogenesis in plant systems in contrast  to

animals is not a distinct and independent stage in a plants life history, illustrating how brown

algae can serve as an phylogenetic independent source of information for understanding plant

systems.

4. Hormonal and positional control 

4.1 A long-standing controversy

In animal systems cell fate decisions during embryogenesis are based on interactions between

the cells or parts of the embryo (‘regulative development’) or by predetermined segregation of

the  intrinsic  determinants  specifying  cell  lineages  (‘mosaic  development’).  Plant  systems

typically develop in a more indeterminate way in which the plant lays out only the basic body

plan during embryogenesis and adapts its adult shape and physiology to the environment by

responding to external stimuli. Consequently positional information rather than cell lineages

play the most important role in cell fate decisions of plant systems (van den Berg et al., 1995).

Positional  information  is  often  controlled  by  gradients  of  diffusible  factors  which  are

interpreted by the target tissue ( Jaeger et al., 2008). Some phytohormones such as auxin take

up the role of such a diffusible factor comparable to animal morphogens or play an important

role in growth regulation (Bhalerao and Bennett, 2003). 

From  regeneration  experiments  after  ablation  or  wounding  using  Sphacelaria (Katsaros,

1995) or Dictyota meristems (Gaillard and L’Hardy-Halos, 1984) and Fucus embryos (Bouget et

al.,  1998) it is clear that brown algal development is under positional control.  Whether the

classical phytohormones of land plants play a role in organogenesis of brown algae is a long-

standing but intriguing question.  Many old  reports  provide arguments for a function for

auxins, cytokinins, abscisic acid and gibberellins in a wide range of brown algal developmental

processes  such  as  tropisms,  polarity  acquisition,  gametogenesis,  apical  dominance  and

branching (reviewed in Augier (1976a), Augier (1976b), Augier (1977a) and Augier (1977b)). Most

attention has been drawn towards IAA (indole-3-acetic acid), an auxin, and consequently we

will focus on this phytohormone. 

Despite the many reports of a role for auxins in brown algal development their conclusiveness

remains highly debated. A lot of the older reports involve bioassays in which purified algal

extracts are applied to Avena coleoptiles and the degree of curvature is tested. Despite being

indications for the presence of phytohormones in these extracts, positive reactions may result
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from aspecific activity rather than presence of auxins (Evans and Trewavas, 1991). More recent

evidence involves the identification of the phytohormones in the extracts using GC-MS or

HPLC. In fruiting tips of  F.  distichus concentrations up to 10 ng/g fresh weight  have been

recently reported, which are in the same order of magnitude as in land plants  (Basu et al.,

2002; Stirk et al., 2009). However, the mere detection of phytohormones does not provide a

conclusive argument for its regulative potential on brown algal organogenesis. For example

auxin has been detected (using GC-MS) also in unikonts, including human cerebrospinal fluid,

at concentrations up to 15 ng/ml  (Bertilsson and Palmer, 1972). Therefore these compounds

may just be ordinary intermediates or breakdown products of the tryptophane metabolism. In

addition, most if not all of the studies used field collected material or non-axenic cultures,

which  raises  the question whether the detected phytohormones are  actually produced by

brown algae and not by epiphytic bacteria  (Evans and Trewavas, 1991).  Axenic cultures are

difficult to obtain and often seem to be non-viable. Axenic cultures have been obtained from

Fucus spiralis and Ascophyllum nodosum, but the thalli had an aberrant morphology and limited

growth relative to the non-axenic controls (Fries, 1977; Fries, 1988). Interestingly in Ascophyllum

the  aberrant  phenotype  could  be  (at  least  partially)  rescued  by  respectively  applying

phenylacetic acid (PAA) and p-hydroxy-phenylacetic acid (p-OHPAA) and combinations of

indole-3-acetic  acid  (IAA),  6-( , -dimethyl-allylamino)-purine  (2IP)  and  zeatin  atγ γ

concentrations ranging around 10-7  M (Fries, 1988). PAA and IAA are next to indole-3-butyric

acid  (IBA)  and  4-chloroindole-3-acetic  acid  (4-Cl-IAA)  one  of  four endogenous  auxins  of

higher plants  (Simon and Petrášek, 2011). Zeatin and 2PI are cytokinins. These observations

suggest that part of the detected auxins might be of bacterial origin. Regardless of their origin,

however, these findings do illustrate the regulatory effect of phytohormones on brown algal

organogenesis.

Many studies examined the effect of adding exogenous phytohormones and auxin transport

inhibitors on the phenotype of brown algae. Care needs to be taken interpreting data obtained

from  application  of  transport  inhibitors,  since  the  effects  may be  totally  unrelated  to  a

putative auxin function in brown algae. For example the inhibitory effects of triiodobenzoic

acid (TIBA) and genistein on polarization of fucoid zygotes can be understood in the context

of  respectively a  breakdown  product  of  TIBA affecting  sulfhydryl-groups  of  the  sulfated

fucans that fix the polarization axis (see above) (Novotny and Forman, 1974) or dependence of

the polarization process on a protein tyrosine kinase in Fucus zygotes (Corellou et al., 2000b).

Secondly, the overall evidence is often conflicting and equivocal  (Evans and Trewavas, 1991).

Sometimes positive reports of effects are reported to be not reproducible (see e.g. Bouget et al.

(2001)).

Despite these objections, a number of recent studies are providing additional evidence for the
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role of auxins. For example radioactive [3H]IAA pulse-chase experiments provided a strong

argument for the effect of NPA and TIBA on auxin transport in F. distichus zygotes (Le Bail et

al.,  2010).  Moreover,  the  auxin transport  and  F-actin  cytoskeleton were shown to interact

during photopolarization of F. distichus embryos (77). Immunolocalisation of IAA showed IAA

also  to  be  present  inside  E.  siliculosus  cells  and  putative  homologs  for  enzymes  of  the

tryptamine  (TAM)  and  indole-3-acetaldoxime  (IAOx)  Trp-dependent  IAA  biosynthesis

pathways were identified in the E. siliculosus genome. An auxin responsive gene,  EsGRP1, was

identified using micro-array analysis, which showed increased expression levels in mutants

affected in their apical dominance (Le Bail et al., 2010). 

Tracing  the  auxin  action  in  brown  algae  may  provide  valuable  answers  to  evolutionary

developmental questions in plant systems. For example, it has been argued that tracing the

evolutionary patterns of auxin action can more easily uncover how regulation of IAA action

relates  to  organogenesis  as  more  basal  plants  show a simpler regulation  than land plants

(Cooke et al.,  2002; Niklas and Kutschera,  2009). The brown algal clade might provide an

independent  test  case  for  the  hypothesis  that  simple  body  plans  like  the  filamentous

Ectocarpus or  the  parenchymatous  Dictyota  or  Fucus  are  characterized  by  homeostasis

established by regulation  of  IAA biosynthesis  and degradation  rather than by conjugation

(Cooke et al., 2002; Stirk et al., 2009; Le Bail et al., 2010). 

4.2 Auxin function as a homoplasious or 

homologous character?

Various  explanations  may be  applied  to  account  for  the  putative  function  of  auxin  as  a

phytohormone in brown algae. In silico analyses of whole genome sequences and EST libraries

demonstrated that the canonical auxin response system and auxin transport mechanism of

land plants evolved gradually in the streptophyte lineage (De Smet et al., 2010). Homologues

of  key enzymes  (e.g.  ARF’s,  TIR1,  PIN  like  proteins)  were  not  found  in  the  genomes  of

unicellular green algae. An AUX–IAA-ARF-mediated signalling system is absent from other

unicellular photosynthetic algal lineages and from Ectocarpus  (Lau et al., 2009; Le Bail et al.,

2010).  These  results,  therefore,  do  not  support  a  common  origin  of  an  AUX–IAA-ARF-

mediated signalling mechanism. 

Alternatively, several physico-chemical characteristics render IAA an ideal signalling molecule

and therefore make convergent evolution a plausible scenario. Its size leads to rapid diffusion

in aqueous solutions. When protonated (pKa 4.75) IAA becomes lipophilic, it readily diffuses
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through cell  walls  and most  eukaryotes  have the machinery to synthesize IAA  (Lau et al.,

2009).  It  is  therefore  possible  that  Phaeophyceae  evolved  convergently alternative  auxin-

dependent  signalling and transport  mechanisms.  The  absence  of  a  common origin  of  an

AUX–IAA-ARF-mediated signalling mechanism in  E. siliculosus and unicellular Viridiplantae,

however, does necessarily mean that auxin function in brown algae has no homologous origin

(by either vertical or horizontal gene transfer) and that the auxin pathway had to evolve from

scratch. Firstly, Cooke et al.  (2002) proposed that IAA initially served as a growth-regulating

pheromone in photosynthetic  unicellular aquatic  organisms.  The possibility of  alternative

pathways for auxin signalling in unicellular green algae  suggested by putative  INDOLE-3-

BUTYRIC ACID RESPONSE5 (IBR5) or AUXIN BINDING PROTEIN1 (ABP1) homologues (De

Smet et al., 2010) and reports on IAA function in polarization (e.g. of  Fucus zygotes), or cell

division of unicellular organisms or rhizoid growth  suggest that auxin function predates the

advent of multicellularity (De Smet et al., 2010). Secondly, the only whole genome sequences

available from respectively the red and the brown lineage are the ones of  Cyanidioschyzon

merolae (unicellular) and  E. siliculosus  (filamentous) which have both a relatively simple body

plan and a relatively small genome  (Matsuzaki et al.,  2004; Nozaki et al., 2007; Cock et al.,

2010).  As complexity in green plants is thought to be linked to the number of auxin genes

(Rensing et al.,  2008), this developmental simplification and genome reduction might have

resulted  in  the  secondary  loss  of  auxin  related  genes,  leaving  only  scarce  traces  of  the

common origin and subsequent independent divergence. Indeed some putative homologs of

the ABCB efflux IAA transporter family, in E. siliculosus (Le Bail et al., 2010) and single celled

members of Chlorophyta (De Smet et al., 2010) have been found. Also a putative homolog for

BIG, a callosin-like protein needed for auxin mediated inhibition of PIN protein endocytosis

(Paciorek et al., 2005), was found in E. siliculosus.

5. Future perspectives

Over one century of research on algal development, mainly focussing on embryogenesis and

patterning  of  fucoid  zygotes,  has  strongly positioned  brown  algae  as  widely used  model

organisms to study polarization and asymmetrical cell division. In addition, the rich variation

in  life  cycles  and  associated  developmental  control  of  the  gametophyte  and  sporophyte

generations make the Phaeophyceae an extremely interesting group of organisms. Studies on

the relations between life cycle and developmental patterns is spearheaded by  E. siliculosus,

which has the benefit of having its whole genome sequenced as well as being easily cultured.

Classical genetics have been proven to be a valuable tool for the research in the mechanisms

underlying E. siliculosus development and the control of its life cycle (Peters et al., 2008; Cock
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et al., 2010; Coelho et al., 2011). 

Importantly,  in  spite  of  the  extensive  knowledge  of  brown  algal  embryogenesis  and

development,  tools  enabling  functional  characterization  (e.g.  transformation,  RNA

interference)  have  yet  to  be  developed  for  brown  algal  model  systems.  Development  of

transformation protocols may highlight the need for additional species which in contrary to

the fucoids can be cultured throughout their life cycle. Completion of the fucoid life cycle in

laboratory  conditions  is  extremely  complicated  (McLachlan  et  al.,  1971),  posing  obvious

problems for performing mutant analysis and stable transformations. From a comparison of

several  brown  algae  as  candidates  for  genomic  research  (Waaland  et  al.,  2004),  Dictyota

dichotoma emerged as a valuable option which may be complementary to Fucus. Just like the

latter,  Dictyota has evolved parenchymatous growth (Figure 2), though the tissue of  Dictyota

remains thin enough to allow lab cultures and consequently has been cultured in the lab for

decades (Schreiber, 1935; Müller, 1962). The ability to culture Dictyota throughout its life cycle

enables  crossing  experiments,  and  potentially  maintenance  of  isolated  mutants  or

transformations for longer time periods. In addition, Dictyota is one of few oogamous brown

algae where large eggs are suspended in the medium after egg release. Preliminary findings

suggest  that  different  but  complementary  insights  on  polarisation  and  asymmetric  cell

division can be gained by using Dictyota (Bogaert & De Clerck, unpublished data). In addition

to its tractability, the distinct phylogenetic position as a heterokont in the eukaryotic tree of

life  (Figure  1)  and  as  a  member of  the  early  diverging  SSDO  group  in  the  brown  algal

phylogeny (Bittner et al., 2008) makes Dictyota an interesting physiological and phylogenomic

data point for unravelling a plethora of evolutionary developmental  questions,  such as for

example the evolutionary origin of auxin action in the regulation of the plant body plan. 

The  limited  rather  ‘patchy’  taxonomic  sampling  of  plants  systems  concentrating  almost

exclusively on the green plant lineage (Viridiplantae) is hampering comparative genomics and

phylogenomics  (Elias and Archibald, 2009; Dorrell and Smith, 2011). Sequencing projects of

multicellular ‘brown’  and  ‘red’  plant  systems  as  well  as  the  further development  of  tools

enabling functional characterisation of genes will undoubtedly provide important insights on

the development of complex multicellular organisms outside of the well-trodden domain of

‘higher plants’ and offer a more inclusive view on plant morphogenesis.

6. Introducing Dictyota dichotoma

Dictyotales are an order of diplohaplontic marine brown algae with an isomorphic alternation

of generations (Figure 5). They are characterized by apical growth, a flat parenchymatic thallus
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and  hairs  that  grow  in  tufts  on  the  surface  (De  Clerck  et  al.,  2006).  Gametophytes  are

dioecious in the vast majority of species. Male and female plants can easily be distinguished by

the  presence  of  oogonia  and  antheridia,  respectively,  on  the  thallus,  but  show no  sexual

dimorphisms other than the reproductive structures. Similarly, the life cycle is isomorphic

and  except  for  the  reproductive  structures.  Sporophytes  and  gametophytes  cannot  be

morphologically discerned. Male gametes have a reduced posterior flagellum, which makes

them uniflagellate, except for some Zonaria species (Phillips and Clayton, 1997). Dictyotales are

closely related with the orders Sphacelariales, Syringodermatales and Onslowiales with which

they form the SSDO clade, the sister clade of the BACR clade. Classification within the order

Dictyotales is to a considerable extent based on developmental features, and especially on the

way meristematic growth is organised. A single family, Dictyotaceae, is currently recognized.

Most authors divide the Dictyotaceae in two large tribes: Dictyoteae, with a single apical lens-

shaped apical  cell,  and  the paraphyletic  Zonarieae,  with  a  row or a  group of  rectangular

cuboid-haped apical cells. 

Meristematic  daughter  cells  divide  to  form  a  central  medullary  and  cortical  cell  layers.

26

Figure 5. (A) Adult female Dictyota gametophyte. (B) Schematic representation of the life cycle of Dictyota.

(C-E) Surfaceviews of reproductive structures: tetrasporangium (C), oogonial sorus (D), spermatangial sorus

(E) on respectively the sporophyte,  female gametophyte and male gametophyte.  (F)  Four gametophyte

germlings derived from spores released by a single tetrasporangium. (G) Sporophyte germling derived from

syngamy of an egg and a spermatozoid. 
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Different  species  differ in  the number of  cortical  and medullary layers,  with  D. dichotoma

having  2  single-celled  cortical  layers  and  one  single-celled  medullary  layer  in  between.

Dictyoteae are  classic examples of dichotomous growth, where the apical cell undergoes a

transversal longitudinal division when branching (Gola, 2014).

Dictyota is the genus of the Dictyotales with the most northern distribution range in temperate

waters, with Dictyota dichotoma occurring as far as southern Norway, Scotland and Helgoland

(Tronholm et al., 2010). The species occurs in the subtidal zone and intertidal pools, due to its

low resistance to desiccation stress. Thanks to their grazer deterring volatiles  (Wiesemeier et

al., 2007) and their ability to propagate by fragmentation (Herren et al., 2006), Dictyota species

are able to maintain a significant biomass even under high grazing pressures and have evolved

an  important  ecological  role  in  benthic  communities  in  subtropical  and  temperate

ecosystems.  This  ability to  propagate  by fragmentation  makes  them especially useful  for

suspension cultures.

7. Aims and outline of the thesis

In  this  thesis,  cell  polarisation  and  asymmetric  cell  division  is  studied  using  oogamous

broadcast spawning brown algae. While many brown algal genera have evolved oogamy, most

cannot be cultured easily (eg. Fucus, Laminaria), have zygotes that develop while still attached

to the maternal tissue (eg. Laminaria, Saccorhiza) or have life cycles where sexual reproduction

is  not  reported or at  least  very rare  and 'eggs' develop parthenogenetically (eg.  Halopteris,

Stschapovia,  Haplospora).  Dictyotales,  however,  are  an  entire  clade  of  sexual  oogamous

broadcast spawning algae of which at least some can be easily cultured. Therefore we choose

Dictyota  as a model,  complementary to  Fucus.  Recent advances in sequencing technologies

make sequencing of the transcriptome possible, providing a fast cost-efficient way of studying

the  transcriptomic  rewiring  upon  fertilisation  and  polarisation.  Below  an  outline  of  the

different chapters is given.

Chapter 2 describes the abiotic regulation of sexual reproduction and vegetative growth in the

sporophyte  of  Dictyota dichotoma.  The aim of  this  chapter is  to  identify the most  efficient

conditions for culturing and controlling fertility and release of Dictyota spores. 

In  Chapter 3,  the relation of the polarisation axis of  Fucus spiralis to a 90° reorientation is

described,  in  order  to  test  the  hypothesis  that  Fucus fixes  its  direction  and  sense  of  the
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polarisation vector independently,  establishing that  Fucus  polarisation is  indeed a one-step

mechanism as  previously assumed. This polarisation mechanism contrasts  to the two-step

polarisation  strategy  of  Dictyota  outlined   in  Chapter  4. Simultaneously  using  the  same

experimental  setup,  we  test  whether  the  polarisation  axis  depends  only  on  the  last

environmental vector under serially applied environmental vectors. 

In  Chapter 4,  the  two-step  polarisation  mechanism of  Dictyota  is  described.  This  chapter

provides a description of a fast elongation that the egg cell undergoes upon fertilisation. By

sequencing  the  transcriptome  of  eggs,  zygotes  and  asymmetrically  dividing  zygotes,  we

investigate  whether  the  maternal-zygotic  transition  occurs  directly  after  fertilisation  or

whether zygotic transcription is postponed as is typical for animal systems. Simultaneously,

this comparison allows to describe transcriptomic shifts during cell polarisation. 

In Chapter 5, the mechanism involved in the fast elongation, described in chapter 4, and the

signalling triggering the onset of development is further elaborated using a pharmacological

and cell biological approach.

In  Chapter 6, a contribution is made to the long standing controversy on auxin function in

brown algal development by testing a function for auxin in Dictyota early development. Here

the  effects  of  pH  of  the  medium  and  environmental  disturbances  on  robustness  against

exogenous auxins are tested. We also evaluate putative conservation of auxin related genes

and the possibility for intracellular auxin gradients. 

Chapter 7 describes a striking example of phenotypic plasticity in the polarisation process of

Dictyota and thereby provides a useful tool in the study of cell polarisation and asymmetric

cell division in addition to those connected to its oogamous broadcast spawning nature. 

Finally  in  Chapter  8,  the  most  important  conclusions  resulting  from  this  research  are

discussed and perspectives for future studies are described. 
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Chapter 2. Life cycle
regulation in Dictyota
dichotoma in culture

Abstract 
The concentration of research endeavours on model organisms that permit genomic and

genetic  research has  been a major factor driving advances  in our understanding of  the

molecular  mechanisms  underlying  biological  systems  in  the  past  decades.  Broadcast

spawning oogamous brown algae have proven tractable model organisms for the study on

the establishment of cell polarity and asymmetric cell divisions, because they release large

populations  of  synchronously  polarising  cells.  Most  of  the  research  however  has

concentrated on fucoid algae, which have a low amenability to lab cultures limiting their

potential for genetics. There is therefore a need, for an oogamous brown alga with well-

described culture methods. While Dictyota dichotoma has been cultured for decades, little

is known on the abiotic regulation of its growth, life cycle and release periodicity of the

sporophyte  generation.  Here  we  evaluated  the  different  abiotic  factors  that  potentially

control growth, survival,  fertility and spore release, in order to establish efficient culture

methods that allow life cycle control. Vegetative growth is maximal at room temperature,

cultures  can  be  stored  for  months  at  low  temperatures  (  8°C).  Red  light,  increased≈

temperature  and  nutrient  manipulation  proved  to  be  excellent  triggers  inducing

sporogenesis.  Sporophytes  lack  any  lunar  periodicity  in  spore  release  in  contrast  to

gametophytes, but surprisingly, release their spores according to similar diurnal cycles. This

enables the production of synchronously developing spores during the entire lunar cycle.  

Introduction
Brown algae, an ecologically important structural component of rocky shore environments,

are  the single  stramenopile  lineage characterised by a complex multicellular body plan,  a

feature they only share with a handful of eukaryotic lineages to which they are only distantly

related (Cock et al., 2010). Because of the ease with which large homogenous populations of

synchronously dividing cells can be obtained, brown algae have long since drawn interest of
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developmental biologists  (Brownlee et al., 2001; Hable and Hart, 2010). Studies focusing on

brown  algal  eggs  and  fertilisation  have  resulted  in  important  insights  for  plant  system

development (Bogaert et al., 2013).

Most of the research has focused on members of the Fucales. Despite promising technologies

for molecular gene function analysis and forward genetics being developed recently (Farnham

et al., 2013), the use fucoid algae in developmental biology has dwindled over the years, largely

because of the poor amenability to genetic and molecular studies  (Yang, 2008). Fucales are

characterised by relatively large nuclear genome sizes, a long diplontic life cycle and most

importantly they cannot be easily cultured in the lab (Peters et al., 2004). This raises the point,

whether alternative groups of brown algae, which do not suffer from the abovementioned

shortcomings, could potentially be used to address developmental biological questions.

A potential  alternative  is  provided  by Dictyotales,  another clade  of  oogamous  broadcast-

spawning algae of which some of its  members can be easily cultured  (Hornig et  al.,  1992;

Aguirre-Lipperheide  and  Evans,  1993).  Their  isomorphic  haplodiplontic  life  cycle  further

facilitates mutagenesis screens by providing a haploid system in which the recessive mutations

are immediately phenotypically detectable. Dictyotales form an ecologically important group

in tropical as well as warm temperate regions. One of the most common genera is  Dictyota

which lends itself fine for culturing purposes (Schreiber, 1935; Müller, 1962; Vielhaben, 1963). 

As with most broadcast spawners, Dictyota releases its gametes only during small reproductive

periods.  Gamete discharge is  characterised by a diurnal cycle  (Kumke, 1973;  Phillips et al.,

1990), which enables the production of synchronously dividing cells. Moreover gamete release

is also restricted in time by a species specific monthly cycle which is tuned to the lunar cycle

(Hoyt,  1927;  Vielhaben,  1963;  Tronholm  et  al.,  2010).  The  influence  of  the  moon  on  D.

dichotoma can be mimicked in the lab by giving the thalli nightly light treatments  (Müller,

1962; Vielhaben, 1963; Kumke, 1973). Additionally temperate species as  D. dichotoma show a

seasonal cycle in the field in which release is confined to the summer months (Williams, 1905).

The combination of these three cycles causes a strict periodicity and predictability in release

of the gametes and likely optimises its fertilisation chances and local recruitment (Pearson and

Serrão, 2006). In contrast to the gametophytes, there is no data available on the release timing

of  Dictyota sporophytes and whether synchronous yield of simultaneously dividing cells  is

feasible.  Furthermore,  the  presence  of  large  meiospores  released  by the  sporophyte  that,

similarly to fertilised egg cells, undergo asymmetric cell divisions may alleviate the need for

successful fertilisation experiments.

Despite the potential  of  Dictyota  for genetic and developmental research there is  relatively

little  published  data  on  the  optimal  culture  conditions  and  methods  available.  Next  to
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vegetative  growth,  easy production  of  fertile  individuals  is  of  paramount  importance  for

crossing lines  and genetic  analyses.  Applicable  culture  methods  for inducing a shift  from

vegetative growth to sexual reproduction can be helpful in speeding up the life cycle. 

We conducted experiments in order to identify conditions best fit for (i) growth and storage of

sporophytes, (ii) induction of fertility and (iii) assessed the possibility of yielding synchronous

developing meiospore populations by assessing release periodicity. 

Methods

Culture conditions
The experiments were carried out using a unialgal laboratory culture of  Dictyota  dichotoma

KB07 (origin,  Roscoff,  France),  isolated  from  a  single  zygote.  Fertile  male  and  female

gametophytes were derived from meiospores of the original sporophyte. Zygotes, resulting

from combining eggs and sperm cells,  were  grown for 10 to 12 days under 18°  C for the

temperature  optimum experiment  and 20°  C during the rest  of  the  study in crystallising

dishes (250 ml) at  60 µmol  photons m-2 s-1 (Lumilux, Cool White, Osram GmbH, Augsburg,

Germany). All cultures were grown at 12:12 (L:D) in filtered and autoclaved natural sea water

enriched  with  modified  Provasoli  (mPES)  (West  and  Mcbride,  1999),  unless  mentioned

otherwise.

To determine the temperature-growth optimum three independent replicates each with 10

individuals were cultured for 4 weeks at 8, 12, 16, 20 and 24°C. The medium was refreshed

weekly. The effect of aeration on growth rate was studied by culturing thalli in 250 ml flasks at

the  optimal  growth  temperature.  Cultures  composed  of  10  individuals  each  (n  =  3)  were

aerated by connecting a 10 ml pipet to an air pump causing constant bubbling of air and

turbulence of the medium and individuals.  The control treatment (n =3) was grown under

identical  conditions  but  lacking aeration.  Growth is  expressed  as  dry weight,  obtained by

blotting and subsequently drying the biomass pooled per replicate at  60°  C.  The effect of

temperature on long-term storage was determined by scoring survival of young sporophytes

after 5, 11, 17 and 28 weeks. Sporelings (10 days AF) were stored at 8, 12, 16 and 20°C in 10 ml

Petri dishes. After the reported amount of time, medium was refreshed and the fractions of

germlings recovering were scored. To determine the optimal mPES concentrations (West and

Mcbride,  1999) for  long-term  storage,  sporelings  were  incubated  for  3  weeks  at  different

concentrations of growth medium. ES stock was added to artificial seawater (ASW; 450 mM
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NaCl,  2.5 mM NaHCO3,  30 mM MgCl2,  16 mM MgSO4,  10 mM KCl,  10 mM CaCl2).  Each

concentration (0, 0.01, 0.1, 1, 10 times the concentration suggested by West & McBride 1999)

was tested with 3 replicates containing at least 50 individuals in 10 ml Petri dishes. 

Biomass  of  3  replicate  sets  of  10  pooled  individuals  was  determined  for  thalli  that  were

allowed to grow for 4 weeks at optimum growth conditions. Dry weights were obtained by

blotting and subsequently drying the tissue in an oven at  60°  C.  Effect  of  optimal  versus

nearest suboptimal temperatures was assessed using a two-sample t-test (with assumption of

unequal variances). 

Fertility control
To  test  the  effect  of  conditioned  medium on the  induction  of  sporogenesis,  sporophytes

(N=100) were placed in Petri dishes with 10 ml of old medium in which the same batch was

incubated since fertilisation, while the control replicates were grown in fresh 10 ml of mPES.

The effect of a short cold period was tested by placing some of these Petri dishes at 8° C and

12°  C  for the  first  7  days.  The  occurrence  of  germlings  with  sporangia  was  counted  and

compared after 3 weeks. The effect of constant cold temperatures on fertility and survival was

assessed by placing the dishes in incubators with according temperatures. Survival was scored

by refreshing the medium and scoring the amount of germlings that grew new side axes.

Fertility was  scored  by counting individuals  bearing sporangia.  For red  light  effects,  Petri

dishes  were  wrapped  with  Lee filter  106  Primary Red  (Lee  Filters,  Andover,  Hampshire,

England), while controls remained exposed to cool white fluorescent light. 

Release periodicity of sporophytes
To assess the possibility of a diurnal  periodicity in meiospores release,  two to three 3 cm

pieces of fertile thallus of three freshly sampled sporophytes were incubated in Petri dishes in

the dark and exposed to natural daylight respectively 4h30 earlier and 2h30 later than sunrise.

Sporophytes  were rinsed for 10 min.  and  transferred to  a fresh  Petri  dish for 5  min.  We

counted the numbers of spores released during the dark period, as well as the spores released

by exposing the cultures to light in 5-minute interval. 

The  lunar periodicity in  the  release  of  meiospores  and gametes  was  studied  using  three

individuals of sporophytes and female gametophytes sampled near l' Ancient Fort Croix in

Wimereux  on  the  3rd  of  July  2013.  Specimens  were  transported  to  the  lab  at  room

temperature. Two to three 3 cm pieces of fertile thallus of each individual were placed in Petri

dishes with NSW. Released spores or eggs were counted every 2 days for about two weeks,
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mean and standard errors were calculated assuming a normal distribution. The experiment

was repeated twice with different sampling days (day 10 and day 18 after full moon) in order to

avoid any potential bias caused by the status of the samples. 

Statistical analysis
All  experiments  yielding continuous response  variable  (biomass  of  growth)  were  analysed

using Welch Two Sample t-test using R version 3.1.0. P values are reported in the text. All

experiments  yielding  binomial  categorical  response  variable  (survival  percentage,  fertility

percentage)  were analysed GLMMs using the PROC GLIMMIX procedure of SAS 9.4 with

replicates treated as random effect and effects under study as fixed effects (SAS Institute Inc.,

Cary, NC, USA). P values of type III tests of fixed effects are reported in the text. Assessment of

fortnightly  periodicity  was  tested  using  a  Moore  test  of  circular  uniformity  assuming  a

diametrically bimodal circular distribution of release on a lunar cycle of 30 days. The second

order mean ± Mardia's circular SD in days after full moon is reported. 

Results

Growth, survival & fertility
Germlings  of  sporophytes  of  a  strain  isolated  in  Roscoff  (KB07)  were  grown  at  different

temperatures without aeration to study temperature effects on vegetative growth (Figure 1a).

Growth was fastest at 20° C with 8.3 mg ± 1.0 mg (mean ± SE) of accumulated additional

biomass after 4 weeks of culture. Differences in growth between different treatments became

visually  apparent  during  the  second  week.  Both  the  flasks  at  16°  C  (P=0.007)  and  24°  C

(P=0.032)  showed  significantly  less  growth  than  the  populations  at  20°  C.  Under  all

temperatures almost no sporangia developed. At the optimum temperature, aeration resulted

in 22% extra dry weight relative to the control treatment without aeration (P=0.010) (Figure 1b).

In  order to  study the effect  of  nutrient  depletion on survival,  mPES concentrations were

dramatically reduced or increased (Figure 1c). Both a 10-fold increase (P=0.019) and decrease

(P=0.016) had a significant negative effect on survival of the sporophyte germlings. There were

few signs of  fertility observed. Survival  was negatively influenced by incubation time and

temperature with a significant interaction effect (Table 1). 

Refreshing the medium with fresh mPES 10 days after fertilisation, significantly inhibits the

fraction  of  fertile  sporophyte  germlings  (P=0.011).  Replicates  in  which  the  medium  was
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refreshed had 2.5 % ± 1.7 % (mean ± SE) of fertile germlings, while those that remained in old

medium became fertile in 42.2 % ± 15.0 % (mean ± SE) of the cases (Figure 2). 

An incubation in cold conditions 10 days after fertilisation for 7 days did not significantly

increase fertility relative to the controls cultured continuously at 20° C (P=0.6901), instead this

cold  shock  seems  to  suppress  sporogenesis  (Figure  2b). No  single  fertile  germling  was

observed following these  cold  treatments.  Application of  a red filter induced a  significant

increase in the fraction of fertile sporophytes (P=0,0146) (Figure 2c). Replicates cultured under
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Figure 1. Effect of culture conditions on growth and survival of sporophytes of  Dictyota dichotoma  strain

KB07. (A) Effect of temperature on growth in biomass (n=3). (B) Effect of aeration on growth in biomass at

20°C (n=3). (C) Effect of nutrient concentration on survival. (D) effect of temperature on survival over time.

Error bars show standard errors (n=3 for a, b) and standard deviations (3 replicates with each n > 45 for c and

d).
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white light showed fertility in 4.3 % ± 1.2 % (mean ±  SE) of the germlings, while those that

developed in red light from 10 days AF on showed sporangia in 36% ± 2.7% (mean ± SE) of the

cases around 28 days AF.

To investigate to what extent fertility can be inhibited and survival influenced by continuous

lower temperatures  germlings were grown at  8°  C,  12°  C,  16°  C and 20°  C and scored for

survival (Figure 1d) and fertility (Figure 2d) by scoring respectively the number of spores that

recovered  after nutrient  refreshment  and  the  number of  germlings  showing  evidence  of

empty  or  new  sporangia.  As  expected,  survival  was  negatively  influenced  by  time  of

incubation and temperature with a significant interaction effect. Mortality after ca. 7 months
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Figure 2. Effect of medium replacement and short cold treatments on fertility of  Dictyota dichotoma

strain KB07. (a) Effect of nutrient replacement 10 days after fertilisation, (b) effect of cold treatments, (c)

effect of red light on the proportion of fertile individuals, (d) effect of temperature on fertility over time.

Error bars indicate standard errors (3 replicates, n=100 for a, b and c; n > 120 for d).



Chapter 2

was respectively 0.86 % ± 2.50 %, 39,93 % ± 4, 19 %, 70.23 % ±  3.75 %, 48.85 % ±  4.71 % (mean ± SE)

for the 4 temperatures. 8° C inhibits sporogenesis almost completely 0.00 % ± 0.01 % versus

48.24 % ± 9.73 %, 57.55 % ± 9.57 % and 99.9 % ± 0.20 % for respectively 12° C, 16° C and 20° C

which shows a statistical significant temperature effect and significant interaction effect with

time of incubation (Table 1).

Table  1. Summary  statistics  of  GLMM  analysis,  testing  the  effects  of  temperature  and
incubation time on both survival and fertility counts in Dictyota dichotoma strain KB07. Results
are graphically depicted in Figure 1d (survival) and 2d (fertility). Bold text indicates significant
P-values (<0.05). 

Factor Survival Fertility

Temperature

F 28.72 40.02

dfnumerator 3 3

dfdenominator 30 22

P < 0.0001 < 0.0001

Incubation time

F 39.55 0.46

dfnumerator 3 2

dfdenominator 30 22

P < 0.0001 0.6351

Temperature x Incubation time

F F = 7.32 17.73

dfnumerator 9 6

dfdenominator 30 22

P < 0.0001 < 0.0001

Diurnal release periodicity
Whether  meiospores  release  can  be  triggered  by  light,  was  determined  by  counting  the

amount  of  released  cells  in  5  minute  intervals  after  exposure  to  natural  daylight  using

sporophytes and gametophytes (freshly sampled near l' Ancient Fort Croix Wimereux). No

released spores were observed during preparation of the sporophytes for incubation. During

the dark treatment and the first 10 minutes of rinsing a significant fraction of spores (44,12 % ±

5,98 % [mean ± SE]) was released. The remaining 55,88 % ± 5,98 % (mean ± SE) fraction released

10 to 80 min. after light exposure with a clear maximum during the 25-30 min.  after light

exposure (Figure 3). 
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Lunar release 
periodicity

Given that spore release appears to follow a

diurnal  cycle similar to gametophytes, the

question  whether  a  lunar  periodicity  in

spore release can also be discerned in the

population  near  'l  Ancient  Fort  Croix  in

Wimereux becomes relevant. Therefore, the

release of spores was compared with female

gametes  from freshly sampled individuals.

The fraction of released eggs was highest 12

to 14 days after full moon (37,4 % ± 0,23 %

[mean ± SE]) for the maximum around new

moon  and  28  to  30  day  for  the  period

around full moon (59,8 % ± 0,11 % [mean ±

SE]). Moore  test  for  circular  uniformity

(assuming  a  diametrically  bimodal

distribution) found a significant fortnightly

periodicity in female release (R' = 49.30, df = 6, P < 0.05), while spore release showed no such

significant pattern (R' = 0.83, df = 6, P > 0.05). Second order analysis shows a mean release day

of 14.83 ± 2.30 and 29.83 ± 2.30 (mean ± Mardia's  circular SD in days after full moon) in

female gametophytes. The number of released eggs was highest in the interval 12 to 14 days

after full moon (37,4 % ± 0,23 % [mean ± SE]) and 28 to 30 day for the period around full moon

(59,8 % ± 0,11 % [mean ± SE]). We noticed differences amounting up to 4 days of peak release

days  between individuals.  The  statistically insignificant  mean  release  days  of  sporophytes

show much higher dispersion [6.21 ± 4.24 and 21.2 ± 4.24 (mean ± Mardia's circular SD in days

after full  moon)]  and show an almost perpendicular orientation relative to the maxima of

gametophytes. 

Discussion
Model organisms for genetics should be easily grown, maintained and induced to fertility in

controlled laboratory conditions opening up the opportunity for controlled crosses. While the

gametophyte  of  Dictyota  dichotoma  has  been  studied  and  cultured  for  decades  and  some

knowledge  on  its  growth  physiology is  available  (Williams,  1905;  Hoyt,  1910;  Hoyt,  1927;
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Figure  3. Diurnal  release  periodicity  of  Dictyota

dichotoma spores by field sampled sporophytes (near l'

Ancient  Fort  Croix,  Wimereux).  Fraction  of  total

observed spores per time unit of one minute. The first

interval  consists  of  release  during  the  15  hours  of

incubation in the dark and subsequent 10 minutes of

rinsing. The other intervals depict the fraction released

in  a  5  minute  interval.  Error bars  indicate  standard

errors (n=3). 
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Schreiber, 1935; Müller, 1962; Kumke, 1973; Müller and Clauss, 1976), there is relatively little

knowledge on abiotic regulation of reproduction. Using our laboratory strain KB07 and field

sampled individuals from  near l' Ancient Fort Croix in Wimereux (France), we conducted

experiments in order to identify conditions best fit for (i) growth and storage of sporophytes,

(ii) induction of fertility and (iii) assessed the possibility of yielding synchronous developing

meiospore populations by assessing release periodicity.

As suggested by culture conditions under which  Dictyota dichotoma is  traditionally cultured

(Schreiber, 1935; Müller, 1962; Kumke, 1973), optimal temperature of Dictyota dichotoma is 20°

C. At this temperature a nearly 10-fold increase of biomass in three weeks could be achieved

under the present  culture conditions.  Modifying the condition with additional  aeration to

optimise  gas  exchange in  the medium and seawater circulation increased growth by 20%.

While statistically significant, it may remain debatable whether this improvement outweighs

the risk for contamination,  space and infrastructure requirements accompanying aeration.

Dramatic 10-fold increase or decrease

of  nutrient  concentrations  did  not

yield into an increased growth.

For long term storage of  strains  it  is

important  to  be  able  to  culture  the

algae  without  medium  refreshments

for a long period of time and to avoid

reduction  divisions  that  would

contaminate  the  sporophytes  with

gametophytes. It has been confirmed

Dictyota menstrualis  can overwinter in

colder conditions of 12° C for at least

21  weeks  near  its  distribution  limits

(Richardson,  1979).  We  confirm  that

cold  conditions  are  excellent  for

storage of Dictyota dichotoma and show

that  only  a  minute  fraction  of

germlings does not survive 8° C under

the chosen culture conditions.

As  low  temperature  have  shown  to

induce fertility in some algae (Lüning,

1980),  it  was  determined  whether  a

54

Figure 4. Fortnightly release periodicity of Dictyota dichotoma

sporophytes  (grey  bars) using  gametophytes  as  a  control

(black bars) near l' Ancient Fort Croix (Wimereux, France).

The histogram shows the percentage of total release of eggs

(black)  and spores (grey)  for the hatched part  of  the lunar

cycle  (error  bars  denote  standard  errors).  Approximate

position of spring and neap tide in Wimereux are marked on

the lunar cycle with arrowheads. Black circle, new moon; half

darkened circle, second quarter; white circle, full moon.
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short incubation under cold conditions of 8° and 12° C could increase fertility. However no

such effect could be observed. In contrast, continuous incubation at 8° C completely inhibited

fertility,  while  higher temperatures  still  showed  considerable  signs  of  sporogenesis  and

therefore  contamination  of  the sporophyte  culture  with  gametophytes.  Low temperatures

were reported to inhibit sporogenesis in other species of  Dictyota  as well  (Hoffmann, 1989;

Hwang et  al.,  2005).  Because  of  the long storage times  and the low risk for uncontrolled

reduction divisions, we can conclude that culturing at 8° C is a good choice for long term

storage without exchange of media for more than 6 months of Dictyota dichotoma sporophytes

in  Petri  dishes.  Besides  culturing  at  cold  conditions,  more  labour  intensive  methods  as

culturing on agar plates and cryopreservation may still be an option for storage of even longer

periods as these methods have shown to be effective in other brown algal species (Peters et al.,

2004; Wang et al., 2011; Heesch et al., 2012). 

Control of sporogenesis can be instrumental in completing the life cycle in short time periods.

We have illustrated that nutrient depletion, simply by skipping a nutrient refreshment, is an

efficient treatment triggering sporogenesis in young germlings. A comparable effect can be

achieved by filtering non-red wavelengths out of the light spectrum. Red light appears to have

a similar effect on gametophytes (results not shown) after 28 days, which is much shorter than

previous measures of one year for gametophytes to become fertile (Peters et al., 2004). As both

young gametophytes and sporophytes need about 28 days to induce fertility in about one

third of the individuals, it seems reasonable to estimate two months as the minimum time

required to complete the Dictyota dichotoma life cycle in the lab. 

As  both  vegetative  growth  (including  vegetative  reproduction)  and  sexual  reproduction

require resources, a trade-off between both has long been suggested in land plants  (Obeso

2002).  Evidence  is  accumulating  that  this  is  also  the  case  for  marine  algae  (Demes  and

Graham  2011;  Chu  et  al.  2011;  Guillemin  et  al.  2013).  Abiotic  factors  such  as  ocean

temperature, nutrient concentrations and light are known to regulate seaweed reproduction

(Santelices 1990; Santelices 2002; Carney and Edwards 2010; Demes and Graham 2011). Both

sporogenesis and vegetative growth in the related Dictyota kunthii from central Chile have been

shown  to  be  under photoperiodic  control  (Hoffmann  1988;  Hoffmann  1989).  It  remained

however unknown whether other abiotic factors  such as  temperature,  changes in  nutrient

composition  or spectrum of  light  have a  significant  effect  on the regulation  of  vegetative

growth and sexual reproduction.

Periodicity of egg release in  Dictyota has been well documented (Williams, 1905; Hoyt, 1927;

Müller, 1962; Kumke, 1973; Phillips et al., 1990). Similar to fucoid algae gametes are released in

a narrow time frame, a strategy which is hypothesised to have evolved under the selective
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pressure for increased fertilisation success and limited offshore dispersal (Pearson and Serrão,

2006). It is this very feature that gives oogamous brown algae the advantage of yielding large

populations of synchronously developing propagules. On a diurnal scale gametes are released

in a narrow time frame. At 20° C a sharp peak of released eggs is observed 25-30 min. after

onset of daily light period or blue light (Kumke, 1973). Contrary to gametes, potential diurnal

patterns in spore release have never been studied. Because sporophytes do not need ensure

succesful fertilisation, one could expect them to release their propagules temporally random

in order to maximise the evolutionary profit of bet-hedging.  

We found that the majority of spores are released during the first 80 minutes after exposure to

the light similar to the patterns for eggs as reported by Kumke (1973). This suggests that both

eggs and spores are released upon exposure to the light. It remains important to note that the

pattern is not as sharp as observed for female gametes. In this experiment the sporophytes

were placed in the dark several hours later than sunrise in their natural habitat. Almost 45% of

the observed spores were released in the dark using these field sampled tissue. However, in our

hands, release in laboratory grown sporophyte can be completely postponed for several hours

after the lights are normally turned on in the culture chamber using sporophytes grown in

culture.  This  ability renders  production of  large  populations of  synchronously developing

spores  feasible  and gives  the  Dictyota  sporophyte  similar practical  advantages  for polarity

studies as gametophytes. 

Eggs of the genus  Dictyota  are reported to release in distinct periods during the lunar cycle

(Williams, 1905; Hoyt, 1927; Phillips et al., 1990). While the tidal cycle was previously thought

to  be  the  determining  informational  cue  (Williams,  1905),  the  finding  that  the  lunar

periodicity of D. dichotoma cultures can be reprogrammed in the lab by giving light each 28th

night, suggests release in the field is guided by moon light (Müller, 1962; Kumke, 1973). While

female gametophytes show a clear and statistical significant lunar release periodicity, no such

periodicity could  be  found  for sporophytes.  Sporophytes  therefore  may provide  a  stable

supply of spores over the lunar time scale. 

Populations  of  the  species  Dictyota  dichotoma  in  Plymouth  (Devon,  United  Kingdom)  are

reported to release their gametes during the summer months two or three days after the

highest  spring  tide  (Williams,  1905).  In  Menai  Strait,  Bangor  (Wales,  United  Kingdom),

liberation of  gametes  occurs  four to six days after the highest  spring tide  as  observed by

Williams (1905). In Wimereux (France), we observed a mean release peak around two to three

days before the highest spring tide, with the mean release maxima coinciding with new and

full moon. In these three localities the next spring tide occurs at about two to three days after

full moon. Together these findings suggest release periodicity differs to some extent between
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populations at different localities. 

While most of the eggs are reported to release in a two to three day frame by Williams (1905),

a much higher variability of the release maximum between individuals was observed with

most of the gametes of the sampled population being released in a six to eight day frame. It is

tempting to speculate the difference may be caused by increased light pollution since the

beginning of  last  century when Williams made his  observations,  although a locality effect

cannot be excluded. 
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Abstract

Fucoid zygotes have been extensively used to study cell polarization and asymmetrical cell

division. Fertilised eggs are responsive to different environmental cues (e.g. light, gravity)

for a long period before the polarity is fixed and the cells germinate accordingly. First, it is

commonly believed that the direction and sense of the polarization vector are established

simultaneously  as  indicated  by  the  formation  of  an  F-actin  patch.  Secondly,  upon

reorientation  of  the  zygote,  a  new polar gradient  is  formed and  it  is  assumed  that  the

position of the future rhizoid pole is only influenced by the latter. Here we tested these two

hypotheses  investigating  photopolarization  in  Fucus zygotes  by reorienting  zygotes  90°

relative to a unilateral light source at different time points during the first cell cycle. We

conclude that fixation of direction and sense of the polarization vector is indeed established

simultaneously. However, the experiments yielded a distribution of polarization axes that

cannot  be  explained  if  only  the  last  environmental  cue  is  supposed  to  determine  the

polarization axis. We conclude that our observations, together with published findings, can

only be explained by assuming imprinting of the different polarization vectors and their

integration as a vectorial sum at the moment of axis fixation. This way cells will average

different  serially perceived  cues  resulting in  a  polarization  vector  representative  of  the

dynamic intertidal environment, instead of betting exclusively on the perceived vector at

the moment of axis fixation. 

Introduction

Patterning of  an  embryo is  often dependent  on  maternally determined polarity.  In  most

organisms at least one axis is established during oogenesis while the cell is still enclosed in

parental tissue. For example, the apical-basal pattern of egg cells in land plants is maternally

determined (Ueda and Laux 2012). Fucoid zygotes are exceptions to this general pattern. The

eggs  are radially symmetric  the  moment  they are  released  in  the  water column and  are

therefore  especially interesting  model  systems  for  the  study of  the  establishment  of  cell

polarity (Quatrano and Shaw, 1997; Kropf et al., 1999).

Cell  polarization  of  fucoid  eggs starts  directly after fertilization  resulting invariably in an

asymmetric cell division. The establishment of polarity is a continuum of overlapping events

that are traditionally subdivided in two stages: axis selection and axis amplification  (Kropf,

1997).   The polarization vector is specified during the process of axis selection. The future
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rhizoid pole is initially specified by the sperm entry site that co-localizes with the cortical

location of an F-actin site (Hable and Kropf, 2000). This axis serves as the default pathway for

polarization of zygotes cultured in the absence of environmental signals. Subsequently, the

zygote develops an extracellular adhesive matrix and attaches to the substrate (Vreeland et al.,

1993). At this stage, environmental cues can still override the weaker default axis provided by

the sperm entry site. Unidirectional light, for example, induces the rhizoids to grow from the

shaded side (Hurd, 1920). The F-actin patch at the sperm entry site disassembles and a new F-

actin patch is formed at the nascent rhizoid pole in accordance with the new vector (Alessa

and Kropf, 1999; Kropf et al., 1999). After axis selection, there is a period of axis amplification

involving  localized  secretion.  The  endomembrane  system,  organized  by  the  F-actin  and

microtubular cytoskeleton, accumulates adhesive material preferentially at the future rhizoid

pole, determining an intracellular polar axis that will be termed here the 'axis amplification

vector' (Vreeland et al., 1993; Hadley et al., 2006; Hable et al., 2008; Peters and Kropf, 2010).

The onset of this stage is likely controlled by a developmental clock as it starts a couple of

hours  after  fertilization  (AF)  (Alessa  and  Kropf,  1999),  probably  in  order  to  avoid  axis

amplification  before  the  zygote  has  had  the  chance  to  settle  using  the  freshly  acquired

adhesive layer. 

Although in intertidal habitats environmental cues are likely to be much more diverse as well

as  dynamic,  unilateral  light  is  the  most  commonly  used  cue  for  in  vitro polarization

experiments.  Zygotes  are  plated in  Petri  dishes  or on coverslips  and illuminated  laterally

throughout the cell cycle. In the intertidal, a number of different vectors are perceived at once

and  these  signals  are  integrated  together  (Hable,  2014,  this  issue).  Until  shortly  before

germination the axis remains,  surprisingly,  labile and susceptible  to realignment to a new

vector (Alessa and Kropf, 1999). The axis becomes fixed as a consequence of the local secretion

of  Golgi-derived  material  including  sulfated  fucan  (F2)  into  the  cell  wall  (Hogsett  and

Quatrano,  1978;  Shaw and Quatrano,  1996a) and  the establishment  of  the  'axis  stabilizing

complex'  (Fowler  and  Quatrano,  1995;  Belanger  and  Quatrano,  2000).  In  case  the

environmental conditions change and a new environmental  vector is perceived during the

photoresponsive period, a new rhizoid site will be selected according to this new vector and

amplified (Kropf et al., 1999). It is only prior to germination that the polarization axis becomes

permanently fixed (Fowler and Quatrano, 1995; Belanger and Quatrano, 2000).

The new axis amplification vector is not established by mere rotation of the old one but is

established  de novo  because of two reasons. (i)  First,  it  has been found that polarized light

induces zygotes to develop two rhizoids at opposite poles  ( Jaffe, 1958). (ii) Secondly, several

factors such as the F-actin patch (Alessa and Kropf, 1999), polar secretion (Schröter, 1978), the
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dihydropyridine receptors  (Shaw and Quatrano, 1996b), ionic currents and cortical clearing

(Nuccitelli, 1978) show a reoriented polar organization quickly after reorientation as predicted

by the new light vector. Moreover, cells with two F-actin patches in the short time frame after

the reorientation have been observed (Alessa and Kropf, 1999).

It is assumed that the axis stabilizing vector is the fixed form of the last axis amplification

vector and therefore the future rhizoid is identical to the new shaded hemisphere. Despite

some remnants of the first environmental vector such as the polar adhesive  (Schröter, 1978),

the first light vector is thought to have no influence on the polarization axis. Interestingly, the

new axis is assembled and amplified rapidly as it does not need additional time (Kropf et al.,

1999).  To our knowledge,  there  is  no  evidence  for the assumed link between the  de  novo

established  amplification  vector  and  the  axis  stabilization  vector.  Most  reorientation

experiments reorient only at one time point at the beginning of the photoresponsive period,

leaving only a very short time for the initial amplification vector to leave a putative detectable

influence  on the  final  polarization  axis.  Secondly,  the  reorientation  experiments  use  180°

changes. Cells that grow a rhizoid according to the first light vector can be either interpreted

as being fixed before reorientation or having a larger influence of the first light cue than the

second.  Therefore  these  experiments  cannot  exclude  the  possibility  that  the  old  axis

amplification vector influences the final axis stabilization vector. Only Schröter (1978) used a

ca. 125° reorientation at the beginning of the photoresponsive period, but reported detailed

results of a single zygote only.

When the zygotes are reoriented in relation to unilateral light the axis amplification vector

changes.  The orientation of the polarization axis and the position of the rhizoid pole are

implicitly assumed to change in one step. The observation of negative photopolarization (with

the zygote developing the rhizoid at the lighted side instead of the dark side) under treatments

that alter intracellular Ca2+ gradients  (Robinson, 1996), may suggest that fixation of direction

and sense involves two separate steps in fucoid cell polarization (Fowler and Quatrano, 1997).

However,  this  has  never been  tested  due  to  the  complete  reliance  on  180°  reorientation

experiments  (Cove, 2000). Such reorientation changes only the sense of the incoming light

vector and not its direction, while reorientations with 90° change both sense and direction of

environmental  vector and  therefore  make  it  possible  to  test  whether sense  and  direction

become fixed with the same kinetics. Here we tested two implicit assumptions: (i)  that the

polarization process cannot be separated on a temporal scale into a two-step process (ii) that

the last 'axis amplifying vector' is identical to the 'axis stabilizing vector'. Our results indicate

that  it  is  indeed  impossible  to  separate  the  alignment  of  the  direction  and  sense  of  the

polarization  vector  into  a  two-step  process.  Our 90°  reorientation  experiments,  however,

contradict the hypothesis that only the last axis amplifying vector defines the axis stabilizing
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vector (and polarization  axis),  thereby offering some novel  insights  to  longstanding views

regarding Fucus polarity establishment. 

Methods & Materials

Culture

Sexually mature receptacles  of  the  fucoid alga  Fucus  spiralis Linnaeus were collected near

Wimereux (France), Oostende (Belgium) and Blankenberge (Belgium) and stored at 4° C until

use. Release was induced by rinsing the receptacles with tap water and subsequently placing

them  in  natural  daylight  at  room  temperature  in  natural  filtered  seawater.  The  time  of

fertilization was considered at 1 hour after exposure to daylight. Debris was filtered out using a

100 µm nylon mesh. Zygotes were plated on poly-L-coated coverslips and grown at ca. 16° C.

For reorientation experiments, coverslips were carefully placed on Petri dishes (2-3 replicate

coverslips per Petri dish) at 3 hours after fertilization. Petri dishes were exposed to cool white

unidirectional fluorescent light at ca. 60 µmol photons m-2 s-1 on black sheets of paper to avoid

reflection.

For  each  replicate  experiment  a

90°  or  180°  reorientation  of  one

Petri  dish  was  executed  at  time

points  varying  between  7  and  21

hours  AF.  Each  Petri  dish

underwent  exactly  one

reorientation event. 48 hours after

fertilization, the orientation of the

polarization  vector  was

determined by scoring the zygotes

with rhizoids in 45° intervals with

the direction of the light vectors in

the  middle  of  an  interval  as

illustrated  in  Figure  1.  The  first

light  vector  illuminated  the

zygotes  at  an  arbitrarily  chosen

angle of 0°, the second at an angle
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Figure  1.  Experimental  design  and scoring method of  (a)  90°

reorientation  and  (b)  180°  reorientations.   Angle  between  the

vector pointing towards the first direction of the light (black line

at  0°)  and  the  polarization  vector  (arrow,  determined  by the

rhizoid  outgrowth  and  the  center  of  the  cell)  was  scored  by

estimating  its  orientation  on  an  angular  scale  with  a  45°

resolution as depicted (dashed interval). Numbers depict borders

of the intervals.   
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of 90° or 180°. 

TBO staining

Polarization of  Fucus zygotes was assayed by Toluidine Blue O staining (TBO), which stains

sulfated fucoidin  indicative  of  polar secretion  of  Golgi-derived material  into  the cell  wall

(Quatrano and Crayton, 1973;  Quatrano and Shaw, 1997).  Fucus zygotes were stained for 15

minutes with 0.1% Toluidine Blue O ASW at pH 1.5. Slides were rinsed in 99 % ethanol three

times for ca. 5 minutes and once for 1 hour before being mounted in tap water.

Statistics

Sample sizes  for each  replicate  experiment  are  listed  in  Supplementary Table  1,  2  and  3

together with the raw data. Second order mean angles of the polarization vector for the three

samples  under  90°  degrees  were  calculated  per  replicate  assuming  a  unimodal  circular

distribution using the procedure of Batschelet (1978). As a measure of angular concentration

the r-value  (Batschelet 1972) was used. Significance of the  mean angles was established by a

testing  procedure  due  to  Hotelling  (Hotelling,  1931).  Parameters  of  a  gompertz  sigmoid

functions were fitted through the mean values  using R (version 3.1.0)  and the package  nls

(Nonlinear Least Squares).

Results 

Fucus zygotes were reoriented 90° in relation to the unidirectional light source in a clockwise

direction.  Angles  of  the  polarization  vector  with  the  light  source  (L1)  were  scored  and

represented as radial graphs for each time point of reorientation (Figure 2). Mean angles and a

measure of concentration are depicted as the angle described by and the length of the arrow,

respectively. All mean angles of the polarization vector were statistically significant (Hotelling

test, P < 0.05).  

The  mean  angle  of  polarization  decreases  gradually  from  270°  to  180°  with  increased

illumination time of L1 (Figure 3). For example with the reorientation carried out at 7 hours

AF  almost  all  zygotes  fixed  their  polarization  vector  in  accordance  with  L2,  while  a

reorientation at 18 hours AF produced a population of rhizoids pointing in the direction and

sense  described  by  the  L1  environmental  vector.  During  intermediate  time  points  no
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enrichment of zygotes with polarization direction aligned to L1 but with misaligned sense of

polarity (relative to L1) can be observed. Second order mean angles were plotted over time

together with a regressed Gompertz sigmoid function (Figure 3). The angle gradually turns
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Figure 2. Influence of 90° reorientation experiments on the direction and sense of polarization vector.

Second order mean of the direction and sense of the polarization vector after 90° reorientation is depicted

by an arrow. Length of the arrow represents the r measure of the second order mean angle. Percentages

represent the fraction of the population that shows a particular angular orientation of rhizoid outgrowth

relative to the center of the cell.  Angles represent the relative orientation of the rhizoid relative to the

orientation of the first unidirectional light source. All mean angles of polarization vectors, including sense

information, were statistically significant (df = 3, P < 0.05). 
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from an angle that is in accordance with the

second  light  vector  (270°)  to  one  in

accordance with the first light vector (180°)

with  increasing  illumination  time  by  the

first  light  vector.  12  h  AF an  intermediate

angle of 225° is  obtained and at 15h30 AF,

the angle is very close to 180°.

In a separate experiment Fucus zygotes were

reoriented 180° at 10.5,  12, 13, 14.5 and 16.5

hours AF. 180° reorientations at  10.5 hours

AF  and  12  hours  AF  produced  a

diametrically  bimodal  circular  distribution

(Figure 4). For example, at an intermediate

time point of a reorientation at 12 hours AF,

33 ± 2.71 % of the zygotes polarized in the

interval  determined  by L2,  47.67  ±  2.88  %

polarized in the interval determined by L1,

while only 19.33 ± 2.28 % polarize in one of

the other 6 intervals (mean, ± standard deviation) (Figure 4). The percentage of zygotes that fix

a polarization vector on their shaded side in respect of L1 is  plotted over time (Figure 5,
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Figure 4. Influence of 180° reorientation experiment on the polarization vector for the time points 10.5, 12

and  16.5  AF.  Percentages  aligned  vertically  represent  the  percentages  of  the  population  that  show  a

particular angular orientation of rhizoid outgrowth relative to the center of the cell. Angles represent the

relative orientation of the rhizoid relative to the orientation of the first unidirectional light source (n = 300

in 3 replicate experiments).

Figure 3. Influence of reorientation on the fixation of

direction  and  sense  of  polarization  vector.  Second

order mean angles for the polarization vector after 90°

reorientation. Upper and lower error bars are Mardia's

circular standard deviation for the mean angles (n > 200

in  3  replicate  experiments).  The  line  depicts  the

regressed  Gompertz  sigmoid  that  best  describes  the

data. 
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squares), which results in a very similar curve like the one that describes the reorientation of

the angle at 90° degrees. Under  180° reorientation 50 % of zygotes are polarized according to

L1 at about 11.5 hours AF, while a 90° reorientation results in a polarization axis of 45° with

respect to L1 and L2 around the same time point.

To determine the timing of  the establishment of  the axis  stabilizing vector the polarized

secretion  of  Golgi-derived  material  was  monitored  in  populations  of  zygotes  grown  in

unilateral light using TBO staining as a marker. The percentage of zygotes with asymmetric

deposition of F2 fucoidin as assayed by TBO staining is plotted over time (Figure 5, triangles,

dotted line) and reaches ca. 50 % only at about 13.5 hours AF. 

Discussion

Currently it is accepted that  Fucus zygotes in the process of polarization commit to the last

applied environmental vector before axis fixation (Bisgrove, 2007; Hable and Hart, 2010). Our

data cannot be explained by the currently accepted scenario. Different possible scenarios for

the  resultant  rhizoid

orientation  are  detailed

below.  Under  the  currently

accepted  model,  whereby

reorientation  of  polarizing

zygotes prior to axis fixation

results  in  de  novo

establishment  of  a  new axis

amplification  vector  (Figure

6, Situation I), we can expect

a  mixture  of  embryos  with

rhizoids fixed according L1 or

L2  light  vector.  A  90°

reorientation would result in

a  bimodal  distribution  of

zygotes polarized at an angle

90°  relative  to  each  other.

Under  a  180°  reorientation

these  two  groups  will  be

diametrically  opposed  and
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Figure  5. Polarization after varying 180°  reorientation over time and

TBO staining in zygotes developing under unchanged unilateral light.

Fraction of zygotes having a polarization vector that points towards the

shaded side in relation to L1 (squares).  Percentage of zygotes staining

asymmetrically with TBO under unilateral light (triangles). Upper and

lower  error  bars  are  standard  deviations  (n  =  300  in  3  replicate

experiments).  The lines depict the regressed Gompertz sigmoids that

best describes the data (continuous: photopolarization according to L1;

dotted: TBO patch staining).
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result in a diametrically bimodal distribution.

An alternative hypothesis, originally proposed by Cove (2000) and Fowler & Quatrano (1997),

requires  a  decoupling  of  both  the  orientation,  defined  as  the  axis  along  which  a  zygote

polarizes, and the sense of the polarizing vector, the position where the rhizoid is formed.

This  hypothesis  would result  in  a fraction of  zygotes  with negative photopolarization,  i.e.

zygotes that polarize towards the illuminated instead of the shaded side relative to the first

light cue (Figure 1, Situation II). As an example, if the fixation of the sense of the polarization

vector lags behind the fixation of its orientation we expect a fraction of zygotes to have aligned

both  sense  and  direction  to  the  L1  light  vector,  however another fraction  that  fixed  the

direction only according to L1 will find itself confused in the situation of L2 illumination. Here

we expect about half will eventually polarize towards the L1 light source, while the other half

develops its rhizoid away from the first light vector in addition to the previously mentioned

fraction. When reorienting 180°, the fixation of the direction is irrelevant as it is the same for

both light directions and will result again in a diametrical bimodal distribution. The fraction
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Figure 6. Resulting angular distribution for each of the different polarization scenarios considered. Note

that 180° reorientation yields for each of these situations a diametrically bimodal distribution (see text

for explanation). 
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with  negative  photopolarization  will  not  be  discernible  from  the  fraction  that  polarizes

according to L2. At none of the time points of reorientation an over-representation of the

fraction with fixed polarization direction but misaligned polarization sense (relative to the first

light vector) could be observed. Our experiments exclude the possibility that the cell fixes the

direction before the sense of the polarization vector.

Both scenarios imply the complete breakdown of the old axis that is 'forgotten' in favour of

the de novo assembly of a new one. In other words the last axis amplification vector is assumed

to determine the axis stabilization axis, while the old axis amplification vector is disassembled

and has no influence on the future rhizoid site. 

Alternatively, the initial polarization vector (including F-actin patch) may be disassembled, but

not without leaving a trace or 'imprint' in the cell or cell wall (Figure 1,  Situation III).  The

information provided of multiple sequential light cues will then be integrated at the time of

axis fixation and result in an intermediate angle, if oriented with 90°. When reoriented 180°

the light cues are diametrically opposed. Therefore they will  outweigh each other and the

resultant angle will be according to the light cue that happens to be the strongest one and the

distribution will  be diametrically bimodal again.  It  is  important to note that simultaneous

fixation of direction and sense of the polarization vector is inherent to this scenario.

Indeed,  we  observed  a  different  pattern  than  predicted  by the  two  first  scenarios.  When

reorienting  90°  degrees,  zygotes  show  intermediate  angles,  which  gradually  rotate  with

increasing L1 illumination time until the polarization axis is completely aligned with L1. The

imprints of the polarization vectors following the perpendicular light vectors L1 and L2 (in

terms of asymmetrical distribution of intrinsic determinants) will be added up and result in an

intermediate angle (Figure 7). The longer the exposure to L2, the stronger the asymmetrical

imprint of intrinsic determinants and the larger the influence of the L2 light vector will be at

the  moment  of  fixation.  The  length  of  each  axis  amplification  vector  in  Figure  7  is

proportional to this influence and the length of the illumination time within a certain time

frame, roughly between 9 and 14 h AF, after which the axes are integrated and fixed. This

period is much likely preceded with a period during which the cells can sense a light cue but

are not able to imprint it in the cell wall yet. This is suggested by the fact a large fraction of the

cells are already photoresponsive at 1-3 hours AF in Fucus distichus (Kropf et al., 1989) at which

time point the cells do not have secreted a uniform adhesive layer yet. It is important to note

that simultaneous fixation of direction and sense is inherent to this scenario.

Under 180° reorientation, the imprinting model implies a different interpretation of the point

at which half of the cells commit to the first light vector compared to the previously discussed

models. Traditionally this point is interpreted as a marker for axis fixation and denotes the
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point at which half of the cells have fixed their polarization axis and are therefore not sensitive

any more to the second light vector (Quatrano, 1973; Kropf, 1989; Quatrano and Shaw, 1997).

Under the imprinting hypothesis this is the point at which both light vectors equally influence

the fixation of the polarization axis. Therefore the imprinting model implies that the moment

of axis fixation, assayed by TBO staining, occurs with slightly different kinetics compared to

the commitment to the L1 vector (Figure 5). Indeed the data suggest half of the zygotes of the

same three populations has  an asymmetric  TBO staining pattern only after 13.5  h,  which

indeed coincides roughly with the end of the responsive period. Two hours earlier (10 h AF) 50

% of zygotes already have determined the  side of rhizoid formation as determined by L1. In

Fucus distichus, however, it has been reported the moment of 50 % L1 commitment and 50 % of

TBO staining coincided by 10 h AF (Shaw and Quatrano, 1996a; Shaw and Quatrano, 1996b)

which contradicts our results. In contrast to the previous analysis, we report TBO staining at

more  than  one  time  point  and  in  more  than  one  replicate  population.  Particularly  the

increased temporal resolution in the estimation of the F2 deposition kinetics might explain

the apparent contradiction.

The different interpretation of the commitment to L1 in the 'imprinting model' links up with

the controversy whether there exists an axis fixation event that is temporally distinct from

germination  (Quatrano,  1973) or whether the  polarization  axis  becomes  fixed  by local  F2

deposition at the moment of germination itself as outlined by Robinson et al. (1999). While it

is  accepted  that  the  axis  is  fixed  before  germination  (Goodner  and  Quatrano,  1993),

experiments involving an osmotic block of germination and subsequent repolarization might

suggest there is no axis fixation before germination  ( Jaffe, 1958; Robinson, 1996). Therefore

the commitment to the first light vector prior to polar growth as observed by R.S. Quatrano

(1973), should have a different explanation than axis fixation. This explanation can be provided

by the proposed imprinting model. The here-presented scenario implies that axis fixation

occurs later than previously assumed based on reorientation data. If somehow the fixation of

the cells is postponed (e.g. by osmotic block of polar growth), the L2 light source will still be

able to reverse the polarization axis (Robinson et al., 1999).

It has been pointed out that the rapid fixation of a new polarization axis after reorientation is

interesting and the fact that the axis remains labile for a long time is considered surprising

(Kropf et al., 1999). Indeed one may expect  a priori  that the process of amplification should

occur with a constant  speed.  The long lability of the  axis  is  surprising as  it  is  difficult  to

imagine a distinct advantage in the intertidal. The moment the cells adhere at around 4-6 h AF

one may expect a faster development would be possible and advantageous. This period of

sensing the environment can be better understood in the context of the imprinting model as a

period of averaging all environmental cues the cell perceives during a 5-hour interval. Fucoid
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zygotes in the intertidal rarely undergo continuous unilateral light as the sun migrates during

this  interval.  Instead  of  betting  on  the  last  perceived  vector,  cells  seem  to  average  the

perceived  vector,  resulting  in  a  polarization  vector  much  more  representative  of  the

environment they need to adapt their development to. 

In conclusion, the here presented data together with the discussed published data can best be

explained by the vectorial addition of imprints made during a large fraction of the cell cycle.

How the information of the first environmental cue is stored, is not known. One can only

speculate on the molecular nature of the cellular memory. As the extracellular matrix has been

shown to be an important way of storing developmental information controlling the cell fate

(Bogaert et al., 2013), this part of the cell might be the first to look at.
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Figure 7. Proposed scenario for integration of polarization vectors as vectorial sum after reorientation of

90° (a)  or 180°  (b).  AV, axis  amplification vector;  SV,  axis  stabilization vector.  Red block arcs  depict  the

hypothesized intrinsic factor responsible for the imprinting of unknown nature. Blue shading denotes F2

deposition as assayed by TBO staining. Hours denote timing of illumination under different light regimes

and therefore the strength of each vector. Black bars denote the polar endomembrane system and F-actin

deposition symbolizing the entire axis amplification machinery.
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While fucoid zygotes are responsive to an impressive range of informational cues and develop

in a dynamic environment with cues that may change from direction, cells normally develop

only one rhizoid suggesting that multiple cues are integrated to generate a single one. While

the axis amplification on itself is relatively well documented, the way these cues are integrated

is  only  circumstantially  known  (Hable  and  Hart,  2010).  We  have  provided  a  better

understanding in the way zygotes integrate sequentially applied vectors. How zygotes respond

to simultaneously applied cues is  still  poorly understood. All cues that induce a signal are

believed  to  be  integrated in  the common pathway upstream of  establishment  of  the axis

amplification  (Kropf et al., 1999). But at which point their signalling cascade converges with

each others ones is  unknown. One may suggest the here proposed imprinting mechanism

would provide an alternative mechanism. But the fact that cells have only one amplification

vector at the same time suggests this simultaneous integration occurs at the level of polarity

signalling as proposed by Kropf et al. (1999). 
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Chapter 4. A two-step cell
polarisation in algal zygotes

Abstract
In most complex eukaryotes development starts with the establishment of cell polarity that

determines the first axis of the future body plan. The underlying mechanisms of polarity

establishment are still emerging. Here, we show that cell polarity can be established in a

two-phased process with a first phase characterised by breaking up the radial symmetry into

two possible polarisation vectors. Like in land plants, the zygote of the brown alga Dictyota

establishes the apical-basal axis during the first cell division. Upon egg activation, the zygote

undergoes a fast elongation along a maternally determined polarity axis. Which of the two

poles of the resulting prolate spheroidal zygote will acquire the basal cell fate, is determined

environmentally  as  assessed  by  the  direction  of  unilateral  light.  The  second  phase  is

accompanied by and dependent on zygotic transcription instead of relying uniquely on

maternal factors. In that embryogenesis in brown algal plant systems is more similar to land

plants rather than animals. Cell polarisation as observed in Dictyota whereby determination

of  direction  and  sense  of  the  polarisation  vector  are  temporally  and  mechanistically

uncoupled in two distinct processes is unique and may be relevant to establishment of cell

polarity in other organisms.

Introduction
Cell polarisation is the process in which a side or a cortical region of the cell is determined

and  predestined  for  a  certain  cell  function  or  fate.  During  the  establishment  of  cellular

asymmetry, intrinsic factors such as ions  (Shaw and Quatrano, 1996a), proteins  (Dong et al.,

2009), organelles  (Yamashita et al.,  2007) or maternal RNA  (Kumano, 2012) are distributed

unequally.  While in most organisms with a polarised zygote,  the first  axis of symmetry is

maternally predetermined (Nakajima et al., 2010; Sardet et al., 2010; Kumano, 2012),  only a

few organisms, such as fucoid algae, polarise de novo after fertilisation and provide a tractable

alternative  for the study of  polarity establishment  (De Smet and Beeckman,  2011).  To get

further  insights  in  symmetry  breaking  mechanisms,  we  took  profit  from  Dictyota,  a
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parenchymatous  brown  alga,  only  distantly  related  to  fucoids,  with  poorly  described

embryology.   

Here  we  showed  that  cell  polarisation  in  Dictyota  zygotes  is  uncoupled  in  two  distinct

processes  that  use  different  informational  cues,  occur  at  different  time  points  and  are

respectively maternal (gametophytic) and zygotic (sporophytic) processes. In Dictyota zygotes

the direction of the polarisation vector is maternally predetermined and determines a fast

shape  change  triggered  by fertilisation.  The  sense  of  the  vector  is  determined  using  the

direction  of  the  light  in  a  second  step  that  is  under zygotic  control,  reflecting  an  early

maternal-to-zygotic transition in comparison to animal systems  (Lee et al., 2014).  This two-

step process  contrasts  to the canonical  way of cell  polarisation,  where both the sense and

direction of the polarisation vector are determined simultaneously at the moment a polar

localisation of intrinsic factors is established and potentially may be of broader relevance to

other organisms. 

Results and Discussion
Upon fertilisation, eggs quickly change shape from a sphere into a prolate spheroid (Fig. 1a-b)

in  ca.  90  seconds  on  the  individual  scale  (Fig.  1e).  Furthermore  the  process  is  highly

synchronised  by sperm  entry  in  a  population  with  all  zygotes  being  elongated  within  3

minutes after fertilisation. After 8 hours, zygotes can be observed having developed a rhizoid

at  one  of  the  two  poles  of  the  spheroid  (Fig.  1c),  implicating  that  the  direction  of  the

polarisation  vector  is  determined  by  the  direction  of  the  elongation  axis.  After  a  fast

elongation  event,  the  length  of  the  zygote  remains  stable  until  at  least  4  hours  after

fertilisation (Fig. 1f), after which tip growth starts (Fig. 1f). Even though elongation of plant

zygotes  and  cells  is  commonly observed,  it  is  typically  a  slow process,  involving  growth

(Hamant  et  al.,  2010),  while  Dictyota  zygotes  elongate  with  a  speed  more  comparable  to

mammalian zygotes (Gray et al., 2004).

A first cell division perpendicular to the elongation direction, 7-8h after fertilisation, results in

2 cells,  one developing into a vegetative thallus pole the other becoming the rhizoid. This

asymmetric cell division gives rise to unequally sized daughter cells, where the vegetative cell

takes up the largest part of the cell volume (Fig. 1c). The young embryo will  then develop

further by first dividing perpendicular to the elongation axis and patterning radially into a

parenchymatous  germling  with  cortex  and  medullary  cells.  Eggs  may  develop

parthenogenetically,  during  which  they  only  rarely  elongate  and  show  a  Fucus-like

morphology instead  (Supplementary Fig.  1d-e),  but  eventually die  after 2-3  cell  divisions

(Williams, 1904). 
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Because  Fucus  zygotes  determine their polarisation vector according to the light  direction

(Bogaert et al., 2015), we tested whether the polarisation vector in Dictyota is light responsive.

Therefore, eggs were fertilised under unilateral light. The direction of the polarisation axis of

elongated zygotes was scored and shown to be independent of the direction of the light (Fig.

2a).  Also  when  the  cell  remains  spherical  in  parthenogenetic  germlings,  the  polarisation

direction  is  not  aligned by the light  vector (Fig.  2b). Moreover,  because  the zygotes  only

acquire  their adhesive  properties  that  may fix them to  the  substrate  after  they started  to

elongate, any environmental vector is  a priori unlikely to provide a stable cue to suspended

eggs and zygotes.

Because  the  sperm  entry  site  determines  a  polarisation  axis  in  Fucus and  is  thought  to

determine the elongation axis of mouse zygotes (Hable and Kropf, 2000; Gray et al., 2004), we

investigated  if  this  was  also  the  case  for  Dictyota.  The  position  of  the  sperm pronucleus,

however,  was  positioned  randomly  relative  to  the  direction  of  the  elongation  axis.

(Supplementary Fig.  2,  Fig.  2C).  Furthermore,  eggs are capable  of  elongating without any
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Figuur  1.  Morphology  of  Dictyota  dichotoma  embryo.  a-d,  Development  of  a  Dictyota  egg  and
representative elongated embryo at respectively 4 (b), 8 (c) and 55 (d) hours after fertilisation (AF). Scale
bars  are  50 µm.  e,  Cell  length  during the  first  5  minutes  after additions  male  gametes  for an entire
population (n > 65) (black lines) or representative individuals (blue dotted lines). f, Cell length during the
first cell cycle (black line and axis) compared with fraction of embryos showing tip growth (red line and
axis). Error bars are standard errors (zygote length)  or standard deviations (tip growth). 
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Figure  2.  The  elongation  axis  is  maternally  determined.  a-b,  Influence  of  the  light  vector  on  the
polarisation direction (scored as the smallest angle between the polarisation direction and the light vector
(N=150, 90). Chi-squared test, P-value > 0.05. c, Frequency distribution of fertilisation angles. Rayleigh's test,
z = 1.85, df = 100, P > 0.05. Inset shows scoring scheme.  and  denote respectively the female and male♀ ♂
pronuclei. The fertilisation angle, defined as the angle between an arbitrary pole of the elongation axis and
the axis  determined by the pronuclei,  was  measured.  d,  Kernel  density map of  chloroplast  distribution
mapped on TEM images of a freshly released unfertilized egg. The dashed line depicts the significant mean
of the diametrical bimodal circular distribution. Z = 31.54, df = 111,  P < 0.05.  e, Chloroplast density as a
function of the distance from the nucleus. Mean chloroplasts per µm (± SE) in each of 10 concentric rings
dividing the range of distances to the nuclear membrane in 10 equal parts (N = 6). The arc below histogram
depicts a part of the cell and shows schematically the ten different regions of the cell in which the mean
chloroplast  density  was  calculated.  f,  Confocal  images  (upper  row)  of  a  representative  egg  or  zygote
visualizing autofluorescence and respective bright field images during elongation. Numbers show amount of
seconds after addition of the male gametes. Hyaline zones separating darker polar regions are indicated with
arrowheads. 
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paternal  contribution (Supplementary Fig.  1),  ruling out the sperm entry site as the single

determining factor. 

Unfertilised Fucus eggs are apolar and no clustering of chloroplast (or other organelles) can be

observed  (Brawley et al., 1976; Evans et al.,  1982).  Confocal microscopy of  Dictyota  egg cells

showed two polar regions of intenser cortical autofluorescence and a hyaline equatorial zone

of  less  intense  autofluorescence  in  between. The  poles  of  more  intense  autofluorescence

overlapped with dark regions observed under light microscopy. Furthermore, kernel density

maps  based  on  TEM  sections  showed  an  aggregation  of  chloroplasts  around  the  central

nucleus with a small region of low density in between (Supplementary Fig. 3, Fig. 2e). In all

sectioned eggs (N = 6), a significant deviation from a random angular distribution of doubled

angles relative to an arbitrary axis was observed using the Rayleigh test (Supplementary Table

1,  Fig.  2d),  implicating  perinuclear  chloroplasts  are  distributed  in  a  bimodal  circular

distribution  pattern  revealing  a  polarity  axis  present  in  egg  cells.  Timelapse  microscopy

confirmed in vivo that upon fertilisation elongated according to this preformed axis (Fig. 2f).

Although the direction of the polarisation vector is independent of the direction of unilateral

light,  the  zygotes  and  parthenotes  of  Dictyota  are  partially  photoresponsive,  because  the

rhizoid pole preferentially develops at the pole situated at the dark side of the cell (Fig. 3a,b).

To test whether elongation and determination of the rhizoid pole happen simultaneously or

are temporally separated processes,  the relative timing of integration of light cues for the

determination of the rhizoid pole was assayed. The rhizoid pole is stained by toluidine blue O

(Fig.  3e),  just  like  in fucoid algae  where this  feature  is  a marker for fixation of  positional

information in the cell wall matrix (Shaw and Quatrano, 1996b). When young germlings are

stained  the  cell  walls  from  the  daughter  cells  at  the  rhizoidal  pole  show  a  blue/purple

coloration  (Fig.  3f),  illustrating  it  is  indeed  the  rhizoid  pole  that  obtains  this  affinity to

toluidine blue O. Interestingly, this coloration fades after a couple of cell divisions, suggesting

that F2 fucan deposition accompanies cell polarisation and asymmetrical cell division, rather

than specification of the rhizoidal cell fate. Secondly, we determined the time point when the

polar axis aligns with a light vector and is no longer influenced by a different light vector after

180° reorientation. At about 5.5 h after fertilisation 50% of the individuals have committed to

the rhizoid pole according to the first light vector, which is at the same time point half of the

cells show a toluidine blue O patch (Fig. 3c) and incipient tip growth (Fig. 1e). Hence, (unlike

fucoids (Bogaert et al., 2015), Supplementary Discussion) the time at which a toluidine blue O

staining patch can be first  observed,  is  temporally coincident  with the timing the zygotes

become unresponsive  to  a  reorientation  of  the  environmental  cue  in  Dictyota  and,  more

importantly, occur much later than elongation.
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Apart from being dependent on environmental cues and occurring after the first maternally

determined phase of the cell polarisation, we tested whether determination of the sense of the

polarisation  vector  is  under  maternal  or  zygotic  control  by RNA-seq  the  poly (A)+  RNA

isolated from eggs, zygotes and dividing embryos. After de novo transcriptome assembly and

functional  annotation  (Supplementary Information  2.1-2.2).  The  fractions  of  differentially

expressed genes (Fig. 3h) and differentially expressed ontology groups for KEGG Pathways and

GO classes (Supplementary Figures 6-14) indicate de novo transcription starts already before 1h

after fertilisation. An increasing fraction of the assembled transcripts show presence over time

(Figure 3g).  Moreover,  pairwise  comparisons show that  some of  the upregulated ontology

groups are associated with pathways such as “ribosome” (ko03010), “spliceosome” (ko03040)

and a diverse range of transcription and translation related GO terms such as “regulation of

transcription DNA templated” (GO:0006355), “translation” (GO:0006412), “sequence-specific

DNA-binding transcription  factor activity” (GO:0003700)  are  significantly upregulated  1  h

after fertilisation and/or 8 h after fertilisation (P < 0.05). Despite the fundamental differences

with  the  polarisation  process  of  fucoids,  the  timing  of  the  fixation  of  the  sense  of  the

polarisation vector, the dependency of fucoid zygotes on unilateral light and toluidine blue O

staining at the rhizoid pole suggest that the fucoid polarisation process may closely resemble

the  second  phase  of  polarisation  in  Dictyota.  Moreover,  ontology classes  and  upregulated

transcripts during polarisation suggest a conserved role for many pathways and GO terms

such as calcium signalling, phosphatidylinositol signaling and small GTPases (Supplementary

Information 2.4, Supplementary Figures 6-14). 

The  broadcast  spawning  Dictyota provides  a  good  experimental  system  for  testing  the

influence of  maternal  gene products  on development  and the timing of  the maternal-to-

zygotic transition (MZT) without reliance on invasive micro-dissection techniques potentially

81

Figure 3. a-b, Influence of the light vector on determination of the rhizoid pole of zygotes (a) (n = 200)
(Chi-squared test, chi² = 50.43, df = 1, P-value < 0.0001) and (b) spherical parthenotes (n=90) (Chi-squared
test, chi² = 64, df = 1, P-value < 0.0001). Scoring system is depicted in insets. c, Time course of axis fixation
assayed by commitment to the first light vector before 180° reorientation (dashed line, black circles) and
toluidine blue O staining each hour after fertilisation during the first cell cycle (black line). d, Hierarchical
cluster  analysis  was  applied  to  all  assembled  gene.  Transcriptional  profiles  of  expression  values
transformed to Z-scores were analyzed. e, representative zygote showing toluidine blue O staining patch at
the presumptive rhizoid pole. f, rhizoid without hapter showing the dark coloration at the rhizoidal pole is
lost after a couple of cell divisions (arrow head).  g,  Average percentage of total assembled transcriptome
showing TPM values larger than 0.5 in the sampled stages. Error bars denote SDs (n=3).  h, Differentially
expressed (DE) genes in contrasts eggs vs. zygotes, zygotes vs. embryos and eggs vs. embryos. Scatterplots
(left) show TPM values for each of the assembled contigs;  blue dots  denote genes with non-significant
differentially expressed genes, red dots denote DE genes. Bars above scatter plots denote fraction of DE
genes  upregulated  in  either  side  of  each  contrast.  Venn  diagram  shows  distribution  of  DE  genes.  i,
Upregulated KEGG pathways in embryos (vs zygotes). * FDR < 0.10, ** FDR <0.05, *** FDR < 0.01. j, Rhizoid
development in response timing to 30µg/ml actinomycin D addition. * P <0.05 (GLMM relative to the
control). 
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causing transcriptomic responses (Ning et al., 2006; Zhao et al., 2011) and the risk of seed-coat

contaminations (Nodine and Bartel, 2012). Our results indicate the MZT occurs already during

the first cell cycle of development in brown algae. Inhibition of transcription using 30 µg/ml

actinomycin D suggests development is dependent on early zygotic transcription between 0

and  45  minutes  after  fertilisation  (Fig.  3J)  and  suggests  MZT  even  occurs  directly  after

fertilisation, already before karyogamy. 

Maternal polarisation is common, however where present (eg. ascidians, Xenopus, angiosperm

sporophyte and male gametophyte,...)  it  determines also the sense of polarity,  not only its

direction. For example in angiosperm zygotes,  the egg cell possesses also a heterogeneous

cytoplasmic  organisation,  cytoplasm  with  plastids  clustered  at  either  the  chalazal  or

micropylar  side  and  one  or

more vacuoles at the other side

depending  on  the  clade  even

when studied  in vitro  (West and

Harada,  1993;  He  et  al.,  2007;

Uchiumi  et  al.,  2007).  The  cell

will  reassemble  a  polar

cytoplasmic  organisation  and

divide  according  to  the  axis

determined by the  cytoplasmic

heterogeneity (Ueda et al., 2011).

Importantly,  the  chloroplast

distribution  in  Dictyota is  not  a

polar  gradient,  like  in

angiosperm  eggs,  but  is

organised in two similar groups

at  opposite  sides  of  the  central

nucleus  and  therefore  only

determines the direction of the

polarisation vector (Fig. 4). 

The  set  of  developmental

instructions the zygote acquires

directly  from  the  mother

individual,  varies  greatly

between  different  biological

systems. In most animal systems
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Figure  4. Scheme  comparing  zygote  polarisation  in  Dictyota
(middle) with that of Fucus (upper row) and Arabidopsis (bottom row)
at  the  egg  stage  (left  column),  shortly  after fertilisation  (middle
column)  and  after  (completion  of)  polarisation  or  just  before
mitosis in Arabidopsis  (right column). (Green ellipses, plastids; blue
sphere,  nucleus;  green gradient,  (possible)  future vegetative pole;
white arrow, possible basal pole; grey ellipse, vacuoles; red dashed
line,  polarisation  vector with  undetermined  sense;  red  line  with
black arrow, polarisation vector with fixed direction and sense. See
text for explanation. 
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early development relies on maternal transcripts during the first cell cycles while the zygotic

nuclear genome remains transcriptionally quiescent (Schier, 2007). After this early embryonic

phase, the genome is activated and gene products are transcribed. This delayed inheritance of

developmental control from parent to progeny is  called the maternal-to-zygotic transition

(MZT) and at different time points depending on the organism  (Lee et al.,  2014).  In higher

plants, maternal contribution of gametic transcripts in early embryogenesis has not yet been

fully understood (Luo et al., 2014), however contested evidence suggests a model in which the

zygotic genome is activated within the first  few hours after fertilisation  (Zhao et al.,  2011;

Nodine  and  Bartel,  2012).  Together,  these  the  findings  are  consistent  with  the  view that

embryogenesis  in plant systems,  lacking a distinct  maternally embryonic  phase controlled

phase, does not represents a distinct and independent stage in its life history unlike animals

(Kaplan and Cooke, 1997).

Here  we  showed  cell  polarisation can  be  divided  in  two  steps  that  rely  on  different

informational cues, can be temporally separated and even can be made in different life cycle

generations of the organism.  While the direction of  the polarisation vector is  determined

under  maternal  control  in  the  oogonium  (in  the  gametophyte)  and  is  morphologically

expressed seconds after plasmogamy, the sense is determined using environmental cues and is

under zygotic control (in the sporophyte). 

Methods summary
Male and female gametophytes were cultured and triggered to release gametes by exposure to

daylight. Photopolarisation of parthenotes and zygotes was tested using unilateral light and

scoring the direction of elongation or rhizoid emergence using a cross on a reticle in the

eyepiece of  a  light  microscope.  Eggs  were  used  for a  TEM microscopy using a  modified

protocol of Motomura (1994). Photographs were loaded in QGIS and centroids of chloroplasts

sectional  views were  marked.  Kernel  density maps of  chloroplast  sections  were computed

using a bandwidth of 10 µm. Eggs were fertilized and chloroplast autofluorescence imaged on

a laser confocal  imaging system (model TCS SP5, Leica, France) at excitation 405 nm and

emission wave lengths between  555-625 nm. Polarisation of zygotes was assayed by toluidine

blue O staining at pH 1.5, which stains sulfated fucoidin indicative of polar secretion of Golgi-

derived material  into the cell  wall  in fucoids  (Quatrano and Shaw,  1997).  RNA of eggs (15

minutes  after  release),  zygotes  and  embryos  (8h  after  fertilisation)  and  additional  tissue

(vegetative, gamete and embryonic), cDNA libraries were sequenced using HiSeq and 454 and

assembled de novo respectively with Trinity and Mira. Assemblies were joined using CD-HIT,

rRNA was filtered out and redundancy was reduced, TGICL and orthology guided assembly
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(Ruttink et al., 2013). Three replicates of 14 370 069 single-end 75 bp reads (HiSeq/NextSeq) of

each eggs,  zygotes and embryos were mapped to the assembled transcriptome using CLC

Genomics Workbench version 7.5 and transcriptome library expression values were compared

using FDR corrected (  = 0.05) Baggerley tests. Enrichment for functional classes was testedα

using Gene Set Enrichment Analysis. 

Full methods and any associated references are available in Supplementary Information 1.  
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Supplementary Material

Supplementary Information 1. Methods

Culture
The experiments  -  except  for transcriptome profiling -  were  carried  out  using a  unialgal

laboratory  culture  of  Dictyota  dichotoma ODC1387  collected  near  'l  Ancient  Fort  Croix  in

Wimereux on 1st of May 2007. Thalli were grown in aerated 1 L culture flasks at ca. 19° C or

crystalizing 250 ml dishes in white fluorescent light with a photon fluence rate of 60 µmol m-2

s-1 using  modified  Provasoli  enriched  seawater  (mPES)  (West  and  Mcbride,  1999).  For

transcriptomics eggs, zygotes and embryos were obtained from at least 5 pooled male and

female individuals collected from the near Roscoff in July 2011 and cultured in natural sea

water at room temperature until release. All experiments were conducted in culture chambers

at ca. 19 ° or at room temperature. Eggs were collected using filtering on a 10 µm mesh, while

zygotes and dividing embryos were concentrated by allowing them to settle. Concentrated

suspensions of individuals were transferred into 1.5 ml Eppendorf tubes and pelleted at 4,000

x g for 5 minutes. Gamete pellets were flash-frozen in liquid nitrogen and stored at -80° C

before RNA extraction. 

Photopolarisation
To  determine  the  influence  of  the  light  on  zygote  polarisation,  FSW  with  suspended

unfertilised eggs and male gametes were pipetted on Sedgewick rafter cell (volume 1 mm3 and

divided into 1 mm² squares; Pyser SGI®) and put within seconds under unilateral white light

with intensity of ca. 30 μmol m-2 s-1. In this way fertilisation occurred under unilateral light.

For experiments  determining the  influence of  parthenogenetic  germlings,  only eggs  were

incubated directly after release. Direction of the polarisation axis and position of the rhizoid

pole were scored using a cross on a reticle in the eyepiece of a light microscope. For scoring

the direction of the polarisation vector of zygotes, the smallest angle between the elongation

axis and the unilateral light vector was scored for being below or above of 45° one hour after

fertilisation. For scoring the orientation of the rhizoid pole of zygotes, rhizoids were scored

for being either at the dark or the lighted side during the second day AF. For scoring the

direction of the polarisation vector of spherical parthenogenetic germlings, the polarisation

angle was defined as the smallest angle between the light vector and the direction of the vector

determined by the rhizoid pole and the center of the cell and measured during the third days

AF. 

87



Chapter 4

Pronucleus staining
Pronuclei were stained using the protocol of Brawley and Quatrano (1979). Zygotes were fixed

20 minutes AF. Stained zygotes were observed and photographed using a Leitz microscope

(Diaplan, Belgium) equipped with CCD camera Colorview III (Olympus, Belgium). The angle

defined by the sperm pronucleus, the female pronucleus and an arbitrary selected pole of the

cell was measured using ImageJ 1.48k (National Institutes of Health, USA). An angle of 90°

indicates  a  localisation  at  the  equatorial  region  while  an  angle  of  0°  or  180°  indicates  a

localisation at a pole of the prolate spheroid. 

CLSM brightfield and autofluorescence imaging 
A laser confocal imaging system (model TCS SP5, Leica, France) using a helium-neon laser was

used to visualize cortical chloroplast distributions. The excitation wavelength was 405 nm. An

AOBS  (Leica,  France)  was  used  to  monitor  CFW fluorescence  and  autofluorescence  with

detection between 555-625 using a HCX PL APO 40x0.85 dry objective (Leica, France). Bright

field and autofluorescence were captured simultaneously each 15 seconds. 

TEM
Freshly  released  eggs  were  used  for  TEM  microscopy  following   modified  protocol  by

Motomura (1994). Samples were fixed by 3 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2)

containing 2 % NaCl, 0.1% CaCl2 for 24h at 4°C. They were washed with 0.1 M cacodylate buffer

containing 2 % NaCl and 0.1 % CaCl2, and post-fixed with 2 % OsO4 for 2 h at 4 °C in cacodylate

buffer (pH 7.2) containing 2 % NaCl and 0.1 % CaCl2 or 1 % OsO4 in the same buffer composition

for overnight at 4 °C. Samples were washed with H2O, en block staine with 0.5% uranyl acetate

for 15 min at 4 °C. Samples were dehydrated in a graded series of acetone and embedded  in

Spurr's  epoxy  resin.  Ultrathin  sections  (70nm)  were  cut  on  a  Reichert  ultracut  S

ultramicrotome (Leica, Vienna, Austria) with a diamont knife (Diatome Ltd., Biel, Switzerland)

and  mounted on Formvar coated single slot copper grids (Agar Scientific, Stansed, UK). Serial

ultra-thin sections were made of zygotes. Ultrathin sections of eggs and oogonia were made

each 5 μm. The sections were stained (EM stain, Leica) with uranyl acetate and lead citrate and

viewed  with  a  Jeol  JEM-1010  (Jeol  Ltd,  Tokyo,  Japan)  transmission  electron  microscope

operating at 60 kV.

Kernel density maps
Photographs  were imported in  QGIS (2.0.1-Dufour)  and  centroids  of  chloroplast  sectional

views  were  estimated  and  marked.  Kernel  density  maps  were  computed  using  the  QGIS
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Heatmap plugin (Version 0.2) using a bandwidth of 10 µm. Distance to the nuclear envelope

was computed and normalised by dividing with longest distance. To illustrate the clustering

around the nucleus, the chloroplast density was calculated for 10 concentric rings dividing the

space between the most distant chloroplast and the circle approaching the nuclear envelope.

To test the hypothesis that chloroplasts are diametrically bimodal distributed, angles between

the chloroplast centroid, nuclear centroid the x-axis of our arbitrary coordinate system was

calculated, transformed to a circular scale of 180° and analysed using a Rayleigh test.

TBO staining
Polarisation of zygotes was assayed by toluidine blue O staining (TBO), which stains sulfated

fucoidin indicative of polar secretion of Golgi-derived material into the cell wall in fucoids

(Quatrano  and  Shaw,  1997).  Zygotes  or  germlings  were  stained  for  15  minutes  with  0.1%

Toluidine Blue O ASW at pH 1.5.  Slides were rinsed in 99 % ethanol three times for ca. 5

minutes and once for 1 hour before being mounted in tap water. Zygotes with TBO staining

poles  were  counted.  Photographs  were  made  using a  Olympus  BX51  (Olympus,  Belgium)

equipped with a CCD camera (Colorview III) (Olympus, Belgium). 

RNA extraction, cDNA synthesis and Illumina 
sequencing

Total RNA of eggs (15 minutes after release), zygotes and embryos (8h AF) and additional tissue

(vegetative, gamete and embryonic) was extracted using the RNeasy plant mini kit (Qiagen,

Belgium), including on column DNA digestion. The integrity and quantity of RNA samples

was assessed by both NanoDrop 1000 spectrophotometer (Thermo Scientific and Agilent 2100

Bioanalyzer (Agilent Technologies,  USA). cDNA library was generated using TruSeqTM RNA

Sample prepration kit (Illumina, USA) according to the manufacturers instructions. Oligo(dT)

beads  were  used  to  purify  poly(A)  mRNA  from  total  RNA.  Library  construction  and

sequencing of  454  library and  the  HiSeq/Nextseq  libraries  was  performed at  IGSP (Duke

University, Durham, USA) and VIB Nucleomics core (Leuven, Belgium) respectively. 

A 454  library was  sequenced  on  a  Roche/454  GS  FLX Titanium.  Sequencing  of  the  first

samples  of  eggs,  zygotes,  and  embryos  was  executed  on a  lane  of  a  Illumina HiSeq2000

platform at 2x100bp. The second and third replicate were sequenced on 2 lanes of a NextSeq

500 High platform at 1x76bp according to manufacturers instructions. Data generated from

454 sequencing of cDNA from pooled vegetative, gamete, zygote (1h AF) and embryonic (8h

AF) tissue and separate Illumina NextSeq/HiSeq libraries is  summarised in supplementary

table 2 for reads before and after adapter trimming, quality assessment and removal of rRNA.
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Quality of the reads was assessed using the FastQC 0.10.1. 

Trimming, assembly and annotation
All assemblies were performed on an openSUSE 12.3 based Dell workstation with 24 cores,

2.27 GHz Intel Xeon processor and 64 Gb random access memory . The schematic workflow of

the  assembly  and  analysis  is  depicted  in  Supplementary  Figure  5.  Sequences  from

pyrosequencing were extracted and clipped using sff_extract (version 0.3.0).  475 060 reads

were assembled using MIRA v. 4.0rc5 (Chevreux et al., 2004). Sequences from Illumina HiSeq

yielded by CASAVA 1.8.0 were trimmed using Seq_Crumbs 0.1.8 powered by Biopython-1.63

to remove tail regions (Phred <= 25, 5-base sliding window), low quality sequences (average

Phred score  <= 20 bp)  and all  short  sequences (<= 50 bp)  and Cutadapt  (Martin,  2011) to

remove  adaptor  sequences.  298  503  204  sequences  were  normalised  in  silico  using

normalize_by_kmer_coverage.pl with maximum coverage of 30 x k-mer (k-mer = 25 bp) and

sequenced with Trinity (Trinityrnaseq_r20131110) (Haas et al., 2013). 

The reconstruction of splice variants and allelic transcripts contributes to redundancy of an

assembly. Therefore we reduced redundancy of the combined contig sets using sequentially

CD-HIT and TGICL. The contig sets were merged using the accurate mode of CD-HIT (cd-

hit-est version 4.6) with the sequence identity threshold at 100% and a word size of 5 (Niu et al.,

2010) to remove identical transcripts. In order to reduce sequence redundancy, TIGR gene

indices  clustering  tools  (TGICL  v2.1)  (Pertea  et  al.,  2003),  based  on  pairwise  sequence

similarity tools and contig assembly program CAP3 (Huang, 1999) were applied. TGICL was

used with default parameters and resulting singletons and consensus contigs were merged for

downstream analysis. Local BLASTN SeaRCHES  (E<10e-10) were performed against the Silva

rRNA database (LSU and SSU parc, release 115) to identify and subsequently remove rRNA

using  a  custom  BioPython  script  (sortxml.py,  available  in  supplementary  material).  For

orthology guided assembly according to Ruttink et al. (2013) a custom python pipeline script

has been written (OGApp.py, available in supplementary information). In order to maintain 3'

and 5' UTRs and avoid frame shift errors causing wrong estimation of the open reading frame,

the first and less reduced output set was used in downstream analysis. Putative contaminations

were removed by sequentially blasting (blastx - BLAST 2.2.29+) against the non-redundant

database of GenBank (nr version 27-11-14) using default parameters and sorting the sequences

for  brown  algal  identity  of  the  first  hit  using  a  custom  BioPython  script.  The  longest

representative of each of the orthology groups was chosen for the final transcriptome (and

hereafter referred to as 'genes'). 

Sequences  for quantitative  analysis  from NextSeq were  trimmed using Seq_Crumbs 0.1.8
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powered by Biopython-1.63 to remove tail regions (Phred <= 25, 5-base sliding window), low

quality sequences (average Phred score <= 20) and all short sequences (<= 50bp ). Cutadapt was

used to remove adaptor sequences. Read sequences of paired-end HiSeq libraries and single-

end NextSeq libraries were trimmed  at base position 75 using the FASTX Toolkit  version

0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/). Using a custom BioPython script, 14 370 069

reads were randomly selected for each library to reach libraries of the same size. 

To classify expressed genes, all sequences were annotated with KEGG orthology terms using

KAAS  (http://www.genome.jp/kaas-bin/kaas_main)  (Moriya  et  al.,  2007) (KAAS-SBH

algorithm using a eukaryotic representative set)  and Gene Ontology (GO) categories using

Blast2GO (Conesa and Götz, 2008). KEGG orthology terms (1996) were mapped onto KEGG

pathways  using the tools  available  at  http://www.genome.jp/kegg/ko.html.  Non-biologically

meaningful pathways (human disease and organism specific pathways) were removed and the

data was filtered for minimum 5 KEGG terms per pathway. 

Read mapping 
Reads were mapped to the assembled transcriptome with default parameters: mismatch cost

(2), insertion cost (3), deletion cost (3), length fraction (0.8), similarity fraction (0.8), maximum

number of hits per read (10). Expression levels were normalised by totals to TPM (transcripts

per million) using CLC Genomics Workbench version 7.5. Heat maps of TPM values and Z-

scores  were  respectively  obtained  using  CLC  Genomics  Workbench  version  7.5  and  the

heatmap.2 function of the gplots  R-package.  The Z-score  was determined based on TPM

according to the following formula:  Z = (X – µ)/σ, where X is the average TPM value of the

respective transcript for a specific sample and µ is the mean transcript TPM value, averaged

over all samples, and  its standard deviation. σ

Statistics

Cochran-Manthel-Haenszel tests were calculated using SAS 9.4 (The SAS Institute Inc., Cary,

NC,  USA).  Breslow-Day tests  were  non-significant  were  the  Cochran-Mantel-Haenszel  test

statistic  is  reported.  Generalised  linear  mixed  models  of  binomial  distributed  data  were

analysed using the Proc Glimmix procedure of SAS 9.4 with replicates as random effect using

default parameters. Data on the male pronucleus position was transformed on a circular scale

of 360° to corresponding angular directions by multiplying with 2. The data was tested on this

angular scale for a significant mean direction using Rayleigh's test. Pearson's Chi-squared test

statistics were calculated using R version 3.1.0. 

Transcriptome  library  expression  values  (TPM)  were  compared  using  Baggerley's  test
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(Baggerly et al., 2003) implemented in CLC Genomics Workbench version 7.5 with total count

filter cutoff of 5 and tagwise dispersions (  = 0.05). P-values were corrected with a Benjamini-α

Hochberg FDR correction  (  = 0.05 α (Benjamini and Hochberg, 1995)). Genes were considered

significantly differentially expressed when P < 0.05 and fold change was > 2. Enrichment for

functional  classes  (KEGG  pathways,  and  GO  ontology  terms)  was  tested  on  normalised

expression values using Gene Set Enrichment Analysis (GSEA) according to Tian et al. (2005)

with  10  000  permutations  and  by  hypergeometric  tests  on  significantly  differentially

expressed genes in each of both samples of a contrast according to  Falcon and Gentleman

(2007) (omitting all functional classes with less than 5 occurences).
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Supplementary  Information  2.  Results  and

Discussion

Supplementary information 2.1 Transcriptome 
assembly

Data generated from 454 sequencing of cDNA from pooled vegetative, gamete, zygote (1h AF)

and  embryonic  (8h  AF)  tissue  and  Illumina  NextSeq/HiSeq  libraries  are  summarised  in

Supplementary Table 2 for reads after adaptor trimming, quality assessment and removal of

rRNA. Mira assembly of the 454 reads resulted 31 256 contigs (  200bp) (30 027 Kb in total)≥

with N50 of 1063.  Trinity assembly of the HiSeq reads normalised in silico to a coverage

threshold of 30 yielded 542 497 contigs (  200bp) (854 649 kb in total) with N50 of 4211 bp.≥

Both assemblies were merged using CD-HIT resulting in 573 793 contigs. TGICL clustering

yielded a modest reduction of 65 734 contigs. rRNA detection further selected 5650 contigs for

removal.  We additionally applied Orthology Guided Assembly according to  Ruttink et  al.

(2013) using the closest sequenced relative, the brown alga Ectocarpus siliculosus, as a reference

(Cock et al., 2010) in order to remove putative contaminations, annotate and further reduce

sequence redundancy. This reduced the set of contigs to 187 806 contigs and organised these

in 10414 orthology groups for each found Ectocarpus putative orthogonal. These contigs which

were further reduced to 110 141 contigs in 8062 orthology groups after blasting against nr

filtering for brown algal identity and selection of the longest representative for each orthology

group. 

Supplementary information 2.2 Functional 
annotation

1996 KEGG orthology terms were assigned to 2952 contigs in the assembled transcriptome. Of

these KEGG annotated contigs, 1663 were mapped to one of 168 pathways (KEGG). The most

common pathway was "Carbon Metabolism" (ko01200) followed by "Biosynthesis of amino

acids"  (ko01230)  and  "Ribosome"  (ko03010).  2699,  1270,  2938  contigs  were  assigned

respectively to at least one GO (biological process, cellular component or molecular function). 

Supplementary information 2.3 Quality assessment
Normalised  expression  values  averaged over replicates  were  classified  in  5  categories:  not
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expressed  (relative  abundance  0.5),  low (0.5  <  relative  abundance≤   10),  medium (10  <≤

relative abundance  100), high (100 < relative abundance   1000), very high (1000 < relative≤ ≤

abundance).  Supplementary  Figure  4a  shows  the  data  is  enriched  in  medium  and  low

expressed transcripts confirming sensitivity of the RNA seq analysis to detect lowly expressed

genes  (Werner,  2010).  Within  samples  none  of  the  replicates  showed  distributions  of

expression levels of genes atypical for the sample (Supplementary Figure 4b) and replicates of

the same sample cluster together in PCA analysis as expected a priori (Supplementary Figure

4c). 

Supplementary Information 2.4 Library 
comparisons

When comparing at the sample level, it is clear from the PCA (Supplementary Figure 4c) and

hierarchical cluster analysis (Fig. 3d) transcriptomes of eggs and zygotes are more similar to

each other than eggs  or zygotes  are  to  embryos.  This  is  also  reflected  in  the fraction  of

differentially expressed (DE) genes: respectively 69 (0.86 %), 934 (11.56 %) and 1740 (21.58 %) for

contrasts zygotes vs eggs, embryos vs. zygotes, embryos vs eggs. 

Despite  the relative  short  time span covered by our experiments,  the  data shows a rising

number of expressed genes as development progresses (Fig. 3g, P < 0.001, model: amount of

expressed genes (TPM value > 0.5) = time AF; Proc GLIMMIX, SAS). Similar observations were

made during embryogenesis in Drosophila (Graveley et al., 2011). 

The fixation of the rhizoid pole (i) shows a timing comparable to fixation of the polarisation

axis of the distantly related brown algal model  Fucus (Quatrano, 1973). (ii) Determination of

the sense of the polarisation vector is also dependent on the direction of unilateral light and

(iii) is similarly accompanied by a TBO staining patch at the incipient rhizoid pole (Shaw and

Quatrano, 1996). Therefore, we screened whether the process underlying this second phase

shows similarities to the polarisation process that determines both sense and direction of the

polarisation vector of  Fucus.  We examined the dynamics of expression during polarisation

using short poly(A) RNA-seq data as a fast screen for similarities and differences with  Fucus

fertilisation and polarisation process. Secondly we want to test whether the second phase of

polarisation relies completely on the maternal transcriptome or is under zygotic control. 

In  both  examined  contrasts  eggs  are  enriched  with  ontology terms  related  to  metabolic

pathways, such as carbon, fatty acid and amino acid metabolism (Supplementary Figures 6-

14). This suggests early transcriptional upregulation of metabolic pathways which are possibly

involved  in  the  mobilisation  of  maternally  supplied  energy reserves  upon  egg  activation

and/or  the  onset  of  the  enriched  “photosynthesis”  (ko00195)/“photosynthesis,  light
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harvesting” (GO:0009765),  which is enriched in eggs (contrast:  eggs vs embryos) as well as

zygotes (contrast: zygotes vs embryos). 

Zygotes  are  enriched  with  cell  cycle  related  ontology  terms  "cell  cycle"  (ko04110)  and

"regulation of  cyclin – dependent protein serine/threonine kinase  activity" (GO:0000079).

Two  cyclins  show  significant  upregulation  and  two  downregulation,  while  two  putative

orthologues of  CDKs are  significantly upregulated upon egg activation.  This  suggests  that

CDKs are transcriptionally upregulated upon reentry into the cell cycle like in animal somatic

cells (Elledge et al., 1992), and CDKs are not solely translated from maternal transcripts in the

brown algal zygote as proposed in fucoids (Corellou et al., 2001). 

Upregulation of “proteasome” (ko03050) in the egg and zygote (contrast: zygotes vs embryos)

suggests transcriptional upregulation of genes in breakdown of organelles such as the paternal

mitochondria and chloroplast in the “lysosome” (ko04142), upregulated in zygotes (contrast:

zygotes vs embryos) as has been established shortly after fertilisation in Fucus (Motomura et

al., 2010). 

Similar  putative  conservation  or  convergent  evolution  can  be  observed  when  looking  at

upregulated genes and ontology terms in embryos. One of the earliest signalling events in the

Fucus polarisation process is the formation of a calcium gradient, highest at the rhizoid pole

(Bothwell  et  al.,  2008).  This  gradient  is  thought  to  be  supplied  by release  from  both  the

endoplasmic reticulum (Brownlee et al., 2001) and the voltage gated channels aggregating at

the rhizoid pole  (Shaw and Quatrano, 1996b),  which has been shown to accumulate at the

rhizoid pole  (Peters  and Kropf,  2010).  Interestingly both  the “calcium signalling pathway”

(ko04020)  and  “phosphatidylinositol  signalling  system”  (ko04070)  are  upregulated  in

polarised embryos. A putative phospholipase C delta 4 (PLC) shows significant upregulation

during cell polarisation which suggest the role for PLC in polarity signalling in the red (Li et

al., 2009) and green lineage (Monteiro et al., 2005; Dowd et al., 2006) in polarity signalling of

brown algae is evolutionary conserved, consistent with inositol triphosphate induced calcium

waves in  Fucus  rhizoid cells  (Goddard et al., 1999; Coelho et al., 2002). The ortholog of the

putative inositol triphosphate/ryanodine type receptor is upregulated together with a putative

Ca2+-ATPase, a putative T-type voltage-dependent Ca2+ channel, a putative two pore calcium

channel and CaM kinase II, suggesting the Ca2+ gradient is established by both release from

intracellular and extracellular stores.

The extracellular matrix at the rhizoid pole contains positional information that determines

the cell fate of the two daughter cells of the asymmetrical cell division  (Berger et al.,  1994;

Bouget et al., 1998). Recently, studies in Ectocarpus have suggested a role for notch-like proteins

in cell differentiation of brown algae and interplay between the extracellular matrix (Le Bail et
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al., 2011). Of the 5 identified ERG proteins, putative orthologues for 2 (ERG4 and ERG5) were

assembled and were shown to be upregulated in the embryo (relative to eggs). 

Fucoid algae have several photoreceptors and it is unclear which photoreceptors are involved

in photopolarisation  (Hable, 2014). Aureochrome  (Takahashi et al., 2007) and cryptochrome

are found in brown algal genome (Cock et al., 2012) and are good candidates. The rhodopsin-

like photoreceptor, a G-protein coupled receptor (GPCR), has been suggested to play a role in

photopolarisation of fucoids based on antibody labelling in the egg cell membrane (Gualtieri

and Robinson, 2002) (Supplementary table 2). We found that genes annotated as retinal rod

rhodopsin-sensitive  cGMP  3',5'–cyclic  phosphodiesterase  subunit  delta  (K13758),  a  beta-

adrenergic-receptor kinase (K00910), a regulator of rhodopsin (Benovic et al., 1986), and 3 of 6

G  subunits of GPCRs (K04640/K04534) are significantly upregulated in eggs (contrast: eggs vsα

embryos). If rhodopsin-like proteins are indeed encoded in the brown algal genome they are

more  likely to  be  involved  in  blue-light  stimulated  egg release  in  Dictyota (Kumke,  1973).

GPCRs were also suggested to serve a role in fertilisation biology (Lipinska et al., 2013), which

is equally consistent with their transcriptional upregulation. Instead both cryptochrome 1 and

aureochrome 2 show upregulation during cell polarisation. 

In  fucoids,  the  F-actin  cytoskeleton  plays  an  important  function  in  positioning  a  suit  of

molecules  at  the  rhizoid  pole  before  germination  and  both  the  microtubule  and  F-actin

cytoskeleton drive tip growth and cell  division  (Bogaert et al.,  2013).  These functions may

explain upregulation of “microtubule” (GO:0005874) and “kinesin complex” (GO:0005871) in

the zygote and embryo relative to eggs. A tubulin  orthologue, 7 kinesin orthologues and 4α

dynein orthologues are upregulated in the embryos relative to eggs and/or zygotes with only

one dynein orthologue upregulated in eggs, consistent with increased microtubule function

during mitosis and polarisation.

The  F-actin  cytoskeleton  shows  a  less  clear  pattern,  which  can  be  expected  taking  the

importance of F-actin and myosin in expression of both phases of polarisation, elongation

and  tip  growth.  Above  we  presented  pharmacological  evidence  that  elongation  along  a

maternally determined elongation axis requires intact F-actin, MLCK and myosin function.

This is consistent with increased number of transcripts of actin related protein 2 (component

of the F-actin nucleating complex Arp2/3), actin and a putative MLCK, regulator of myosin

contraction, in eggs relative to embryos. Upregulation of actin may be directly related to the

actin dependent elongation as actin shows constant levels of transcription during the first cell

cycle of fucoids (Bouget et al., 1996). On the other hand 4 myosin large chains and 2 formin,

stabilising of the fast growing end of F-actin, genes are upregulated in embryos relative to

eggs, consistent with actin-myosin function in polarisation of animal cells,  yeast (Fowler and
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Quatrano,  1997) and  fucoids  algae  (Pu et  al.,  2000) and with  formin function  and cofilin

function in tip growth (Kuhn et al., 1996; Augustine et al., 2008; Ye et al., 2009; Yu et al., 2011;

Ketelaar, 2013). Upregulation of different actin related proteins in eggs and polarising embryos

suggest a different strategy in regulating the critical concentration for actin polymerisation

and  depolymerisation.  Small  GTPases  are  involved  in  the  regulation  of  this  F-actin

cytoskeleton and vesicular trafficking in a wide range of eukaryotes  (Samaj et al.,  2006). In

fucoids RAC1, a rho GTPase, and a RAB8 have been shown to be involved in respectively the

regulation  of  F-actin  dynamics  and  endosomal  trafficking  and  to  be  upregulated  during

polarisation  (Fowler et  al.,  2004;  Hable,  2014).  This  is  consistent  with  the upregulation  of

“small GTPase mediated signal transduction” (GO:0007264). The Ectocarpus genome contains

only  one  Rho  GTPase  for  no  putative  orthologue  could  be  found,  like  in  Thalassiosira

pseudonana and  Phaeodactylon tricornutum  (Cock et al.,  2010). This may suggest Rho GTPase

function in Stramenopiles is not completely conserved and regulation of the F-actin skeleton

may be  regulated  by other Ras  superfamily GTPases  and/or ROCO family LRR-GTPases

during polarisation. However 4 of 43 assembled Ras superfamily of small GTPase putative

orthologues, mainly belonging to the RAB family are significantly upregulated in eggs and 7,

with a possible function in regulation of endomembrane trafficking  (Cock et al.,  2010), are

upregulated  in  embryos  relative  to  eggs.  3  small  GTPases  with  suspected  function  in the

flagellar apparatus are suprisingly upreguled in embryos, suggesting a role in cell polarisation

possible  related  to  centrosomal  axis  alignment  (Bisgrove  and  Kropf,  2001).  Besides  a

speculated role  in brown algal  adaptive  immunity  (Zambounis  et  al.,  2012),  LRR-GTPases

(ROCO family) were shown to have a regulatory function on F-actin downstream of small

GTPases  in  Dictyostelium (Kicka et  al.,  2011) and  to  be  involved  in  regulation  microtubule

cytoskeleton  in  mammals  (Caesar  et  al.,  2013).  Of  the  25  assembled  orthologues,  14  are

significantly upregulated in embryos and 1 in eggs (contrast: embryos vs eggs). 

Cell proliferation and metabolism is also controlled by the interaction of some evolutionary

conserved pathways, which show uprelegulation as development progresses in  Dictyota. The

PKA(/AMPK) signalling pathway has a conserved fusnction as metabolic sensor for adaptive

changes in growth and differentiation in eukaryotes and has been shown to be vital for cell

polarity  in  protostome  models  (Mihaylova  and  Shaw,  2011).  GSEA  (contrast:  zygotes  vs

embryos)  also  shows  that  “AMPK  signalling  pathway”  (ko04152)  is  enriched  during  the

asymmetric  cell  division  of  Dictyota and  is  the  first  indication,  to  our  knowledge,  for

conservation of the role of this pathway in brown algae. 2 genes identified as Proteine kinase A

(Supplementary Table 3) (cAMP dependent proteinekinase, catalytic subunit alpha) (K07198)

are significantly upregulated in embryos, while the regulatory subunit gamma is upregulated

in eggs (contrast: embryos vs eggs). This is also reflected in GSEA results of GO term “cAMP-
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dependent proteine kinase complex” (GO:0005952) is upregulated in zygotes (eggs vs zygotes)

and embryos (embryos vs eggs).

Similar to the interacting AMPK signalling pathway (Mihaylova and Shaw, 2011) TOR pathway

and  PKB/AKT-PI3K  pathways  are  evolutionary  conserved  master  controllers  integrating

nutrient and energy signalling to promote cell proliferation and cell growth  (Manning and

Cantley,  2007;  Laplante  and Sabatini,  2012).  We find “mTOR signalling” (k04150)  and the

“PI3K-AKT signalling pathway” significantly unregulated in embryos. Of the components of

TOR,  only  the  regulatory  subunit  RICTOR  (K08267)  shows  strong  but  only  marginally

significant  upregulation in embryos (Supplementary Table  3),  which may promote mTOR

assembly  and  is  therefore  consistent  with  embryonic  proliferation  (Masri  et  al.,  2007;

Hietakangas and Cohen, 2008). Putative orthologues of PDK1, PTEN and PKB are significantly

upregulated in embryos. 

Supplementary Information 2.5 Axis fixation
Whether axis  fixation occurs  before  or at  the  moment of  germination is  controversial  in

fucoids (Robinson et al., 1999; Bogaert et al., 2015). Here we show that at least for the case of

Dictyota the axis can be reoriented up to the moment of deposition of positional information

in the cell wall and axis fixation. Similarly, it is controversial whether commitment to the first

light direction upon reorientation is an accurate marker for axis fixation in fucoids (Shaw and

Quatrano, 1996a; Bogaert et al., 2015). Bogaert et al. (2015) proposed that different light cues in

fucoids are integrated together by adding them together as vectorial sums at the moment of

axis fixation, instead of sticking with the last serially perceived vector. This was partially based

on the observation commitment to the first light cue is not temporally coincident with TBO

patch appearance in Fucus. In Dictyota however commitment to a light vector and TBO patch

appearance coincide,  making the hypothesised vectorial  addition of different  light cues in

Fucus an unlikely scenario in Dictyota. This can be understood from evolutionary perspective

when  pointing  out  the  to  the  predetermined  direction  of  the  polarisation  vector.

Displacement of the embryo may result in more drastic changes in the perceived light vector

than changes in the environment (e.g. the migrating sun). It would be advantageous to polarise

according a fine-tuned intermediate angle when developing under influence of a changing

environmental cue, while sticking to the last perceived vector would be the safest bet if the

orientation of the zygote itself is permanently changed. Because in  Dictyota the direction is

already predetermined, slightly fine-tuning of the polarisation axis is not an option and it are

rather the severe (and more often permanent) changes in extrinsic signals that can repolarize

the zygote.
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Extended data

Supplementary Figure  1.  (A-E)  Cell  wall  establishment,  division and  polarisation  in  parthenogenetic
germlings. (A) Fluorescent micrograph of round CFW stained eggs.  Most eggs show no or limited CFW
staining shortly after transfer into normal ASW. One egg, next to three only vaguely stained cells,  got
parthenogenetically activated without elongation. (B) Fluorescent micrograph of elongated cell after K+
ASW activation  stained  with  CFW.  (C-D)  Transmission  micrograph  of  elongated  (C)  and  round  (D)
representative  parthenogenetic  germlings,  showing  cell  polarisation.  (E)  Fluorescent  micrograph  of
representative parthenogenetic germling showing cytokinesis. (F) Egg activation assayed by elongation in
egg  populations  with  and  without  sperm  addition  at  15  min  after  release.  (n  >  280  in  3  replicate
experiments). SD error bars are shown.
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Supplementary Figure  2.  Representative  examples  of  fertilisation  angles.  Arrowhead  points  at  male
pronucleus. Scalebar = 10 µm.

Supplementary Figure 3. Representative examples of chloroplast distribution in eggs per concentric circle
in the sample region surrounding the nuclear envelope. Arrowhead points at male pronucleus. Scalebar =
10 µm.

105



Chapter 4

Supplementary Table 1. Rayleigh's test  results distribution of 5 additional representative
sectioned eggs testing a bimodal angular distribution of perinucaear chloroplast.
 

degree of 
freedom r z statistic P-value

Replicate 1 131 0.4441694309 13.2655431389 <0.001

Replicate 2 132 0.5107624159 26.0878245463 <0.001

Replicate 3 123 0.378774958 21.7056472237 <0.001

Replicate 4 84 0.3836243509 10.3841488599 <0.001

Replicate 5 97 0.4007949775 15.1142990128 <0.001

Supplementary Figure 4.  a,  Overview of gene classification into four expression categories  based on
normalised expression values:   low (0.5 < relative abundance ≤ 10), medium (10 < relative abundance ≤
100), high (100 < relative abundance   1000), very high (1000 < relative abundance).≤   b,   Box plot for
expression values for all 9 replicates of egg, zygote and embryonic transcritomes based on TPM values. c,
PCA analysis on normalised expression values including all 5 samples.
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Supplementary Table 2. Summary of  read data used for transcriptome assembly and/or 
differential gene expression. Statistics of trimmed reads in parantheses numbers before 
trimming:

Librarie
s

Technology Library
name

Total reads Total
nucleotides
(bp)

Aver
age
lengt
h
(bp)

medi
an
read
lengt
h
(bp)

N50
(bp)

range (bp) GC
(%)

UNTRIMMED READS

Mixed 454 mix454 372  394
(478 942)

186  487  143
(0.18 gb) 

393 466 490 1035 53.96

Egg
(HiSeq)

HiSeq 2000 egg_lib1 2x  30  436
655

6 148 204 310
(6.15 gb)

2x10
1

2x10
1

2x101 2x101-101 49.47

Illumina
NextSeq

egg_lib2 18 504151 1 397 684 565
(1.40 gb)

76 76 76 35-76 51.68

Illumina
NextSeq

egg_lib3 20 826 586 1  572 880 133
(1.57 gb )

76 76 76 35-76 50.68

Zygotes
(1h  AF)

HiSeq 2000 zygo_lib1 2x  32  662
387

6 597 802 174
(6.59 gb)

2x10
1

2x10
1

2x101 2x101-101 50.00

Illumina
NextSeq

zygo_lib2 18 166 527 1  371  946 833
(1.37 gb)

76 76 76 35-76 52.63

Illumina
NextSeq

zygo_lib3 18 416 876 1  391  573  469
(1.37 gb)

76 76 76 35-76 51.56

Embryo
s
(asymm
etric
division
s)

HiSeq 2000 asymm_lib1 2x  34  396
178

6 948 027 956
(6.95 gb)

2x10
1

2x10
1

2x101 2x101-101 51.58

Illumina
NextSeq

asymm_lib
2

18928736 1 430 136 942
(1.4 gbb)

76 76 76 35-76 51.34

Illumina
NextSeq

asymm_lib
3

19992734 1  510 397  665
(1.5 Gb)

76 76 76 35-76 50.88

TRIMMED READS

Egg
(HiSeq)

HiSeq 2000 egg_lib1 14 370 069 1 068 850 258 74 75 75 50-75 49.23

Illumina
NextSeq

egg_lib2 14 370 069 1 058 240 545 74 75 75 50-75 51.84

Illumina
NextSeq

egg_lib3 14 370 069 1 058 918 938 74 75 75 50-75 50.85

Zygotes HiSeq 2000 zygo_lib1 14 370 069 1 068 917 640 74 75 75 50-75 49.81

Illumina
NextSeq

zygo_lib2 14 370 069 1 058 375 192 74 75 75 50-75 52.84

Illumina
NextSeq

zygo_lib3 14 370 069 1 059 217 990 74 75 75 50-75 51.72

Asymm HiSeq 2000 asymm_lib1 14 370 069 1 069 335 381 74 75 75 50-75 51.38

Illumina
NextSeq

asymm_lib
2

14 370 069 1 059 189 419 74 75 75 50-75 51.57

Illumina
NextSeq

asymm_lib
3

14 370 069 1 059 288 329 74 75 75 50-75 51.21
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Supplementary  Table  3.  DE  D.  dichotoma genes  selected  based  on  KEGG
orthology term  annotation  (or,  if  absent,  Ectocarpus annotation).  FC,  weighted
proportions fold change; 
Description KEGG 

orthology term 
(abbreviation)

E. 
siliculosus 
orthologue

Eggs 
(Mean
TPM)

Zygo
tes 
(mea
n 
TPM)

Emb
ryos 
(mea
n 
TPM
)

zygotes 
vs eggs 
FC (P-
value)

embryos 
vs eggs 
FC (P-
value)

embryos 
vs 
zygotes 
FC (P-
value) 

Endomembrane system

Clathrin assembly complex, small 
subunit (AP-1 complex subunit 
sigma1/2)

K12394 
(AP1S1_2)

Esi0000_0
535

227.84 174.45 103.2
2

-
1.31(0.32)

-
2.21(<0.0
01)

-
1.69(<0.0
01)

Coatomer protein complex, delta 
subunit

Esi0008_0
177

120.41 81.48 56.91 -
1.48(0.22)

-
2.21(<0.0
01)

-
1.43(0.20)

Clathrin light chain Esi0098_0
066

419.63 344.5
0

263.3
3

-1.22 
(0.53)

-1.59 
(<0.001)

-1.31 
(0.22)

G-protein coupled receptors associated

Retinal rod rhodopsin-sensitive 
cGMP 3',5' – cyclic 
phosphodiesterase subunit delta

K13758 
(PDE6D)

Esi0135_0
014

31.53 31.56 19.79 1.00 
(1.00)

-1.59 
(0.09)

-1.60 
(0.34)

Beta-adrenergic-receptor kinase K00910 
(ADRBK)

Esi0035_0
057

228.2
8

134.9
9

119.8
5

-1.69 
(<0.001)

-1.90 
(<0.001)

-1.13 
(0.48)

G-protein coupled receptor GPA1 K04640 (GNA) Esi0184_0
003

43.83 31.48 5.77 -1.39 
(0.45)

-7.59 
(<0.001)

-5.45 
(<0.001)

G-protein coupled receptor GPA2 K04640 (GNA) Esi0030_0
157

1205.1
0

1059.
27

976.0
3

-1.14 
(0.90)

-1.23 
(<0.001)

-
1.09(0.80)

G-protein coupled receptor GPA4 K04644 
(GNAO)

Esi0000_0
337

59.48 31.91 20.37 -1.86 
(0.33)

-2.92 
(<0.01)

-1.57 
(0.07)

Photoreceptor

Aureochrome 2 esi0013_0
086

8.15 8.36 17.65 1.03 
(1.00)

2.17 
(<0.001)

2.11 
(<0.05)

Cryptochrome 1 K02295 (CRY) Esi0194_0
049

15.60 43.23 38.31 2.77 
(<0.05)

2.46 
(<0.001)

-1.13 
(0.76)

AMPK pathway

5'-AMP-activated protein kinase 
subunit gamma (AMPK)

Esi0172_00
63

3.21 1.59 0.47 -
2.02(0.80
)

-
6.77(<0.05
)

-3.35 
(0.45)

Calcium/PI3P signalling

Phosphatidyl 4-kinase Esi0192_0
014

3.76 4.13 10.44 1.10 
(0.99)

2.78 
(0<0.05)

2.53 
(0.06)

1-phosphatidylinositol-4-
phosphate-kinase (PIP5K)

K00889 (PIP5K) Esi0058_0
011

5.07 6.85 31.07 1.35 
(0.93)

6.12x 
(<0.001)

4.54x 
(<0.001)

Phosphatidylinositol 
phospholipase C delta 4 (PLC)

K05857 (PLCD) Esi0000_0
131

54.22 89.36 491.4
4

1.65x 
(0.19)

9.06x (< 
0.001)

5.5x 
(< 0.001)

inositol triphosphate/ryanodine 
type receptor

K04962 (RYR2) Esi0171_00
52

21.44 17.34 42.68 -1.24x 
(0.88)

1.99x 
(<0.001)

2.46x 
(<0.001)

two pore calcium channel  Esi0141_00
16

2.52 2.79 6.68 1.10x (1) 2.65x 
(<0.05)

2.4x (0.11)

Ca2+-ATPase K05850 
(ATP2B)

Esi0145_0
068

41.88 37.51 117.0
6

-1.12x 
(0.94)

 2.80x 
(<0.001)

3.12x 
(<0.001)

T-type voltage-dependent Ca2+ K04854 Esi0031_01 12.26 16.42 32.27 1.34x  2.63x 1.97x 
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channel  (CCNA1G) 11 (0.9) (<0.001) (<0.001)

Calcium/calmodulin-dependent 
protein kinase (CaM kinase) II

K04515 
(CAMK2)

Esi0141_06
1

68.98 65.13 137.2
3

-1.06x 
(0.98)

1.99(<0.0
01)

2.11x 
(<0.001)

Calmodulin K0183 (CALM) Esi0030_0
101

3.90 1.87 14.21 -2.08 
(0.81)

3.65 
(<0.05)

7.60 
(<0.001)

Calcium dependent protein kinase K13412 (CPK) Esi0063_0
002

2.84 1.44 17.80 -1.97x 
(0.85)

6.27x 
(<0.001) 

12.37x 
(<0.001)

Calcium/calmodulin dependent 
kinsase 

K06103 (CASK) Esi0028_0
096

70.27 65.78 100.2
6

-1.07 
(0.96)

1.43 
(<0.001)

1.52 
(<0.05)

PI3K-AKT pathway

Rac serine/threonin protein 
kinase (AKT/PKB)

K04456 (AKT) Esi0619_0
005

219.64 246.7
6

337.4
7

1.12 
(0.93)

1.54 
(<0.001)

1.37 (0.15)

Phoshpatidylinositiol-3,4,5-
triphosphate 3-phosphatase 
(PTEN)

K01110 (PTEN) Esi0147_00
77

40.35 35.04 69.3
0

-1.15 
(0.95)

1.72 
(<0.04)

1.98 
(<0.001)

Phoshpatidylinositiol-3,4,5-
triphosphate 3-phosphatase 
(PTEN)

K01110 (PTEN) Esi0147_00
79

23.67 16.51 46.72 -1.43 
(0.85)

1.97x 
(<0.001) 

2.83x 
(<0.001)

Phosphatidylinositol 3-kinase 
(PI3K)

Esi0044_0
148

0.70 0.80 1.76 1.14 (1.00) 2.53 (0.44) 2.22 
(0.58)

Phosphatidylinositol 3-kinase 
(PI3K)

Esi0115_00
39

0.00 0.40 1.64  (0.85)∞  (0.11)∞ 4.11 (0.38)

3-phosphoinositide-dependent 
proteine kinase 1 (PDK1)

Esi0029_0
088

23.54 26.17 35.18 1.11 (0.98) 1.49 (0.05) 1.34 (0.46)

AMPK sginalling pathway

5' AMP-activated proteine kinase, 
catalytic alpha subunit (PKA)

K07198 
(PRKAA)

Esi0008_0
205

69.09 77.42 107.11 1.12 
(0.90)

1.55 
(<0.001)

1.38 
(<0.05)

5' AMP-activated proteine kinase, 
catalytic alpha subunit (PKA)

K07198 
(PRKAA)

Esi0256_0
044

21.17 20.28 73.51 -1.04 
(1..00)

3.47 
(<0.001) 

3.63 
(<0.001)

Microtubule cytoskeleton

Tubulin alpha K07374 (TUBA) Esi0331_0
031

1417.4
9

1724.
83

2113.
16

1.22 
(0.94)

1.49 
(<0.001) 

1.23 
(<0.001)

Kinesin like protein Esi0069_0
007

688.4
0

516.0
2

331.6
8

-1.33 
(0.76)

-2.08 
(<0.001)

-1.56 
(0.20)

Kinesin light chain K10407 (KLC) Esi0039_0
056

62.66 59.61 207.5
5

-1.05 
(0.97)

3.31 
(<0.001)

3.48 (< 
0.001)

Kinesin light chain K10407 (KLC) Esi0051_0
097

59.43 91.51 317.5
4

1.54 
(0.54)

5.34 (< 
0.001)

3.47 
(<0.001)

Kinesin Esi0346_0
035

80.32 83.20 165.9
7

1.04 
(0.99)

2.07 
(<0.001)

1.99 
(<0.001)

Kinesin K10406 
(KIFC2_3)

Esi0037_01
24

54.28 74.58 138.8
4

1.39 
(0.22)

2.56 
(<0.001)

1.84(<0.0
01)

Kinesin C Esi0076_0
054

18.06 35.46 53.56 1.96(0.22) 2.96(<0.0
01)

1.51(0.16)

kinesin K17914(KIF13) Esi0147_00
25

1.82 2.70 9.34 1.48(0.92) 5.13 
(<0.001)

3.45 
(<0.001)

Kinesin K10935(KIF4_2
1_27)

Esi0041_01
32

4.96 16.15 39.72 3.25 
(<0.05)

8.00(<0.0
01)

2.46(0.10)

Dynein heavy chain K10413 
(DYNC1H)

Esi0066_0
108

3.30 3.54 10.09 1.07(1.00) 3.06 
(<0.05)

2.85 (0.15)
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Dynein light chain K10418 
(DYNLL)

Esi0298_0
008

191.95 286.2
4

305.4
6

-1.03 
(0.99)

1.59 
(<0.005)

1.64 
(>0.001)

Axonemal dynein heavy chain K10808 
(DNAH)

Esi0317_00
17

1.00 1.13 7.03 1.12 (1.00) 7.02 
(<0.001)

6.25 
(<0.001)

Dynein light intermediate chain, 
axonemal

Esi0070_0
041

1.48 (0.81) 1.83 
(<0.001) 

1.24 
(<0.62)

F-actin cytoskeleton

Actin beta/gamma K05692 
(ACTB_G)

esi0281_00
10

88.41 67.85 38.80 -130 
(0.85)

-2.28 
(<0.001)

-1.75 
(0.29)

Actin related protein 2 K17260 (ARP2) Esi0289_0
026

1206.5
2

1020
1

747.8
3

-1.20 
(0.89)

-1.61 
(<0.001)

-1.34 
(0.53)

Myosin light chain kinase (MLCK) esi0141_00
43

704.4
9

575.9
5

39.57 -1.22 
(<0.01)

-1.80 
(<0.001)

-1.47 
(<0.001)

Myosin heavy chain K10352 (MYH) Esi0003_0
288

8.68 13.20 21.22 1.52(0.59) 2.45(<0.0
5)

1.61 (0.27)

Myosin heavy chain K10352 (MYH) Esi0516_0
010

15.29 45.16 128.6
6

2.95 
(<0.001)

8.42 
(<0.001)

2.85 
(<0.001)

Myosin heavy chain Esi0172_00
07

12.16 22.34 48.15 1.84 (0.15) 3.96 
(<0.001)

2.16 
(<0.001)

Myosin heavy chain K10352 (MYH) Esi0046_0
128

85.02 129.8
0

233.4
9

1.53 
(0.86)

2.75 
(<0.001)

1.80 (0.19)

Formin-like 1 Esi0189_0
068

2.39 7.85 21.41 3.29 
(0.31) 

8.93 
(<0.001)

2.73 
(<0.05)

Formin-like 2 Esi0081_0
057 

6.08 9.38 46.69 1.54 
(0.90)

7.68 
(<0.001)

4.98 
(<0.001)

Formin-like 3 Esi0031_0
043

1.47 1.32 6.14 -1.12 
(1.00)

4.18 (0.06) 4.66 
(0.07)

cofilin K05765 (CFL) Esi0064_0
067

266.0
4

244.7
0

373.0
1

-1.09 
(0.91)

1.40 
(<0.01)

1.52 
(0.001)

Small GTPases

ARL8, ARF-like Ras superfamily 
GTPase,  

K07955 (ARL8) Esi0245_0
017

12.22 9.73 5.67 -1.26 
(0.90)

-2.16 
(0.03)

-1.72 
(0.30)

Ras-related protein Rab32C, RAB 
family GTPase

K07918 
(RAB32)

Esi0270_0
007

16.61 14.43 9.20 -1.15 
(0.93)

-1.80 
(0.03)

-1.57 
(0.20)

Ras-related protein Rab-11C, RAB 
family GTPase

K07904 
(RAB11A) 

Esi0012_0
086

96.58 59.20 53.14 -1.63 
(0.37)

-1.82 
(0.01)

-1.11 (0.87)

Ras-related protein Rab-11B, RAB 
falily GTPase

K07904 
( RAB11A)

Esi0073_0
075

212.33 180.9
7

157.2
5

-1.17 
(0.68)

-1.35 
(0.00)

-1.15 
(0.49)

Ras-related protein 
Rab32L, RAB family GTPase 

K07923 
(RAB38)

Esi0142_0
004

36.01 54.45 176.0
8

1.51 (0.10) 4.89 
(0.00)

3.23 
(0.00)

Ras-related protein Rab-11A, RAB 
family GTPase

K07904 
(RAB11A)

Esi0006_0
018

127.75 121.2
4

285.3
1

-1.05 
(0.97)

2.23 
(0.00)

2.35 
(0.00)

GTP-binding protein SAR1B ,Ras 
superfamily GTPase

K07953 (SAR1) Esi0122_0
025

80.09 85.46 156.0
2

1.07 (0.94 1.95 
(0.00)

1.83 
(0.00)

Ras-related protein Rab-8B
post golgi ransport of secretory 
vesicles

K07901 
(RAB8A)

Esi0169_0
001

219.16 305.0
5

574.4
4

1.39 
(0.70)

2.62 
(0.00)

1.88 
(0.00)

Ras-related protein Rab18, AB 
family GTPase

K07874 
(RAB1A)

Esi0464_0
012

245.79 257.5
2

385.5
6

1.05 
(0.99)

1.57 (0.00) 1.50 
(0.04)

Ras-related protein, Rab5, RAB 
family GTPase

K07889 
(RAB5C)

Esi0133_0
007

294.8
8

271.18 386.6
9

-1.09 
(0.79)

1.31 (0.00) 1.43 
(0.00)
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Ras-related protein, Rab22, RAB 
family GTPase 

K07889 
(RAB5C)

Esi0014_0
099

20.23 52.00 99.83 2.57 
(0.19)

4.93 
(0.00)

1.92 (0.07)

ADP-ribosylation factor-like 
protein 3
Ras superfamily GTPase 

K07944 (ARL3) Esi0277_0
022

48.45 101.2
4

157.77 2.09 
(0.02)

3.26 
(0.00)

1.56 
(0.00)

ADP-ribosylation factor-like 
protein 6,  Ras superfamily 
GTPase

K07951 (ARL6,  
BBS3)

Esi0298_0
007

1.82 4.14 6.95 2.27 
(0.60)

3.82 
(0.01)

1.68 (0.34)

Ras-related protein  RJL, Ras 
superfamily GTPase

K07874 
(RAB1A)

Esi0279_0
036

0.71 1.71 5.50 2.42 
(0.84)

7.77 (0.01) 3.21 (0.12)

Cell cycle

Cyclin Esi0000_0
271

162.27 228.6
1

369.7
3

1.41 (0.38) 2.28 
(<0.001)

1.62 
(<0.001)

Cyclin B1 Esi0071_0
052

60.57 105.8
8

171.6
9

1.75 
(<0.001)

2.83 
(<0.001)

1.62 
(<0.001)

Cyclin D2 Esi0108_0
021

109.5
0

174.7
0

231.6
9

1.60 
(0.76)

2.12 
(<0.001)

1.33 (0.58)

Cyclin dependent kinase CDK K02087 (CD) Esi0041_0
093

294.12 419.0
6

471.6
9

1.42 (0.13) 1.60 
(0.001)

1.13 (0.40)

Cyclin dependent kinase CDK K08818 
(CDC2L)

Esi0028_0
153

22.17 40.19 71.97 1.91(0.30) 4.78 
(<0.001)

2.51 
(<0.001)

Cyclin T Esi0037_0
063

33.96 39.05 14.77 1.15(0.86) -2.30 
(<0.001)

-2.64 
(<0.001)

Cyclin B2 K05868 (CCNB) Esi0295_0
026

1180.0
2

1205.
68

719.3
9

1.02 
(1.00)

-1.64 
(<0.001)

-1.68 
(0.13)

mTOR pathway

RICTOR K08267 
(RICTOR)

Esi0053_0
026

3.24 3.63 12.01 1.12 
(0.99)

3.71(0.05) 3.31 (0.10)

Notch-like

ERG-4 Esi0025_0
141

6.14 13.00 18.09 2.12 (0.15) 2.94 
(<0.001)

1.39 
(0.30)

ERG-5 K00059 (fabG) Esi0060_0
069

177.63 200.1
6

287.0
5

1.13 (0.97) 1.62 
(<0.01)

1.43 (0.21)
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Supplementary Figure 5. De novo transcriptome assembly and analysis workflow. See text for explanation. 
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Supplementary Figure 6. GO categories upregulated in eggs (GSEA contrast: embryos vs eggs). *** P-
value <0.01, ** P-value < 0.05, * P-value < 0.1. Fractions below pie diagrams denote the fraction of KEGG
pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 7. GO categories upregulated in embryos (GSEA contrast: embryos vs eggs). *** P-
value <0.01, ** P-value < 0.05, * P-value < 0.1. Fractions below pie diagrams denote the fraction of KEGG
pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 8. GO categories upregulated in eggs (GSEA contrast: zygotes vs eggs). *** P-value
<0.01,  ** P-value < 0.05,  *  P-value < 0.1.  Fractions below pie diagrams denote the fraction of  KEGG
pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 9. GO categories upregulated in zygotes  (GSEA contrast: zygotes vs eggs). *** P-
value <0.01, ** P-value < 0.05, * P-value < 0.1. Fractions below pie diagrams denote the fraction of KEGG
pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 10. GO categories upregulated in embryos  (GSEA contrast: zygotes vs embryos).
*** P-value <0.01, ** P-value < 0.05, * P-value < 0.1. Fractions below pie diagrams denote the fraction of
KEGG pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 11. GO categories upregulated in zygotes (GSEA contrast: zygotes vs embryos). ***
P-value <0.01, ** P-value < 0.05, * P-value < 0.1.  Fractions below pie diagrams denote the fraction of
KEGG pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 12. KEGG ontology terms upregulated in eggs (above) and zygotes (below) (GSEA
contrast:  eggs  vs  zygotes).  ***  P-value <0.01,  **  P-value  <  0.05,  *  P-value  <  0.1.  Fractions  below pie
diagrams  denote  the  fraction  of  KEGG  pathway  annotations  belonging  to  significantly  enriched
categories (FDR = 0.10).
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Supplementary Figure 13.  KEGG ontology terms upregulated in eggs (above) and embryos (below) (GSEA
contrast: eggs vs zygotes). *** P-value <0.01, ** P-value < 0.05, * P-value < 0.1.  Fractions below pie diagrams
denote the fraction of KEGG pathway annotations belonging to significantly enriched categories (FDR = 0.10).
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Supplementary Figure 14.  KEGG ontology terms upregulated in zygotes (above) and embryos (below)
(GSEA contrast: zygotes vs embryos). *** P-value <0.01, ** P-value < 0.05, * P-value < 0.1. Fractions below
pie  diagrams  denote  the  fraction  of  KEGG pathway annotations  belonging to  significantly enriched
categories (FDR = 0.10).
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Chapter 5. Egg activation
triggered shape change in

the Dictyota dichotoma
(Phaeophyceae) zygote is

actin/myosin and secretion
dependent 

Abstract
Morphogenesis in land plants and brown algae is typically a slow process involving growth.

Zygotes  of the brown alga  Dictyota dichotoma, however,  undergo a rapid shape change

from a sphere to an elongated spheroid in about 90 seconds. In this study it was established

that elongation of the zygote does not involve growth. Using a combination of cytoskeletal

inhibitors,  we  determined  that  elongation  was  dependent  on  F-actin  and  myosin  but

independent of microtubules. Secretion was also found to be necessary for elongation as we

observed a  temporal  correlation  between  extracellular matrix secretion  and  elongation.

Ionomycin and high potassium sea water are capable of triggering the onset of elongation

suggesting  a  role  for  membrane  depolarisation  and  calcium  influx  in  the  signalling

mechanism.  We  found  that  elongated  cells  in  the  presence  of  ionomycin  are  shorter,

suggesting a role of calcium in elongation. We propose a model in which the fast elongation

is  accomplished  by an  agonistic  force  generated  by  F-actin  and  myosin,  regulated  by

cytoplasmic  calcium  concentrations  and  by  secretion  during  elongation  lowering

membrane tension and therefore lowering the antagonistic force. In addition our results

suggest significant differences between egg activation signalling and polyspermy avoidance

between Dictyota and Fucus. 

Introduction
Cells of land plants and brown algae can change their shape, however due to the rigidity of the

extracellular matrix this is typically a slow process involving directional growth (see Hamant,

Traas, & Boudaoud, 2010; Harold, 2002 for review). Typically, osmotic water uptake leads to a
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turgor pressure which causes the cells to swell  (Kropf et al., 1995; Zonia and Munnik, 2007).

Due  to  the  presence  of  rigid  cellulose  microfibrils,  cross-linked  via  a  polysaccharide  and

protein matrix, an antagonistic force is provided avoiding the cells to burst. Increase of turgor

pressure or decrease in strength of the extracellular matrix may cause cells to grow in size. The

direction of cell expansion is determined by the orientation of cellulose microfibrils, which

are  deposited  preferentially  parallel  to  cortical  microtubules  in  land  plants  (Brown  and

Montezinos,  1976) or F-actin filaments  in brown algae  (Katsaros et  al.,  2002).  Additionally,

localized cell wall loosening may cause cell expansion or tip growth (Hable and Kropf, 1998).

Other schemes for directional growth have evolved in filamentous algae such as telescoping

cell walls in Microspora (Pickett-Heaps, 1973) or rings of pliant cell walls in Oedogonium (Ohashi,

1930). Importantly all these mechanisms for shape change rely on the presence of a cell wall

and are relatively slow processes, accompanied by cell growth.

Natural protoplasts (i.e. freshly released spores, gametes, plasmodial tapetum, ...) present an

exception  to  the  mechanism  described  above.  Protoplasts  may change  their  shape  more

quickly due to the absence of the rigid extracellular matrix. However, the general perception is

that protoplasts are only capable of passive shape change. Despite this assumption, zygotes of

Dictyota dichotoma undergo a fast elongation immediately following fertilisation (Chapter 4)

which cannot be explained in the framework of passive forces acting on the membrane. In

about 90 seconds a shape change from a sphere to a prolate spheroid has been completed.

The mechanistic basis of this fast shape change however is unknown. 

Dictyota eggs can develop parthenogenetically for maximum 2 to 3 divisions. They are able to

polarise and divide, but lack centrosomes and centrioles, show irregular spindle formation

and scattered chromosomes during mitosis and cannot divide more than three times before

they invariably die (Williams, 1904). This situation contrasts to the egg activation in fucoids,

which has been extensively studied  (Brownlee, 1994; Dumas and Gaude, 2006).  In  Fucus the

calcium ionophore ionomycin is not sufficient to induce complete egg activation (Brawley and

Bell, 1987). Similarly, depolarisation of the plasma membrane using 450 mM K+ ASW is not

able to activate the eggs, suggesting involvement of an additional signal triggered by sperm

entry  (Roberts  et  al.,  1994).  This  second  signal  would  need  to  propagate  around  the  egg

beneath the plasma membrane and activate cell wall secretion in concert with the first signal

which is better characterised. 

Here we provide data suggesting a model in  which the fast  elongation in  Dictyota eggs  is

mediated by actin, myosin and increased exocytic activity. Additionally, a role for intracellular

calcium signals is suggested for cell elongation. Application of pharmacological agents and

artificial sea water suggests a role for membrane depolarisation and increase of cytoplasmic
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calcium  concentrations  in  the  activation  of  the  elongation  mechanism,  but  unlike  Fucus,

Dictyota eggs do not require an additional signal for egg activation. 

Material & Methods

Biological Material
Experiments were carried out using unialgal laboratory cultures of gametophytes of Dictyota

dichotoma (KB07  and  ODC1387)  collected  respectively  near  Roscoff  Biological  Station  in

Brittany (France) and near l'Ancient Fort Croix in Wimereux (France). Thalli were grown in

aerated 1 L culture flasks at ca. 19° C or crystalizing 250 ml dishes in white fluorescent light

with a photon flux rate of 60 µmol m-2  s-1 (Lumilux, Cool White, Osram GmbH, Augsburg,

Germany)  using  modified  Provasoli  enriched  seawater  (mPES)  (West  and  Mcbride,  1999).

Gametes were released by placing male and female gametophytes during release periods in

natural daylight in fresh medium after incubation in the dark overnight. 

Membrane depolarisation using high potassium 
ASW 

Eggs were released in Artificial Sea Water (ASW: 450 mM NaCl, 2.5 mM NaHCO3,  30 mM

MgCl2, 16 mM MgSO4, 10 mM KCl, 10 mM CaCl2 buffered with 5mM TRIS at pH 7.9), sieved

with a 10 µM Nitex nylon mesh 10 minutes after release, rinsed three times and transferred to

high potassium ASW (140 mM NaCl, 2.5 mM NaHCO3, 30 mM MgCl2, 16 mM MgSO4, 320

mM KCl, 10 mM CaCl2 buffered with 5mM TRIS at pH 7.9) or normal ASW. The percentage of

activated eggs, as scored by their elongated shape, was counted ca. 15 minutes after transfer. To

stain the cell wall suspended eggs were diluted 10 times in high K+ ASW or fresh ASW in case

of  the  control  treatment  and  stained  with  0.0001%  w/v  calcofluor  white.  Eggs  were

photographed with a Zeiss Axiophot 2 epifluorescence microscope (Zeiss).

Size measurements
Eggs and zygotes were photographed 5 and 15 min after release, and 5 min and 30 min after

fertilisation at 200x using an Axiovert 40C inverted microscope (Zeiss) equipped with a Canon

Powershot G11 camera for volume and area calculations. Diameters of spherical eggs and axes

for prolate spheroidal zygotes were measured using image J. Volume and area were calculated

based on these results. 
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Pharmacological Treatments
Pharmacological agents known to affect F-actin (latrunculin B (latB), cytochalasin D (cytD)),

myosin  (2,3-Butanedione  monoxime  (BDM),  1-(5-iodonaphtalene-1-sulphonyl)-1H-

hexahydro-1,4-diazepine  (ML-7)),  microtubules  (colchicine  (col),  oryzalin  (ory)),  Golgi

mediated secretion (brefeldin A (brefA)) were applied to zygotes to observe their effects on the

fast shape change of egg cells. 

Stock solutions of inhibitors were prepared as follows: latrunculin B (Sigma, Belgium), 50 μM
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Figure 1. TEM pictures of Dictyota dichotoma eggs before and after fertilisation. (A, B) TEM section of an egg
(< 15 min. after release) (A) and zygote (B). Arrowhead shows cell wall, which is absent in the eggs. Scale bars
are 5 µm. (C) Detail  of  a cortical  region of a zygote with cell  wall  (arrowhead).  Scale bar is  1  µm. (D)
Confocal images (upper  row) of a representative egg or zygote visualizing calcofluor white staining and
respective bright field images (lower row) during elongation. Scale bar is 50 µm. (E) Elongation and cell
wall synthesis of 5 representative elongating zygotes as a function of time after addition of male gametes.
Blue spheres and line denote the length (µm) each 15 seconds of a single cell (left y-axes). Black triangles
and line denote the relative calcofluor white staining intensity (right y-axes). Imaging started 15 seconds
after  addition  of  male  gametes.  Note:  calcofluor  white  intensity  starts  increasing  the  moment  the
elongation can be detected. The elongation process takes about 90 seconds. 
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in  DMSO;  ML-7  (Sigma),

100 mM in DMSO at -20°

C;  colchicine  (Sigma,

Belgium)  at  4°  C,  100

mg/ml  in  DMSO:FSW

(50:50);  brefeldin  A,  5

mg/ml in ethanol at 4° C;

isoxaben (Sigma Belgium),

0.1  M isoxaben in  DMSO

at room temperature. 

Stock solutions were diluted to appropriate concentrations in autoclaved filtered sea water. In

all experiments, the final DMSO concentrations did not exceed 0.001%. This concentration of

DMSO  did  not  induce  mortality  in  Dictyota.  DMSO  concentrations  seemed  to  have  no

apparent effects on elongation and the final length of the zygotes. BDM (Sigma, Belgium) and

cytochalasin  D  (Sigma,  Belgium)  were  dissolved  in  ASW  or  high  potassium  ASW  and

immediately used. Eggs were pretreated for 15 minutes before fertilisation or parthenogenetic

egg activation. When eggs were activated parthenogenetically 9 volumes of 450 µM K+ ASW

was  added  to  1  volume  of  ASW containing  the  freshly  released  eggs  bringing  the  final

concentration to 406 mM K+. 

Epifluorescence CFW staining and CLSM 
brightfield imaging 

Cell wall secretion was assayed using 0.0001 % calcofluor white (CFW) using a laser confocal

imaging system (model TCS SP5,  Leica,  France)  equipped with a helium-neon laser at  an

excitation  wavelength  of  405  nm.  An  AOBS  (Leica,  France)  was  used  to  monitor  CFW

fluorescence between 555-625 nm using a HCX PL APO 40x0.85 dry objective (Leica, France).

CFW, bright field and autofluorescence were captured simultaneously every 15 seconds. 

TEM
An identical protocol was used as outlined in Chapter 4.

Results
Freshly discharged eggs are free from extracellular matrix as assayed by TEM (Figure 1A). In

contrast, the zygotes show a thin cell wall at 30 h after fertilisation (Figure 1B,C). Confocal laser

scanning microscopy on calcofluor white  stained elongating cells  revealed that  cell  wall  is
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Figure 2. Volume (A) and surface area (B) of spheres (eggs, 15 min. after
release) versus prolate spheroids (zygotes, 30 min after fertilisation) (N =
300 in 6 replicate populations).
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secreted almost  immediately after addition of  male  gametes  and simultaneously with  the

onset of elongation (Figure 1D, E). Confocal images show that secretion of cell wall material is

homogeneously spread over the cell surface (Figure 1D). 

The  diameter  of  freshly  released  eggs  and  both  major  and  minor  axes  of  the  prolate
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Figure  3. (A)  High  K+ ASW causes  parthenogenetic  elongation  of  freshly  released  eggs  in  Dictyota
dichotoma (Cochran-Mantel-Haenzel test, P < 0.05).  The mean proportion and Cochran-Mantel-Haenzel
95 % confidence intervals of proportions of activated cells (assayed by elongation) (n = 300 in 3 replicate
experiments). (B) Mean proportion of elongated cells under 1 μM and 10 μM ionomycin and the DMSO
control (± SD) (n = 300 in 3 replicate experiments). Increasing concentrations of ionomycin cause eggs to
elongate parthenogenetically (P < 0.05,  model:  fraction of egg activation = ionomycin concentration;
Proc GLIMMIX, SAS). (C) Mean length of elongated  parthenotes (±SD) under the same conditions as (B)
for the same three independent populations (N=50). Increasing concentration of ionomycin causes those
cells that elongated to be shorter (P <0.05; model: cell length = ionomycin concentration; Proc MIXED,
SAS).

Figure  4. Elongation is  dependent  on actin and myosin function but  independent  of  the microtubule
cytoskeleton.  Effect  of  different  inhibitors  on  the  fraction  or  length  of  elongated  zygotes.  (A)  15  nM
latrunculin B (n = 300 in 3 replicate experiments), (B) 10 µM cytochalasin D (N = 100), (C) 50 µM BDM (n =
300 in 3 replicate experiments), (D) 20 µM BDM (n = 150 in 3 replicate experiments), (E, F) 50 µM ML-7 (n =
100), (G, H) 200 µg/ml colchicine (n = 300 in 3 replicate experiments), (I, J) 2 µM oryzalin (n = 300 in 3
replicate experiments). Asterisks denote significant differences; see text for details on statistical tests. 
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spheroidal cells after addition of sperm

(n  =  200,  5  pooled  replicate

populations)  were  measured.  Freshly

released  eggs  had  a  mean volume of

201491  µm3  (±  2202  µm3  ),  while  the

volume  of  zygotes  was  significantly

smaller:  185892  µm3 (±  2371  µm3)

(Welch Two Sample t-test, t = 4.82, df =

396,  P  <  0.05)  [mean  (±  SE)]  (Figure

2A). Surface area, in contrast, increased

slightly, but significantly, from 16575 (±

120 µm3) to 16965 (± 150 µm3) (Welch

Two Sample t-test, t = -2.02, df = 379, P

< 0.05) (Figure 2B). 

To test the role of intracellular calcium

concentrations ionomycin was applied.

1 µM or 10 µM Ca2+ ionomycin applied

to freshly released eggs triggered a 4 to

8-fold  increase  in  the  elongating  of

eggs,  respectively  (Figure  3B).  A

significant  dose-dependent  effect  on

the  percentage  of  elongation  can  be

observed (Type III test, GLMM, F = 39.76, dfnumerator,  denominator=2,4, P < 0.05). While ionomycin

induces  elongation,  the  cells  are  significantly smaller than the solvent  control  (Figure 3C)

(Type III test, GLMM, F=39.76, dfnumerator, denominator=2,4, P < 0.05). At 10 µM ionomycin the length

increase is about half that of cells in control experiments, indicating ionomycin also interferes

with the shape change. High potasium seawater, similarly triggers egg activation (essayed by

elongation and CFW staining). The percentage of eggs that elongates parthenogenetically can

be  increased  by artificially  activating  the  eggs  using  high  K+ ASW (Figure  3A)  (Cochran-

Mantel-Haenszel test, F = 447.43, df = 1, P < 0.05).

The cytoskeletal function for the shape change was examined with pharmacological agents.

Latrunculin B, shown to disrupt F-actin arrays in brown algae at concentrations of 10 nM-100

nM  (Alessa and Kropf, 1999; Varvarigos et al.,  2005), was used at a concentration of 15 nM

during  fertilisation.  Only a  minute  fraction  of  zygotes  showed  elongation  suggesting  the

dependence of  elongation on the F-actin  cytoskeleton (Type  III  test,  GLMM ,  F = 184.74,

dfnumerator, denominator = 1, 2 , P < 0.001) (Figure 4A). Cytochalasin D disrupts the actin cytoskeleton
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Figuur 5. (A-C) Development of embryo's after fertilisation
in 15–45 nM latB. (A) Zygotes at 15 nM latB 31 hours after
fertilisation  showing  seemingly  irregular  cell  divisions.
Note the absence of rhizoids. (B) Zygote at 15 nM latB 31
hours after fertilisation showing two apical cells. (C) Zygote
grown at 15 nM latB 79 h after fertilisation, and rinsed 30 h
after  fertilisation,  with  2  thalloidal  growth  axes.  (D)
Representative  control  embryo  showing  regular  division
pattern  and  one  rhizoidal  and  one  thalloid  growth  axis
parallel to the elongation direction.
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in brown algae (Brawley and Quatrano, 1979; Brawley and

Robinson,  1985).  Addition  of  a  freshly  prepared  stock

solution of cytochalasin D at 10 µM (with 15 minute pre-

incubation  at  12.5  µM)  showed  less  severe  effects.

Fertilised eggs were able to elongate, but were significantly

shorter than the control (parametric Wilcoxon rank sum

test, W = 2738.50, P < 0.001) (Figure 4B). Latrunculin B did

not  inhibit  fertilisation  or  egg  activation  because  cells

divided  and  developed  in  contrast  to  parthenogenetic

eggs (Figure 5). Zygotes developed into spherical, instead

of spheroidal, embryos and rarely showed rhizoids at 15

nM  unless  the  inhibitor  was  removed.  While  normal

embryos  typically show one  rhizoidal  and  one  thalloid

pole  (Figure  5D),  often  multiple  apical  cells  emerge

following some seemingly random divisions when treated

with latrunculin B (Figure 5B,C). This results into multiple

thalloid growth axes  that  do not  necessarily emerge on

diametrically  opposed  positions  of  the  spheroidal

embryo,  and  therefore  cannot  be  predetermined  along

the elongation axis (Figure 5C). 

Myosin functioning was inhibited using BDM, which is a

general  inhibitor of myosin ATPases in a wide range of

eukaryotes including brown and red algae  (Herrmann et al., 1992; May et al., 1998; Pu et al.,

2000; Samaj et al., 2000; Ackland et al., 2007). 50 µM of BDM immediately inhibited motility

of  the  male  gametes  and  thereby  precluded  fertilisation.  50  µM  of  BDM,  without  pre-

incubation of  the eggs,  resulted  in almost  complete  inhibition of  elongation triggered  by

parthenogenetic egg activation using high 50µM K+ ASW (Type III test, GLMM, F = 247.60,

dfnumerator,  denominator  = 1, 2, P < 0.005). The cells were rinsed after 30 minutes and managed to

divide parthenogenetically highlighting their survival (Figure 6A). After staining with CFW the

round cells appeared to be activation indicating BDM selectively inhibits the elongation but

not the activation of the egg (Figure 6B-D). 20 µM BDM had less severe effects and allowed

elongation  in  most  of  the  cells,  however  the  length  of  the  prolate  spheroidal  cells  was

significantly smaller than those of untreated controls (Type III test, GLMM, F = 64.11, dfnumerator,

denominator = 1, 296, P < 0.0001) (Figure 4C-D). ML-7 is a specific inhibitor of myosin light-chain

kinase (MLCK) (Saitoh et al., 1987). Cells were pretreated for 15 minutes in 62.5 µM ML-7 SW

and fertilised by diluting the medium with SW containing freshly released male gametes to 50
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Figure  6. Egg activation 15 min.  after
release and survival in 50 µM BDM. (A)
Parthenogenetic germling activated in
50  µM  BDM  and  rinsed  at  30  min.
after transfer. (B) Representative CFW-
stained  egg  showing  egg  activation
without elongation after transfer to 50
µM BDM in high potassium ASW. (C)
Representative  control  egg  stained  in
CFW  in  ASW  showing  no  cell  wall
secretion.  (D)  Representative  egg
activated  in  high  potassium  ASW
showing  both  cell  wall  secretion  and
elongation. Error bars are respectively
30 µm and 50 µm for (A) and (B, C, D).
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µM.  The  inhibitor  did  not  inhibit  fertilisation.

Elongation was assayed categorically and shown

to be inhibited by 50 µM ML-7 (chi-square test,

chi=29.85,  df  =  1,  P  <  0.0001)  (Figure  4E).  The

fraction of eggs that was still able to elongate was

significantly shorter than control cells (parametric

Wilcoxon rank sum test,  W =  1820,  P <  0.001),

again  confirming  the  importance  of  myosin

function  in  the  shape  change  triggered  by

fertilisation (Figure 4F).

Colchicine  and oryzalin  are  two drugs  used for

disrupting  the  microtubules  in  brown  algae

(Corellou et al., 2005; Peters and Kropf, 2010). At

a concentration of 200 µg/ml colchicine, with a

pretreatment  of  15  minutes  at  222  µg/ml  no

significant  inhibition  of  elongation  could  be

observed both when assayed categorically (Type

III test, GLMM, F = 18.11, dfnumerator, denominator = 1, 2, P

> 0.05) or when assayed by measuring the length

of the spheroids (Type III test, GLMM, F = 0.15,

dfnumerator, denominator = 1, 296, P > 0.05) (Figure 4G-H).

Similar results were obtained with 2 µM oryzalin,

with pretreatment of the eggs for 15 minutes at

2.22  µM.  No  significant  inhibition  of  the

elongation could be detected when analysed both

categorically (Fishers exact test, F = 0.25, df = 1, P >

0.05)  and  by  analysing  the  lengths  of  the

elongated  cells  (Welch  two-sample  t-test,  t  =

1.0694, df = 97, P > 0.05) (Figure 4I-J).

The onset  of  elongation coincides  with the first

indication of cell wall secretion as visualised by a

faint CFW staining. Additionally an adhesive halo

that stains with TBO is observed after fertilisation (Figure 7). Besides an obvious adhesive role,

an additional  polyspermy blocking function may be speculated because the halo seems to

encase arriving superfluous Dictyota gametes at a distance and is completely impermeable to

distantly related Ectocarpus siliculosus male gametes. In our experiments male Dictyota gametes
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Figure 7. Visualisation of the adhesive layer. (A)
Ectocarpus siliculosus  male gametes getting stuck
on  an  adhesive  layer  surrounding  a
parthenogenetically  elongated  egg  cell  of
Dictyota (assayed by elongation). Note the lack of
physical  contact  between  gametes  and  zygote.
(B)  TBO  (pH  1.5)  stained  K+  activated  egg
showing  a  thick  ECM  layer.  Precipitated
aggregate,  illustrating  the  sticky nature  of  this
layer.  (C)  Male  gametes  of  Dictyota  dichotoma,
which lost their motility, forming a dense coat
around  a  (presumably)  fertilized  cell.  Male
gametes are able to penetrate the adhesive layer.
(scale bar = 50µm). (D) After staining and rinsing
the majority of zygotes show distorted layers of
ECM, gluing the activated eggs to the substrate.
Scale bars are 50 µm. 
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need only one minute to localize an egg, fuse, induce cell wall secretion and start showing

adhesive properties, underlying the role of the ECM as a fast sperm block in Dictyota.

To selectively interrupt Golgi-mediated secretory processes (Nagasato and Motomura, 2009),

we utilized the vesicular transport inhibitor brefeldine A (BFA). Eggs were pretreated for 15

minutes in filtered sea water (FSW) containing 35 µg/ml BFA and fertilised in 25 µg/ml BFA,

FSW. This partially inhibited the elongation of the zygotes (Figure 8A) (Type III test, GLMM, F

= 575.59, dfnumerator, denominator = 1, 296, P < 0.0001), illustrating the importance of secretion for the

elongation. 

In  order  to  test  whether  secretion  of  cellulase  synthase  complexes  and/or  deposition  of

cellulose  microfibrils  in  the  cell  wall  were  essential  for  the  elongation  process,  cellulose

synthesis was inhibited using the drug isoxaben, which was earlier reported to be effective as

cellulase  inhibitor   in  brown  algae  (Heim  et  al.,  1990;  Bisgrove  and  Kropf,  2001).  When

isoxaben (25 µM) was added at 5 hours after fertilisation, we observed a significant increase in

lysed cells  24 hours after fertilisation (Type III test, GLMM, F = 486.48, dfnumerator, denominator = 1, 2,

P < 0.005) (Figure 8C). However, the application isoxaben (25 µm) before fertilisation did not

have any significant effect on the length of the zygotes (Type III test, GLMM, F = 0.01, d fnumerator,

denominator = 1, 397, P > 0.05) (Figure 8B), ruling out a potential role for cellulose synthesis in the

emergence of the elongation axis.

Discussion
It is widely assumed that size increase is the driving factor for cell morphogenesis of plant

systems,  which  is  typically  a  slow  process  (Szymanski,  2009).  Typical  examples  of

morphogenetic programs that accomplish polar growth are tip growth and diffuse growth

(Kropf et al., 1998). 

In  Chapter 4,  however,  a  fast  shape  change by the  zygote  of  Dictyota dichotoma  has  been

described. The speed of the process suggests a different mechanism than elongation by tip

growth or diffuse polar growth.  Based on our calculations of  the volumes of  the egg and

zygote, no growth could be established during the shape change of zygotes, which rules out

the possibility that the fast shape change is established by bidirectional polar growth along the

elongation axis. While the cell diameter of eggs was about 70 µm the short axis of the prolate

spheroid has decreased to 55 µm, illustrating that the cells change shape by deforming their

dimensions. 

This  shape change is  likely achieved by F-actin and myosin function as  suggested by the

pharmacological results. The microtubular cytoskeleton did not seem to play a crucial role in
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the generation  of  the  force  that  accomplishes  the  elongation.  Even though elongation  of

zygotes  is  commonly observed,  it  is  typically a  slow process,  involving growth  (West  and

Harada, 1993; He et al., 2007). Following fertilisation of mammalian eggs a similar elongation

has been observed  (Gray et  al.,  2004).  While the elongation is  much more subtle than in

Dictyota, it also actin- and myosin-dependent and accompanied by the simultaneous secretion

of ECM material  (Ajduk et al., 2011). However the shape change involves the formation of a

fertilisation cone and rhythmical cytoplasmic contractions ( Johnson et al., 1984), which is not

observed in Dictyota. 

The effect of ionomycin on the elongation process,  as evidenced by the shorter length of

elongated  cells,  may indicate  a  role  for [Ca2+]cyt signalling  in  the  pathway controlling  the

elongating force. Myosin is shown to be directly under control of [Ca2+]cyt – calmoduline in

unikonts (Mockrin and Spudich, 1976; Nakamura and Kohama, 1999) and a similar control is

suggested in land plants (Yokota et al., 1999; Tominaga et al., 2012). Therefore, we speculate a

similar regulation of myosin-actin interaction in brown algae.

Although the exact function of the axial chloroplast distribution (Chapter 4) is unclear, the

notion that  chloroplast  in  the  eggs  are  clustered along the elongation  axis  and  the  cargo

binding tail domain of myosins may interact with organelles (Madison and Nebenführ, 2013),

could suggest chloroplast distribution has a role as a structural component interacting with the

actin-myosin cytoskeleton. If, for example, the chloroplasts would be pushed outwards along

the  F-actin  cytoskeleton,  an  elongation  in  the  direction  determined  by  the  chloroplast

distribution  can  be  expected. Alternatively,  actin  polymerisation  of  the  cortical  actin

cytoskeleton of brown algae (Katsaros et al., 2002) via the Arp2/3 complex and myosin pulling

activity may induce tension that can drive a shape change  (Carvalho et al., 2013), while the

internal distribution of chloroplasts may determine the preferential elongation direction. This

can be expected in the framework of the poroelastic model (Moeendarbary et al., 2013) which

states  that  the  density  of  porous  elastic  meshwork  has  a  negative  influence  on  the

contractibility. The local density of organelles, macromolecules and filaments determine the

hydraulic pore size through which water and solutes can flow. This would cause the cell to

contract its less dense hyaline zone faster than the polar regions and consequently elongate

according to the cytoplasmic heterogeneity axis.

A shape change can be accomplished by changing both the forces actively generated by the

cell (e.g. actin-myosin dependent) and the antagonistic forces that need to be overcome by this

active force. As a sphere is the most economic shape in terms of volume per unit of surface. A

cell membrane behaves as an elastic two-dimensional fluid which can withstand forces of up

to 4 mN/m² and can expand with only about 2.6 % in area before lysing (Wolfe and Steponkus,
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1983; Kell and Glaser, 1993; Nichol and Hutter, 1996). Therefore the force generated by the cell

membrane contributes to the total antagonistic force that needs to be overcome by the actin-

myosin system. Therefore, increasing the available cell membrane material would enable the

elongation by lowering the antagonistic force and would lower the chance of cell lysis. 

Secondly, this need for increased cell surface may be (partially) compensated by lowering the

volume of the cell content while elongating. Indeed, instead of growing, the cells shrink with

7-8 % in volume. This may be explained by the loss of volume caused by secretion of cell wall

and  adhesive  halo  material.  The  ECM  secretion  is  temporally  correlated  with  the  shape

change, because zygotes become sticky immediately after fertilisation, while still elongating,

and cell wall (assayed by CFW staining) is observed homogeneously all over the cell surface

during elongation. Therefore the cells are expected to lose volume during the fast elongation

phase and they do not have to rely on osmoregulation only. However the decrease in volume

does  not  compensate  completely because  the  area still  increases  with  ca.  2.35  %  which  is

dangerously close to the lysis point of a biological membrane. We speculate that activation-

induced secretion of the ECM provides at least a fraction of the additional membrane and

thereby enables  the shape  change.  Indeed,  the  role  of  secretion in cell  elongation is  also

suggested by the effect of brefeldin A, which partially inhibits elongation resulting in shorter

cells. This may be explained by the increased antagonistic force counteracting the elongation

because of the increased tension on the membrane. 

While actin-myosin interaction accompanied with secretion induced membrane addition is

suggested to be the motive force for the shape change, the rigidity of the cell wall will help

fixing the acquired cell shape. Already during the elongation the cell wall is detectable using

CFW staining and will  have  reached a  considerable  thickness.  It  therefore  is  tempting to

speculate that, next to its putative role as a fast polyspermy block, the fast uniform cell wall

secretion has a second role in fixing the cell shape early after completion of the elongation. 

The most important structural components of brown algal cell wall are cellulose and alginate

(Michel et al., 2010). While it may be questionable whether cellulose is synthesised during the

first minutes after fertilisation, alginate is expected to be among the early synthesised cell wall

components (Evans et al., 1982). As alginate immediately starts gelating with the calcium ions

of  the  medium  (Fang  et  al.,  2007),  the  incipient  cell  wall  immediately  gains  rigidity  to

withstand the isodiametrical hydrostatic force rounding up the cell.  

The importance of secretion in female gametes is reflected in the gamete transcriptome by

the upregulation of endomembrane related and cell wall synthesising enzymes (Chapter 4).

Ontology  terms  “SNARE  interactions  in  vesicular  transport”  (ko04130),  “endocytosis”

(ko04144), “protein export” (ko03060) and “exocytosis” (GO:0006887) are all transcriptionally
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upregulated  in  eggs (contrast:  eggs  vs  embryos).  3  clathrin  coat  genes,  involved in  vesicle

secretion,  show significant  upregulation  relative  to  embryos  of  at  least  1.5x  fold  change,

suggesting  that  the  secretory  event  at  egg  activation  requires  more  gene  products  than

secretion  at  rhizoid  development.  Cell  walls  in  brown  algae  consist  of  cellulose,  alginate,

sulfated fucans, and phenolic compounds (Michel et al., 2010), and their individual expression

patterns are less conclusive than that GSEA of ontology terms. Relative to embryos 5 (out of 15

found) mannuronan C-5-epimerase genes responsible for alginate synthesis and one cellulose

synthase  (out  of  4  found)  were  differentially  expressed  (FC  >1.5,  FDR <  0.05)  in  eggs.  8

mannuronan C-5-epimerase genes however were significantly upregulated in embryos relative

to  eggs;  and  out  of  the  15  found sulfotransferases,  required  for fucan biosynthesis,  the  4

differentially expressed genes (FC = > 1.5x, FDR < 0.05) were significantly biased to eggs. Out of

the 19 identified putative orthologs annotated as mannuronan C-5-epimerase genes (Michel et

al.,  2010),  with  roles  in  cell  wall  biogenesis  and  modification  (Nyvall  et  al.,  2003),  8  are

upregulated by the time of asymmetrical cell division, possibly related to tip growth, while 5

are upregulated in the eggs (FDR < 0.05). Out of four identified orthologs of cellulose synthase,

one  (orthologous  to  Esi0097_0016)  shows  significant  upregulation  in  eggs  (FDR  <  0.05)

(contrast eggs vs. embryos). 

Besides the mechanisms behind the elongation, our data also provide some insights on how

eggs are activated and elongation is triggered. In fucoids, after the localised onset of calcofluor

white staining (presumably at the sperm entry point) cells wall secretion traverses through the

cell in a 3 to 10 minute lasting wave in fucoid algae depending on the species  (Brawley and

Bell, 1987; Brawley, 1991; Bothwell et al.,  2008). It is assumed this wave starts at the sperm

entry point (Brawley and Bell, 1987). The fact that application of calcium ionophores (Brawley

and Bell, 1987) or mere depolarisation of the plasma membrane using  high K+ ASW (Roberts

et al.,  1994)  is not sufficient for complete parthenogenetic activation suggests an additional

signal is necessary, that propagates around the egg beneath the  plasma membrane (Brownlee,

1994). The dependency on two signals for egg activation may explain why parthenogenesis of

fucoids is only rarely reported (Overton, 1913; Nagasato et al., 2000). Moreover, the capacity of

parthenogenesis is thought to differ seasonally  (Brawley and Bell, 1987).  In  Dictyota,  the cell

wall secretion signal is released uniformly and simultaneously all over the cell surface at the

onset of the elongation. No wave traversing through the cell could be observed, reflecting the

fast propagation of cell wall secretion throughout the cell surface.  Increased calcium influx

triggered by the addition of ionomycin triggers egg activation and the onset of elongation.

Together these findings suggest no such additional factor supplied by the sperm is involved in

the signal transduction leading to egg activation as mere membrane depolarisation and Ca2+-

influx (triggered by voltage gated Ca2+-channels) is sufficient for full egg activation.
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Sperm blocks are categorically subdivided in a fast and slow category depending whether they

act on respectively the scale of seconds or minutes after fertilisation. In fucoids, land plants,

sea urchin and Xenopus the secretion of an ECM barrier (respectively a cell wall, an activation

calyx or a fertilisation envelope)  is  a late polyspermy block  (Grey et al.,  1976;  Dumas and

Gaude,  2006).  In  these  organisms  membrane  depolarisation  is  the  only  prevention  for

polyspermy during the first minutes after fertilisation ( Jaffe, 1976; Grey et al., 1982; Brawley,

1991). 

This situation is opposed to the fast release of cell wall material here in  Dictyota, where the

ECM barrier rather qualifies as a fast efficient sperm block. The onset of elongation coincides

with  the  first  indication  of  cell  wall  secretion  as  visualised  by  a  faint  CFW  staining.

Additionally an adhesive halo that stains by TBO is observed after fertilisation. Besides an

obvious  adhesive  role,  an  additional  polyspermy  blocking  function  may  be  speculated,

because the halo seems to encase arriving superfluous  Dictyota  gametes at a distance and is

completely  impermeable  to  distantly  related  Ectocarpus  siliculosus  male  gametes.  In  our

experiments male gametes need only one minute to find the egg, fuse, induce homogenous

cell wall secretion and start showing adhesive properties, underlying the role of the ECM as a

fast sperm block in Dictyota. 

Eggs can also elongate parthenogenetically in about 8 % of the cases without activation by

male  gametes  (Chapter  4).  The  parthenogenetic  elongation  can  provide  a  more  practical

alternative to fertilisation, when assaying the signalling of the elongation, that bypasses the

need  for  a  successful  male  release  and  excludes  the  possibility  of  interference  with

fertilisation.  In fucoid zygotes sperm penetration is inhibited by cytochalasin D (Swope and

Kropf, 1993). In  Dictyota comparable concentrations of cytochalasin D and latrunculin B did

not  inhibit  fertilisation.  Of  the  myosin  inhibitors  only  BDM  inhibited  fertilisation.  The

difference between the present study and that of Swope and Kropf (1993) is the fact that male

gametes were released in the same pretreated medium because of monoecious nature of the

species used. Therefore the gametes are likely to have received a minute long pretreatment

before attempting sperm penetration. In our study they were only exposed for 30-40 seconds

to the inhibitor, and only female gametes received a 15 minute pretreatment. 
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Chapter 6. Auxin function in
the parenchymatous brown

alga Dictyota dichotoma 
Abstract
Patterning  in  land  plants  is  under  control  of  auxin  and  polar  auxin  transport.  The

mechanism of auxin action in brown algae such as Fucus still remains controversial because

of contradicting conclusions derived from various pharmacological studies. The goal of this

study was to determine whether auxin plays a role during the early embryogenesis of the

alga  Dictyota  dichotoma and  to  achieve  a  better  understanding  of  the  conditions  that

influence the effect size of exogenous auxins in this species. Indole-3-acetic acid (IAA) was

detectable in  Dictyota zygotes, germlings and mature tissue and is mainly present in the

incipient  rhizoidal  tip,  suggesting  auxin  is  among  the  intrinsic  factors  of  which  an

intracellular gradient  is  established during cell  polarisation.  Dictyota  embryos normally

develop with one pole developing into a rhizoid and one into the apical meristem. Upon

addition of exogenous auxins polarisation of the one-celled embryo is affected and both

poles  of  the  spheroidal  embryo develop into  rhizoids  instead.  This  effect  is  stronger in

artificial media with increased acidity, presumably reflecting the increased bioavailability of

auxins.  Similarly,  exogenous auxins  act  synergistically with extrinsic  informational  cues

that direct the polarisation vector (e.g. light). However, no effect of the land plant inhibitor

of auxin efflux, naphtylphthalamic acid (NPA), was detected. An  in silico survey of auxin

biosynthesis, response and transport genes suggested that a diverse range of biosynthesis

genes together with a limited number IAA response genes such as SKP2A and TMK1 and

transport genes such as PILS and ABCB transporters from land plants have homologs in the

D. dichotoma  transcriptome and the  E. siliculosus  proteome. Together the results of this

study confirm that auxin acts in the formation of the apical basal patterns of oogamous

brown algae.

Introduction

In both land plants and multicellular algae the basic body plan is established during the first

phases  of  development,  collectively  termed  embryogenesis.  In  flowering  plants  (e.g.
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Arabidopsis  or  Oryza)  as  well  as  many multicellular brown algae (e.g.  Fucus or  Dictyota)  the

establishment  of  the  apical-basal  pattern  is  produced  through  an  initial  asymmetric  cell

division pattern  (De Smet and Beeckman, 2011,  Chapter 4).  The apical  cell  grows into the

shoot meristem or thallus, while the basal cell develops into the suspensor and root pole or

rhizoids in respectively land plants and brown algae  ( Jürgens, 2001; Itoh et al., 2005; Hable,

2014). 

In angiosperms the phytohormone auxin plays an important role in the establishment of this

apical-basal axis and further embryo patterning. In the two-celled embryo PIN7 localises to

the apical end of the basal daughter cell (Friml et al., 2003). Several mutants with altered auxin

responses show embryo defects, including bdl (bodenlos) and mp (monopterous)  (Hamann et al.,

1999; Wenzel et al., 2007). Application of exogenous auxin 2,4-D or the auxin-efflux inhibitors

NPA and BFA both interfere with the auxin activity gradient that triggers the specification of

embryo structures (Friml et al., 2003). 

The developmental role of auxin is less well established in the embryogenesis of the brown

algae. Treatment of embryos with exogenous auxins and the auxin-efflux inhibitors BFA, TIBA

and NPA lead to embryonic defects such as multiple or branched rhizoids  (Davidson, 1950;

Basu et al.,  2002),  while apparently similar experiments or experiments using even higher

concentrations suggest these treatments do not lead to phenotypic effects (Torrey and Galun,

1970; Bouget et al., 2001). The equivocal outcome of these assays burdens the hypothesis that

brown algae also have evolved a role for auxins in patterning (Bogaert et al., 2013) and raises

the question whether factors exist influencing the extent of the putative auxin effect on the

phenotype. Such factors might be overlooked or difficult to control and thereby provide an

explanation for the contradictory results of apparently similar experimental setups. 

The environment may have a direct influence on the bioavailability of auxins and thereby

influence the level of the effect. It has been shown in crown gall cells and maize root segments

that  IAA uptake  is  drastically  influenced  by  the  pH  of  the  applied  medium  due  to  the

hydrophobic  characteristics  of  the  protonated  form  of  IAA  (Rubery and  Sheldrake,  1973;

Martin and Pilet, 1987). A second potential source of variation in auxin effects could be linked

to  developmental  robustness  (Braendle  and Felix,  2009),  which  makes  that  within  certain

boundaries, an organism’s developmental pathway is insensitive to environmental variation.

In the case of exogenous auxin experiments, the simple addition of auxin may not alter the

phenotype  of  the  organism.  If  however  accompanied  by  additional  environmental

perturbations this developmental buffering effect can be overpowered  (de Visser and Elena,

2007),  thereby  uncovering  the  developmental  effect  of  the  original  exogenous  auxin

disturbance.
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Given the distinct phylogenetic position of brown algae in the eukaryotic tree of life, a role of

auxin in brown algal patterning is particularly of interest as this could suggest conservation

among eukaryotes. Putative conservation versus convergent evolution towards use of the same

phytohormone in distantly related groups is subject of increasing interest  (Finet and Jaillais,

2012; Bogaert et al., 2013; Ramakrishna and Smet, 2014). While putative homologs for auxin

biosynthesis  and  metabolism  are  present  in  the  only  available  brown  algal  genome  of

Ectocarpus (Cock et al., 2010), very few homologs of auxin transport and signalling genes are

present  (Le Bail et al.,  2008). As  Ectocarpus  is characterized by relatively simple filamentous

morphology and a relatively small genome (Peters et al., 2004), one might argue that genome

reduction  and  developmental  simplifications  could  have  erased  traces  of  auxin  signalling

(Bogaert et al., 2013). 

Oogamous brown algae such as Dictyotales and Fucales release large female egg cells in the

water column, making it possible to obtain thousands of synchronously developing zygotes in

which  the  developmental  effect  of  exogenous  auxins  and  transport  inhibitors  can  be

determined. Most developmental work has concentrated on fucoid algae, while dictyotalean

algae remain largely unexplored. Because the research on fucoids relies on algae collected in

the field, one can expect variation caused by the different seasonal changes (Brawley and Bell,

1987) or location  of  sampling  on  the  robustness  to  pharmacological  agents  or exogenous

phytohormones. Therefore, we choose a member of the dictyotalean algae, which can easily

be cultured (Chapter 2). As member of SSDO-clade Dictyota is as a phylogenomic data point

very distinct  from  Ectocarpus  and  Fucus  (both  BACR-clade)  (Bittner  et  al.,  2008).  Dictyota

therefore provides an independent test for conservation of auxin function and the possible

conservation  of  more  signalling  and  transport  genes  in  a  complex  parenchymatous  cell

context.  Zygotes  of  Dictyota  are  prolate  spheroidal  and a polarisation event  is  required to

decide which pole will develop into the rhizoid and which one will acquire a thallus meristem

fate after a cell division perpendicular to the polar axis  (Bogaert et al., 2015). Just like fucoid

algae,  zygotes of Dictyota  use the direction of light as an environmental  cue for their cell

polarisation. 

In this paper, we present data suggesting IAA plays a role in determining rhizoid development

in  Dictyota dichotoma.  We address the issue of conservation of auxin biosynthetic,  transport

and  response  related  genes  in  eukaryotes.  Additionally  we  show  that  the  effect  size  of

exogenous  auxins  is  drastically  influenced  by  subtle  environmental  variation  in  pH  and

continuity of environmental cues. 
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Results

D. dichotoma contains free IAA at concentrations 
comparable with F. distichus and E. siliculosus 
and land plants.

Because the IAA in the samples might be due to contaminating microorganisms (Evans and

Trewavas, 1991; Cooke et al., 2002), we confirmed the presence of IAA inside the cells. Mature

thalli of D. dichotoma were cultured under antibiotic treatment, extracts were prepared and IAA

purified. GC-MS was used to quantify IAA concentrations. GC/MS confirmed the presence of

IAA in  the  apices  of  Dictyota at  a  concentration  of  3.32  pg/mg fresh  weight  with  an  IAA

extraction efficiency of about 80%. 

IAA is localized inside Dictyota cells 
Localization  of  IAA within  the  cell  was  confirmed  by  immunolocalisation  of  IAA at  the

moment of the first cell division (8 h AF) (Figure 1) and in 5 day old gametophyte germlings

(Figure  2).  Immunolocalisation  demonstrated  the  presence  of  IAA within  the  thallus  and

zygotes  of  Dictyota.  Compared

with the negative control (Figure

2C),  immunolocalisation of  both

tubulin  protein  and  IAA

showed  a  homogeneous

distribution  within  the

multicellular  thallus  (Figure

2B,C).  In  zygotes,  a  vaguely

denser coloration can typically be

observed  at  one  or  both  of  the

poles  in  most  of  IAA  stained

zygotes (Figure 1B, C) suggesting

IAA is  localised  at  the  incipient

rhizoid  pole.  Coloration  in  the

positive  control  is  more

homogeneous,  apart  from  a

denser  perinuclear  coloration

rendering  the  two  nuclei  visible

as brighter spots (Figure 2E). 
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Figure 1. Immunolocalisation of IAA in dividing zygotes
of  D. dichotoma.  IAA was immunolocalised in zygotes (at
8h  AF,  brown  purple  color  suggest  presence  of
antigen/antibody  complex).  (A-C)  IAA
immunolocalisation of three representative examples of
zygotes showing a vage darker staining region at one or
both poles of the prolate spheroid. (D) negative control
corresponding to the omission of the primary antibody.
(E) positive control corresponding use of anti--tubulin
antibody  instead  of  anti-IAA  antibody  as  primary
antibody. Scale bar is 50 µm. 
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Possible biosynthetic pathways of IAA and IAA 
transport/signalling pathways.

Given the intracellular localisation and detection of IAA, it  was reasonable to look for the

possible  conservation  of  biosynthetic  pathways  of  land  plants.  We  assembled  a  Dictyota

transcriptome using mira4 (see Chapter 4) and looked for homologs of enzymes putatively

involved in IAA biosynthesis in land plants (for recent reviews (Ljung, 2013; Tivendale et al.,

2014). Putative  homologous  sequences  of  the  different  hypothesised Tryptophane  (Trp)-

dependent pathways of Arabidopsis could be found in the transcriptome of Dictyota. Results are

comparable to a previous study on the filamentous Ectocarpus siliculosus  (Le Bail et al., 2010),

which was  reproduced partially using our updated  sequence  list.   Homologous  sequences

formed a reciprocal best hit (RBH) in different occurrences, which is an excellent predictor for

orthology relative to more complex algorithms known to outperform more complex methods

such  as  MultiParanoid  and  OrthoMCL  (Salichos  and  Rokas,  2011).  Prigent  et  al.

(2014) constructed  a  genome-scale  metabolic  network  (EctoGEM)  of  E.  siliculosus  using  a

combined approach of In-Paranoid, OrthoMCL and Pathway Tools derived EC numbers and

GO terms followed by manual curation.  Relevant

metabolites  were  queried  in  EctoGEM  and

checked for predicted reactions as an independent

test for orthology (Figure 2, Figure 3). 

Because  enzymes  responsible  for  the  proposed

conversion to indole-3-butyric acid (IBA) (Strader

and Bartel, 2011) and conversion to IAA conjugates

are  less  well  characterised  (Ljung,  2013),  we

concentrate on IAA synthesis,  IAA transport and

IAA signalling. Similarly,  because enzymes of the

Trp  independent  pathway  are  still  unknown

(Ljung,  2013),  we  concentrated  on  the  different

Trp dependent pathways proposed in land plants

using  A.  thaliana as  reference  organism  for

homology searches. Among the enzymes involved

in the synthesis of Trp, most are shown to have

significant  similarity  to  D.  dichotoma  transcripts

(Figure 3).  Anthranilate  synthase alpha subunit  1

and 2 (ASA1,  ASA2),  tryptophane synthase  alpha

chain (TSA1) were found to have highly significant
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Figure 2. Immunolocalisation of IAA in young
germlings  of  D.  dichotoma.  IAA  was
immunolocalised in germlings (at  5  days  after
release, brown purple color suggest presence of
antigen/antibody  complex).  (A)  IAA
immunolocalisation, (B) positive (anti--tubulin
antibody),  (C)  negative  control  (primary
antibody omission). Scale bar is 50 µm. 
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E values (E value < 10E-30), however similarities of ASA1 and ASA2 were moderate (E value <

10E-10). Anthranilate synthase phosphoribosyltransferase (PAT2), Indol-3-glycerol-phosphate

synthase (IGPS) and Tryptophane synthase beta chain (TSB1, TSB2) were supported with a

RBH. Of the indole-3- pyruvic acid (IPA) pathway, YUCCAs of  A. thaliana showed moderate

similarity with one contig, which was a RBH for putative flavin-containing monoxygenase 2
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Figure 3. Indole compounds and putative enzymes involved in the synthesis of IAA in  D.
dichotoma using hypothesised biosynthetic pathways of higher plants according to (Mano and
Nemoto, 2012; Ljung, 2013; Tivendale et al., 2014). d/D and e/E stand for putative homologous
sequences in respectively D. dichotoma and  E. siliculosus.  Capital letters stand for RBH, small
letters for non-RBH. In brackets relevant reaction codes of EctoGEM are mentioned (Prigent
et al., 2014). Grey, italic enzyme was only checked in EctoGEM and not included in the RBH
analysis because currently judged as lacking evidence  (Ljung, 2013;  Tivendale et al.,  2014).
Bold black line denotes pathway presently thought to be dominant in Arabidopsis. Dotted black
lines  denote  hypothesised conversions,  with unidentified enzymes.  Grey lines  denotes  the
pathways which are presently judged as unlikely according to Tivendale et al. (2014). 



Chapter 6

(FMO2). Previously it was believed IPA is metabolised by a protein with IPA decarboxylase

activity into indole-3-acetaldehyde (IAAld) and converted to IAA by aldehyde oxidases,  for

which  a  putative  homologous  sequence  has  been  found.  However,  no  IPA decarboxylase

activity seems to be present in land plants and  the  IPA pathway is now believed to involve

conversion  of  indole-3-pyruvic  acid  (IPA) by  YUCCA  flavin  monooxygenases  into  IAA

(Tivendale et al.,  2014). While EctoGEM reveals the entire IPA pathway (via YUCCA flavine

monooxygenases), our independent analysis did only resolve YUCCAs. The tryptamine (TAM)

pathway has recently been redrawn as YUCCAs were shown to be involved in the IPA pathway

rather than the TAM pathway (Mashiguchi et al., 2011) and the conversion to N-hydroxyl-TAM

is seen as  highly unlikely  (Tivendale  et  al.,  2014).  Of  the two  A.  thaliana members  of  the

Tryptophane/Tyrosine  Decarboxylase  family  (Mano  and  Nemoto,  2012) a  putative

homologous contig is present, that is a RBH for one of them. Responsible enzymes which

transform Tryptamine for this proposed pathway in land plants, are even more unclear and

therefore it remains difficult to assess sequence conservation. Homologs with low similarity to

CYP79B2/3 and CYP71A13 of the IAOx pathway, responsible for conversion respectively Trp

into indole-acetaldoxime (IAOx) and IAOx to indole-3-acetonitrile (IAN) can be found. Except

for these Cytochrome P450 genes, all examined genes for which putative homologues were

detected for Ectocarpus  or Dictyota could be confirmed in EctoGEM (Table 3). Surprisingly no

nitrilase homologues could be detected, while these sequences are present with low similarity

in the Ectocarpus genome. Finally, the IAM pathway is represented with homologs for amidase

(AMI),   but enzymes thought to be involved Trp-IAM conversion in non-Brassicaceae nor

those  thought  to be  involved in IAOx-IAM conversion  in Arabidopsis are  unidentified and

cannot be tested (Lehmann et al., 2010; Tivendale et al., 2014). In summary, results in Dictyota

are  very similar to  those  obtained  in  Ectocarpus and  no evidence  for extra  potential  IAA

synthesizing enzymes in this parenchymatous algae can be found. 

We looked for in silico evidence for IAA transporter homologs in D. dichotoma and E. siliculosus.

In accordance  with  (Le Bai1  et  al.,  2010),  we did not  find any conservation of  PIN efflux

carriers (Table I). When evaluating other members of the AUX/LAX family of auxin efflux

carriers  we  found only very weak evidence  for conservation  of  LAX2  conservation  in  E.

siliculosus. Recently, novel auxin transporter proteins have been identified in addition to the

PIN  proteins,  allowing  a  more  thorough  investigation  of  conservation  of  auxin  transport

proteins  (Feraru et al., 2012; Grones and Friml, 2015). Significant homology could be found

between PIN-LIKES (PILS) and Dictyota transcripts and Ectocarpus proteins. With PILS2 having

a RBH in Dictyota and PILS5 in both brown algae. Similarly a homologous contig with strong

similarity was found for PGP1 (P-glycorotein), PGP4 and PGP19, responsible for either IAA

influx or efflux (Geisler and Murphy, 2006), with PGP1 making a RBH for an Ectocarpus protein
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suggesting orthology. 

Like in Ectocarpus (Le Bail et al., 2010) we could only find homologs for proteins of the SCF

complex and no RBHs were found for the IAA-specific F-box protein TIR1.  No significant

similarity was found with auxin- or indole-3-acetic- acid-inducible family proteins (AUX/IAA)

families. In both organisms a homolog with weak similarity was found for ARF9, in the case of

Dictyota a RBH. A putative orthologue for BIG, involved in polar PIN redistribution (Gil et al.,

2001), is present in both algae.  These results suggest no conservation of the TIR-AUX/IAA-

ARF  mediated  auxin  signaling  in  brown  algae.  However  at  least  some  evidence  for

conservation of alternative signalling pathways can be found. Of the pair ABP1 and TMK1,

which interact in an auxin dependent manner (Xu et al., 2014), only TMK1 is represented with

putative homologous genes. SKP2a has been recently shown to bind auxin and regulate cell

division in land plants  ( Jurado et al., 2010). Interestingly putative homologues proteins with

relatively low similarity in both algae are present, which is a RBH for the case of Dictyota. We

could not  find any evidence  for  the  conservation  of  the  auxin  inducible  gene esGRP1  of

Ectocarpus (Le Bail et al., 2010) (cutoff: < 10E-20). 

Table I.  Sequence conservation between  Arabidopsis thaliana  and the brown algae  Dictyota

dichotoma and Ectocarpus siliculosus.  For different proteins in the Arabidopsis  proteome, with

known function in auxin biosynthesis, transport and response according to Le Bail et al.

(2010),  Mano  and  Nemoto  (2012);  Ljung  (2013)  and  Grones  and  Friml  (2015).  The  best

matching sequence  was  determined using BLAST.  E  values  are  given for each  of  these

searches with cutoff value of 10E-4. A second BLAST search was performed for each best

matching Ectocarpus protein or Dictyota transcript in the complete proteome of Arabidopsis.

The E value is reported for this reverse BLAST, if the best hit of this second blast is the

original  Arabidopsis  query.  Reaction  codes  of  EctoGEM  reactions  are  reported  for

biosynthesis reactions found in the database (Prigent et al., 2014). The complete RBH table is

available in Supplementary Table 1. 

Arabidopsis UniProt
entry

Blast E value 
(D. dichotoma
transcriptome)

Blast E value 
(E. siliculosus genome)

Functio
n

Accessi
on
Numbe
r

Identifier Forward
blast

Reciprocal
blast

Esi protein Forward blast Reciprocal
blast

EctoGEM

 Biosynthesis

ASA1 P32068 TRPE_ARATH 2.22229E-011 Esi0346_0021 5.47441E-039 ANTHRANS
YN-RXN

ASA2 P32069 TRPX_ARATH 1.6137E-011 Esi0346_0021 2.86982E-039 2.33342E-039

PAT2 Q02166 TRPD_ARATH 3.00929E-083 1.69566E-071 Esi0003_0266 1.39395E-081 1.27808E-077 PRTRANS-
RXN

PAI1 Q42440 PAI1_ARATH Esi0281_0043 5.97513E-012 PRAISOM-
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RXNPAI2 Q42527 PAI2_ARATH Esi0281_0043 6.37839E-012

PAI3 Q8LPI9 PAI3_ARATH NA

IGPS P49572 TRPC_ARATH 2.18936E-030 1.33755E-035 Esi0000_0449 5.36312E-043 8.94299E-043 IGPSYN-
RXN

TSA2 Q42529 TRPA2_ARATH 3.02295E-040 Esi0036_0051 4.29246E-051 RXN0-2381

TSB1 P14671 TRPB1_ARATH 1.39951E-105 6.80945E-105 Esi0036_0051 1.53403E-165 1.79413E-164 RXN0-2382

TSB2 P25269 TRBP2_ARATH 9.13688E-104 Esi0036_0051 1.87643E-163

TYDC Q8RY79 TYDC1_ARATH 1.73414E-022 1.5867E-022 Esi0099_0045 1.27928E-110 1.60272E-117 TYROSINE-
DECARBOX
YLASE-RXN

TYDC Q9M0G4 TYDC2_ARATH 6.42714E-020 Esi0099_0045 5.29318E-097

Trp  amino
transferase

Q94A02
Q9S7N2
Q9LR29

TAR2_ARATH
TAA1_ARATH
TAR1_ARATH

RXN-10139 

YUCCA Q9LMA1 FMO1_ARATH 1.19445E-015 Esi0350_0023 1.52143E-053 1.0343E-053 RXNDQC-2 

YUCCA Q9FKE7 FMO2_ARATH 4.15797E-015 1.73171E-019 Esi0085_0063 8.27903E-043

YUCCA Q9FVQ0 YUC10_ARATH 5.97791E-016 Esi0000_0096 5.70212E-018 1.00697E-020

YUCCA O49312 YUC7_ARATH 1.86558E-013 Esi0350_0023 1.72259E-022

YUCCA O64489 YUC9_ARATH 9.37298E-013 Esi0350_0023 1.43168E-022

YUCCA Q9LPL3 YUC11_ARATH 8.65567E-012 Esi0511_0007 2.2577E-019

YUCCA Q9LFM5 YUC4_ARATH 4.79118E-012 Esi0085_0063 3.35886E-018

YUCCA Q9SZY8 YUC1_ARATH 6.42251E-013 Esi0350_0023 1.62351E-019

YUCCA Q9SVU0 YUC8_ARATH 1.9343E-015 Esi0350_0023 2.95155E-023

YUCCA Q9SVQ1 YUC2_ARATH 1.92081E-012 Esi0350_0023 5.17735E-018

YUCCA O23024 YUC3_ARATH 1.716E-015 Esi0350_0023 1.85841E-020

YUCCA Q9LKC0 YUC5_ARATH 6.00555E-012 Esi0350_0023 5.98959E-025

YUCCA Q8VZ59 YUC6_ARATH 1.02532E-010 Esi0350_0023 1.01426E-018

CYP79B
2

Q501D8 C79B3_ARATH 2.41251E-006 Esi0063_0068 2.36306E-014

CYP79B
2

O81346 C79B2_ARATH 9.09773E-007 Esi0063_0068 5.5277E-015

Nitrilase P32961 NRL1_ARATH NA Esi0003_0068 6.95029E-018 RXN-1404

Nitrilase P32962 NRL2_ARATH NA Esi0003_0068 3.10001E-017

Nitrilase P46010 NRL3_ARATH NA Esi0003_0068 5.05266E-015

Nitrilase P46011 NRL4_ARATH NA Esi0003_0068 4.2158E-015

CYP71A1
3

O49342 C71AD_ARATH 1.18977E-009 Esi0063_0067 1.54935E-020

AAO1 Q7G193 ALDO1_ARATH 1.11333E-029 Esi0058_0101 4.50253E-029 RXN-5581

AAO2 Q7G192 ALDO2_ARATH 1.41504E-042 Esi0058_0101 1.92532E-032

AAO3 Q7G9P4 ALDO3_ARATH 1.64606E-033 Esi0058_0108 2.1349E-034

AAO4 Q7G191 ALDO4_ARATH 1.15385E-042 Esi0058_0108 1.99044E-033

AMI Q9FR37 AMI1_ARATH 7.32933E-015 Esi0082_0071 2.17368E-018 AMIDASE-
RXN

Transport
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PIN1-5,7 Q9C6B8 
Q9LU77
Q9S7Z8
Q8RWZ6
Q9LFP6
Q940Y5

PINI_ARATH
PIN2_ARATH
PIN3_ARATH
PIN4_ARATH
PIN5_ARATH
PIN7_ARATH

NA

ABCB/P
GP 1

Q9ZR72 AB1B_ARATH 2.83547E-101 Esi0000_0244 0 0

ABCB/P
GP4

O80725 AB4B_ARATH 2.19642E-101 Esi0109_0017 0

ABCB/P
GP19

Q9LJX0 AB19B_ARATH 2.72333E-097 Esi0109_0017 0

BIG Q9SRU2 BIG_ARATH 2.6262E-025 8.14302E-021 Esi0038_0047 1.22851E-008

AUX1 Q96247 AUX1_ARATH NA

LAX1 Q9LFB2 LAX1_ARATH Esi0519_0007 5.75909E-005

LAX2 Q9S836 LAX2_ARATH NA

LAX3 Q9CA25 LAX3_ARATH NA

AEC 
family 
protein
(PILS1)

F4HWB6 F4HWB6_ARAT
H

Esi0092_0006 2.12976E-016

AEC 
family 
protein 
(PILS2)

Q9C999 Q9C999_ARATH 1.23212E-009 2.9199E-014 Esi0092_0006 1.40045E-016

AEC 
family 
protein 
(PILS3)

Q9C9K5 Q9C9K5_ARAT
H

0.000000002 Esi0092_0006 1.13449E-013

AEC 
family 
protein
(PILS4)

Q9C9K4 Q9C9K4_ARAT
H

2.86391E-006 Esi0092_0006 1.27163E-011

AEC 
family 
protein
(PILS5)

Q9SHL8 Q9SHL8_ARAT
H

6.16096E-012 2.31229E-012 Esi0092_0006 7.65752E-017 7.16235E-017

AEC 
family 
protein 
(PILS6)

Q9LZN2 Q9LZN2_ARAT
H

Esi0092_0006 4.45232E-011

AEC 
family 
protein 
(PILS7)

Q9FKY4 Q9FKY4_ARAT
H

Esi0092_0006 2.39625E-018

Auxin signalling

ABP1 P33487 ABP1_ARATH NA

TMK1 P43298 TMK1_ARATH 2.08759E-024 Esi0456_0012 2.00636E-037

SKP2A Q9LPL4 SKP2A_ARATH 1.24057E-006 2.55148E-007 Esi0029_0096 1.09484E-010

Esi0002_0253 9.85432E-011

SKP2B O49286 SKP2B_ARATH 1.9254E-006 Esi0092_0025 4.61205E-011

O49286 SKP2B_ARATH 9.06249E-006 Esi0029_0096 4.94888E-011

Q8RWQ8 FBX14_ARATH Esi0071_0046 4.81932E-008

TIR1 Q570C0 TIR1_ARATH Esi0053_0061 6.69797E-011
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Q9LW29 AFB2_ARATH Esi0053_0061 2.11424E-006

Q9ZR12 GRH1_ARATH Esi0053_0061 6.38198E-008

Q9LPW7 AFB3_ARATH Esi0102_0056 7.77061E-007

Q9LTX2 TIR1L_ARATH Esi0053_0061 1.4303E-010

ASK12 O65674 ASK12_ARATH 2.69756E-043 Esi0046_0039 1.24263E-046 1.08396E-046

SKP1A Q39255 SKP1A_ARATH 9.1722E-038 Esi0046_0039 3.58915E-049

SKP1B Q9FHW7 SKP1B_ARATH 2.30593E-039 Esi0046_0039 1.3355E-048

CUL4 Q8LGH4 CUL4_ARATH 1.97862E-060 Esi0207_0055 0 0

CUL3B Q9C9L0 CUL3B_ARATH 3.30907E-065 Esi0245_0022 0 0

CUL1 Q94AH6 CUL1_ARATH 1.78308E-090 1.79471E-095 Esi0245_0022 7.10177E-140

RBX1A Q940X7 RBX1A_ARATH 2.34279E-029 1.20973E-029 Esi0079_0058 3.0515E-033 1.27078E-032

RCE2 Q9ZU75 UB12L_ARATH Esi0007_0140 7.09389E-060 5.63693E-060

RCE1 Q9SDY5 RCE1_ARATH 1.57697E-056 1.95805E-056 Esi0007_0140 1.69667E-059

SGT1b Q9SUT5 SGT1B_ARATH Esi0014_0174 4.06642E-045

ECR1 O65041 UBA3_ARATH 7.15602E-055 3.46758E-048 Esi0069_0046 3.865E-073 1.01237E-076

ULA1 P42744 ULA1_ARATH 2.26279E-016 6.79402E-017 Esi0358_0003 8.43067E-038 1.48483E-041

CSN5 Q9FVU9 CSN5A_ARATH 1.09731E-047 1.11233E-046 Esi0055_0013 4.4509E-059 1.22794E-054

CSN5 Q8LAZ7 CSN5B_ARATH Esi0055_0013 2.60022E-056

CAND1 Q8L5Y6 CAND1_ARATH Esi0168_0022 0 0

MAX2 Q9SIM9 MAX2_ARATH Esi0071_0046 6.58816E-008

RUB1 Q9SHE7 RUB1_ARATH 6.13513E-040 Esi0010_0201 2.21472E-078

Esi0302_0019 5.68523E-076

RUB2 Q8RUC6 RUB2_ARATH 1.52869E-032 Esi0302_0019 3.25534E-075

AXR4 Q9FZ33 AXR4_ARATH NA

Transcription factors

AUX/IAA
1-34

34 
componen
ts

NA

ARFA,C-
H,  L-O,
Q-W

17 
componen
ts

NA

ARF2 Q94JM3 ARFB_ARATH Esi0079_0037 0.000011336

ARF9 Q9XED8 ARFI_ARATH 0.000054342 1.42013E-005 Esi0079_0037 5.76122E-009

ARF10 Q9SKN5 ARFJ_ARATH Esi0079_0037 1.65615E-006

ARF11 Q9ZPY6 ARFK_ARATH Esi0079_0037 0.000009219

ARFP Q93YR9 ARFP_ARATH Esi0079_0037 1.46258E-005

We evaluated if putative orthologs are upregulated during the patterning of the zygote at

some point  in  the first  cell  cycle.  Most  biosynthesis  genes are  upregulated  in eggs which

confirms the observation that genes with a hypothesised metabolic function are upregulated
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Figure 4.  Expression patterns of contigs showing similarity with auxin related genes in  Arabidopsis.
Hierarchical cluster analyses based on z-scores using Euclidean distances with complete linkage. The
scale histograms indicate z-score and distribution of z-scores, red indicates up-regulation, green down-
regulation. Signicant differences (Baggerley's test, FDR < 0.05) are indicated with ‘x’. 
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in  the  female  gametes  (Chapter  4).

Surprisingly,  putative  transport  and

response  genes  are  also  upregulated.  The

putative ortholog of ABCB/PGP proteins is

significantly upregulated between 1h and 8h

AF, again suggesting a possible function in

polarisation. Of the putative response genes

only SKP1-like protein 12 (ASK12) has been

shown  to  be  significantly  upregulated  in

asymmetrically dividing embryos. 

IAA and NAA alter 
embryo 
development

The effects of IAA, NAA and the auxin transport inhibitor NPA on embryo development were

examined by culturing  Dictyota  embryos in the presence these  compounds relative  to the

control. To exclude the possibility that the effects may may present pH artefacts, benzoic acid

(BA) was used as a control. 15 minutes after

fertilisation  auxin  compounds  and

inhibitors  were  added  to  the  culture

medium.  Embryos  were  subjected  to

environmental perturbations by reorienting

a  unilateral  light  source  180°  every  15

minutes for 10 hours following incubation.

In  addition,  the  orientation  of  the  well

plates  which  were  tilted  to  simulate  a

gravitational cue, were reoriented every 30

minutes until 8 h AF. The latter time point

corresponds to the estimated end of the first

cell cycle. Under these conditions almost all

of zygotes of the control treatments develop

a rhizoid in only one of two poles (Figure

5A). In presence of 10-4 M NAA, however, a

significantly  larger  proportion  of  zygotes

show an aberrant morphology and develop

two  rhizoidal  outgrowths  (Figure  5B,C)
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Figure 5. IAA and NAA lead to a significant increase in
dirhizoidal embryos. (A) representative embryo (1 day
AF) (unirhizoidal) cultured under 10-4 M BA (1 day AF).
(B, C) representative dirhizoidal embryos (1  day AF)
cultured under 10-4 M NAA (incubated at  15' AF)  or
IAA  (incubated  at  3h  AF)  under  environmental
perturbation. Scale bar is 50 µm. 

Figure 6.  Effect of  IAA, NAA and auxin inhibitor on
development  of  Dictyota.  (A)  IAA  leads  to  a  dose-
dependent change in embryo development. (n = 200, 3
replicates).  (B,  C).  The  percentage  of  dirhizoidal
embryos at 1 day AF in ASW containing NAA or NPA
and their relative  BA control.  (n  =  100,  3 replicates).
Asterisks  denotes  significant  differences  (see  text  for
details). 
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(Type  III  test,  GLMM,  F=47.79,  dfnumerator,  denominator=1,2,  P  <  0.05).  Such  zygotes  are  further

referred to as 'dirhizoidal embryos' (Figure 6B). 

An identical experiment with 10-4 M IAA caused almost all zygotes to die or to show growth

arrest. When IAA was added only at 3h AF, giving the zygotes more time to synthesise a rigid

cell wall, germination was not affected and a similar effect on development was obtained as in

the NAA experiment (Type III test, GLMM, F=36.62, dfnumerator,  denominator=1,2, P < 0.05) (Figure

5A). The percentage of aberrant embryos is dose-dependent (Type III test, GLMM, F=15.65,

dfnumerator, denominator=2,4, P < 0.05).

In contrast to IAA and NAA, we did not observe an increase in aberrant morphologies when

cells were incubated in NPA (Figure 6C). The percentage of zygotes with multiple rhizoids was

not significantly different from the control treatment (Type III test, GLMM, F=0.02, dfnumerator,

denominator=1,2, P > 0.05) and no increase in the number of branched rhizoids was reported, as

reported for F. distichus (Basu et al., 2002), observed. Control experiments showed that BA or a

solvent did not have any significant effect on the percentage of dirhizoidal embryos (Type III

tests,  GLMM,  dfnumerator,  denominator=1,2,  P  >  0.05)  (n  =  100,  3  replicates),  nor resulted  in  any

detectable increase in abnormal developmental patterns. 

Environmental perturbation increases the effect of 
NAA on early development

In order to estimate  the effect  of  environmental  perturbation on the effect  of  exogenous

auxins, we repeated the experiment

with  and  without  environmental

perturbation  and  compared  the

effect  size.  To subject  the  embryos

to variable environmental cues, the

embryos were reoriented relative to

the unilateral light source (every 15

minutes  for  10  hours  following

incubation)  and  placed  in  a  tilted

position  that  was  reoriented  with

180° (every 30 minutes until 8h AF)

starting  at  15  min  AF.  These

experiments  used  NAA  as

exogenous  auxin.  Although  NAA

treatments  in  combination  with
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Figure 7. Environmental perturbation increases the abnormal
development induced by NAA.  The percentage of  embryos
with two rhizoids are reported in response to BA and NAA
each at 10-4 M after 24 h. The average and SE (error bars) of 7
independent experiments are reported. 
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constant illumination resulted in a 4-fold increase in the percentage of dirhizoidal embryos,

under constant illumination the difference in dirhizoidal embryos between the populations of

zygotes treated with  10-4 M NAA and the control was about 2.5 times smaller. Moreover, the

fraction of dirhizoidal embryos stayed below 10% (Figure 7). Under changing light direction,

embryos developed in about 1/4th to 1/5th of the cases 2 rhizoids. GLMM analysis shows a

statistical significant interaction between environmental perturbation and auxin concentration

(Table II).

Table II. GLMM analysis of fraction of dirhizoidal  embryos in response to 10-4 M NAA
("auxin") and environmental perturbation ("per.") shows significant interaction effect between
environmental perturbation and auxin presence. 

Variable df F P-value

Environmental
perturbation

1, 18 26.14 < 0.0001

Auxin 1, 18 166.76 < 0.0001

Auxin*Environmenta
l perturbation

1, 18 4.73 0.0433

F, F-statistic; df, degrees of freedom; GLMM, general linear mixed model. The model was
fitted  to  binomial  error  distribution  with  a  logit  link function  controlling  for  variation
between replicate experiments. (7 independent replicates, n = 200 (5 replicates) or 100 (2
replicates)). Significant values are shown in bold.

Decreasing pH increases the effect of NAA on early 
development

Because  we  hypothesise  pH  might  be

an additional factor affecting the effect

size of exogenous auxin, we incubated

populations  of  zygotes  in  ASW

medium at pH 5.5, 6.0, 6.5, 7.0, 7.5 and

8.0 starting at 1h AF with 10-4 M NAA

and  a  control  under  unilateral  light.

Embryos  were  scored  for  aberrant

phenotypes  two  days  AF.  In  the  BA

controls  zygotes  development  is

severely inhibited at pH 5.5 and 6.0 . At

pH 6.5,  .0, 7.5, 8.0 cells germinate and

develop rhizoids in the BA treatments.

At  each  of  these  pH  conditions  a
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Figure 8.  Low  pH  increases  the  aberrant  development
induced  by NAA.  The  percentage  of  embryos  with  two
rhizoids are reported in response to BA and NAA each at
10-4 M after 48 h. The least square means and SE (error bars)
are  reported  for  5  independent  experiments.  Asterisk
denote significant effect of NAA as tested by GLMM. 
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significant effect of NAA could be observed (Type III  test,  GLMM, respectively F = 134.82,

51.79,  22.55,  8.08,  dfnumerator,  denominator=1,4,  P <  0.05),  however the effect  size  varies  drastically

(Figure 8).  GLMM analysis shows a statistical  significant interaction between acidity of the

medium and exogenous auxin (Table III). 

At  pH  6.5  the  control  and  the  NAA treatment  still  show some  developmental  delays  of

different  nature.  Under  this  pH,  the  NAA  treatment  showed  delayed  embryonal  radial

patterning at 24 h AF while embryos cultured in the control or at higher pH values already

show clear radial patterning. At 48 h, however embryos showed clear radial patterning in all

treatments and the treatments could be scored and compared. 

Table III. GLMM analysis of fraction of dirhizoidal embryos in response to 10-4 M NAA
("auxin") and acidity ("pH") shows significant interaction effect.

Variable df F P-value

auxin 1, 28 173.64 < 0.0001

pH 3, 28 12.67 < 0.0001

auxin*pH 3, 28 18.23 < 0.0001

F, F-statistic; df, degrees of freedom; GLMM, general linear mixed model. The model was
fitted  to  binomial  error  distribution  with  a  logit  link function  controlling  for  variation
between replicate experiments (5 independent replicates,  n = 200). Significant values are
shown in bold.

Discussion
From a cell biological and evolutionary perspective it is interesting to test whether and to what

extent  logic  and genes  are  conserved  or have  evolved convergently across  developmental

processes and clades. Auxin has acquired a crucial role in development of land plants  (Finet

and Jaillais, 2012). Parenchymatous brown algae, such as Dictyota, show a lot of developmental

similarities with green plant systems despite being only distantly related to the latter (Bogaert

et al., 2013). The goal of our experiments was to determine whether there is a role for auxin in

the  cell  polarisation  and  establishment  of  the  apical-basal  patterning  in  the  brown  alga

Dictyota. 

First, it is critical to establish the actual presence of IAA in Dictyota tissue. Our measurements

are in the same order of magnitude of other measurements made in  Fucus (9.3 pg/mg dry

weight in fruiting tips and 2.9 pg/mg dry weight in zygotes)  (Basu et al.,  2002),  Ectocarpus

sporophytes  (3.6  pg/mg)  (Le  Bail  et  al.,  2010) and land plants  (see  Basu  et  al.  (2002)  for

comparison). In addition, we demonstrated that auxins are indeed localised inside the cells as

illustrated by the immunolocalisations. 
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Next, we tested whether auxin biosynthesis genes may be conserved in the transcriptome of

Dictyota  and  the  assembled  genome  of  Ectocarpus (Cock et  al.,  2010).  Due  to  the  distinct

evolutionary  relationship  between  Harosa  and  Viridiplantae  (Cavalier-Smith,  2010),  the

significance  of  E  values  for functional  orthology is  unclear.   Although reciprocal  best  hit

method  has  been  demonstrated  to  be  a  good  orthology  predictor,  outperforming  more

complex algorithms  (Salichos and Rokas, 2011), putative orthology is only an indication for

conservation of the function in auxin physiology. By the same token, it cannot be excluded

that parts of the different biosynthesis pathways may have resulted from independent gene

duplications  events  in  these  independently  evolved  clades  obscuring  orthology.  Another

complicating factor in determining conservation of IAA biosynthesis is that auxin metabolism

in land plants itself is not fully understood. Additionally, it is necessary to point out that the de

novo  assembly of  a  transcriptome  yields  only an  incomplete  set,  and  transcripts  that  are

transcribed in very low numbers may be not assembled. Here we used the RBH approach for

the transcriptome of D. dichotoma and the proteome of E. siliculosus to evaluated conservation

of  auxin  biosynthesis,  transport  and  response  genes.  The  EctoGEM  metabolic  network

(Prigent et al., 2014) provided an independent test for conservation of biosynthetic pathways.

Several  biosynthesis pathways have been proposed,  but the primary metabolic pathway in

Arabidopsis  is thought to be the IPA pathway  (Mashiguchi et al.,  2011).  Although Trp amino

transferase could only be retrieved in the EctoGEM network  (Prigent et al.,  2014),  the IPA

pathway seems a conserved metabolic pathway for auxin. This is the first report providing

evidence for the complete conservation of an entire biosynthesis pathway of land plants in

Ectocarpus,  as  previous analyses  suggested  only partial  conservation  of  the different  auxin

biosynthesis  pathways  (Le  Bail  et  al.,  2010;  Dittami  et  al.,  2014). The  lack  of  complete

conservation  of  any  of  the  auxin  pathways  led  to  the  hypothesis  that  IAA  would  be

synergistically be produced together with symbiontic bacterium  (Dittami et al.,  2014). With

respect to YUCCA homologs, it is uncertain whether these sequences are indeed functionally

related  to  IAA biosynthesis  because  in  Arabidopsis they seem  independently  acquired  via

horizontal gene transfer (Yue et al., 2014). 

The  IAM,  IAOx and  TAM  pathway (with  conversion  to  IAAld),  however,  may have  been

conserved as well. Based on sequence conservation, TAM and IAOx were deemed the most

probable pathways for auxin biosynthesis in Ectocarpus. These results could not be confirmed

by GC/MS detection of intermediary metabolites in the possible biosynthetic pathways  (Le

Bail  et  al.,  2010).  In  contrast,  Dictyota  humifusa was  shown  to  contain  IAM,  besides  IAA,

suggesting  auxin  biosynthesis  using  the  IAM  pathway  (Stirk  et  al.,  2009).  It  is  however,

perfectly conceivable  that  IAA synthesis  could use  a different  pathway in  Dictyota than in

Arabidopsis  or  Ectocarpus,  because  also  in  land  plants  biosynthesis  pathways  seem  to  vary
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(Tivendale et al., 2014). 

Some  studies  already  investigated  the  role  of  auxin  in  development  of  brown  algal

development (Bouget et al., 2001; Basu et al., 2002; Le Bail et al., 2010). Fucus zygotes polarise

according to a light vector and are capable of developing a rhizoid pole from any point on the

cell  surface.  The  position  of  the  rhizoid  will  be  determined by environmental  light  cues

(Bogaert  et  al.,  2015).  In  Fucus,  application of exogenous auxins induced multiple rhizoids

from the indefinite possible rhizoid poles (Figure 9, right).  Dictyota zygotes, in contrast, are

prolate  spheroids  that  develop  a  rhizoid  from  either  of  two  poles.  Therefore  at  most  2

rhizoids poles can be developed in the Dictyota embryo (Figure 9, left). In our experiments, the

stable synthetic auxin NAA induced an increase in number of rhizoids. Making abstraction of

the  difference  in  polarisation  scenario  between  Dictyota  and  Fucus, we  conclude  the

developmental effects of exogenous auxin are very similar. 

The developmental effect of adding IAA varied depending on the starting time. When 10 -4 M

IAA was added early after fertilisation the cells went into growth arrest or showed increased

mortality. Differences in response to IAA and NAA were also observed in E. siliculosus (Le Bail

et  al.,  2010),  where  for  example  spores  (without  cell  walls)  also  showed  inhibition  of

germination in presence of IAA, while NAA only altered the development without affecting

the  germination. Similarly,  lower  toxicity  of  NAA  on  germlings  was  observed  in  Fucus

(Davidson, 1950). Exogenous IAA is thought to have a lower penetration through the cell wall

than NAA, while cells may be more sensitive to IAA (Le Bail et al.,  2010). As the cells at 15

minutes may have acquired only a thin cell wall IAA may be more potent than NAA.

While a phenotypic effect of exogenous auxins has been reported in  Fucus  (Davidson, 1950;

Basu et al., 2002; Sun et al., 2004), an equal number of studies report negative results using

concentrations at least as high (Torrey and Galun, 1970; Klemke and Bentrup, 1973; Bouget et

al., 2001) or only report an acceleration in rhizoid emergence without altering the number of

rhizoids during the first cell cycle (Polevoi et al., 2003). These apparent contradictory results

may be explained by the different nature of the experimental material (species, population

and season)  or experimental  set-up and raise  the question on possible  factors  influencing

effect size. 

First, we showed a significant interaction effect with pH of the medium. Under more acidic

conditions  the  effect  of  exogenous  auxin  was  much  stronger.  Although  the  effect  was

statistically significant  in  all  conditions,  at  pH  8.0  the  difference  was  very small  and  the

fraction of dirhizoidal embryos remained smaller than 5 %. Acidity of the medium is known to

stimulate  auxin  uptake  (Rubery  and  Sheldrake,  1973),  which  can  be  explained  by  the

chemiosmotic  hypothesis  (Goldsmith,  1977).  IAA  and  NAA  are  weak  acids  and  a  larger
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proportion of the molecules will be protonated under acidic conditions. When the molecules

are protonated they are charge-neutral and can diffuse freely through the plasma membrane.

In contrast, the anionic form of IAA requires the action of uptake carriers (Swarup and Péret,

2012). Once inside the cell, the higher pH leads to a 'trapped' hydrophilic molecule relying on

auxin efflux carriers to leave the cell. The developmental delay observed at the lowest pH in

the NAA treatment may be explained by the same inhibitory effect of high concentrations of

auxins as experienced in response to 10-4 M IAA added 15 minutes AF (this study) or 5x10-5 M

in wallless spores of Ectocarpus (Le Bail et al., 2010). This developmental delay therefore may

even  cause  an  underestimation  of  the  percentage  of  dirhizoidal  embryos  in  the  NAA

treatment at pH 6.5 relative to the populations cultured at higher pH. The pH of culture media

may vary considerably as a result of common sterilisation and medium preparation practices

(Harrison and Berges, 2005; Gattuso et al., 2010). If not properly controlled for pH variation

could help explain the contradictory results. At least in Dictyota the pH significantly influence

effect of auxin experiments.

Secondly, preliminary results suggested that the timing and orientation of environmental cues

may indirectly influence sensitivity of the biological system to the applied exogenous auxins.

Thereto,  we  tested  whether  additional  environmental  perturbations  may  break  down

canalisation mechanisms in synergy with the disturbing effect of exogenous auxins. Indeed,

under constant illumination only a modest increase in effect size can be observed, while a

much more drastic effect can be observed when the orientation of the light vector is changed

during the first 10 hours AF. 

Within limits biological systems maintain phenotypic stability when faced with perturbations
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Figure 9. Impact of NAA/IAA on cell polarisation in Dictyota (left) (present study) and Fucus (right) according
to Basu et al. (2002). White arrows depict possible rhizoid poles before polarisation. Black arrows depict
rhizoid poles after fixation. In both cases increased possible rhizoid poles,  develop into a rhizoid upon
addition of exogenous auxins. See text for explanation. 
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from environmental changes, stochastic events (or developmental noise) or genetic variations

or mutations. Perturbations may influence the development of the system without necessarily

changing the final outcome or phenotype. To describe this insensitivity of the phenotype to

perturbations, many different terms are in use, including robustness, canalisation, homeostasis

or developmental stability (Debat and David, 2001; Nijhout, 2002). The term environmental

robustness  has  been  coined  as  the  opposite  of  phenotypic  plasticity  (Visser  et  al.,  2003;

Braendle  and  Felix,  2009).  A metaphorical  representation  of  robustness  is  the  epigenetic

landscape of C.H. Waddington  (Waddington, 1940) and represents a developing system as a

landscape with hills and valleys. A ball, representing a cell, rolls in the valleys, representing

developmental pathways. The selection of developmental  pathways happens at each valley

branch point by the action of embryonic signalling. If to give the ball a small push toward a

hill  slope,  the ball  will  return towards the same valley.  Translated into cellular terms,  this

analogy explains how a biological system can be robust for perturbations up to a certain limit.

If the ball gets a larger push or multiple pushes the ball may flip into another developmental

pathway,  which is  an analogy for phenotypic plasticity and the breakdown of canalisation

systems under conditions too extreme to permit normal development. 

Robustness may therefore provide a second possible explanation for apparent contradictory

results in other studies also. Differences in initiation time point between experiments vary

according to the study (Davidson, 1950; Bouget et al., 2001; Basu et al., 2002; Polevoi et al.,

2003). The clearest auxin effect was observed by Basu et al. (2002) who added NAA 2 hours AF.

Polevoi et al. (2003) noticed only an effect on the initiation time of the rhizoids in Fucus when

subjecting zygotes  to auxin containing medium directly AF  (Polevoi  et  al.,  2003).  Because

medium exchange is likely accompanied by reorientation of the cells, a similar synergistic

interaction between the effect of environmental confusion and the effect of exogenous auxins

may be part of the explanation for the larger documented effect in Fucus distichus (Basu et al.,

2002). Next to the experimental setup, the biological material itself may differ in robustness to

the applied chemicals depending on species, locality or season  (Brawley and Bell, 1987). While

suggestions as to why such pronounced auxin effects were observed by Sun et al. (2004) and

Basu et al. (2002) will evidently remain speculative, a reduced canalisation of the polarisation

may  lay  at  the  basis.  The  rather  low  rate  of  photopolarisation  (<  80  %)  (Sun  et  al.,

2004) contrasts with other studies where the fraction of photopolarised embryos is typically >

90 % (Berger and Brownlee, 1994; Love et al., 1997; Corellou et al., 2001; Bogaert et al., 2015).

This may point toward a reduced responsiveness toward the light vector and therefore a less

canalized development. Moreover, the high percentages of aberrations (> 5% multiple rhizoids,

> 10 % branched rhizoids) in the control treatments reported by Basu et al. (2002) are equally

consistent with a reduction in buffering capacity of the developmental pathway underlying
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cell polarisation and germination. 

While a clear effect of auxins IAA and NAA on establishment of the apical-basal pattern in

embryogenesis is evident, we failed to detect any effect of the auxin transport inhibitor NPA.

Similarly,  in  Fucus  and  Ectocarpus  no  statistically  significant  effect  of  NPA  on  the  early

developmental pattern could be observed (Bouget et al., 2001; Le Bail et al., 2010). In contrast,

an increase in the fraction of Fucus embryos with branched rhizoids in the study of Basu et al.

(2002)  was  reported  and  NPA  was  shown  to  inhibit  photopolarisation  of  zygotes  and

phototropism of growing rhizoids  (Sun et al.,  2004). Secondly, we cannot exclude that the

possible  effect of NPA on  Dictyota  (rhizoid)  development was missed as observations were

concentrated on the first stages of development. It is questionable whether the specificity of

auxin efflux inhibitors in brown algae are the same. The lack of an NPA effect may not have

any direct relevance to auxin biology in brown algae. Given the lack of conservation of PIN

proteins, it is necessary to assume convergent evolution of uncharacterized auxin transport

proteins under control of the NPA receptor in brown algae. Interestingly a putative ortholog to

BIG, a calossin-like protein which is  thought to be the NPA-binding protein  (Rozov et al.,

2014), could be found in the transcriptome of Dictyota (present study) and Ectocarpus (Le Bail et

al., 2010). In land plants BIG is thought to be essential for targeted endocytosis of PIN proteins

maintained by interaction of the actin cytoskeleton  (Luschnig, 2001; Paciorek et al.,  2005).

However in animals calossin is thought to be involved in cytoskeleton dynamics and processes

that requires the synaptic vesicle transport (Richards et al., 1996; Parsons et al., 2014). In Fucus

NPA reduces polar localisation of the F-actin cytoskeleton (Sun et al., 2004). Together with the

putative conservation of BIG, this suggests that NPA action may well be conserved, however its

effects on development may not directly affect targeted vesicle transport of possible auxin

efflux carriers of brown algae. Apart from NPA, also 2,3,5-triiodobenzoc acid (TIBA) has been

attributed an IAA transport inhibiting activity in land plants. Also brefeldin A, an inhibitor of

Golgi-mediated vesicle transport (Geldner et al., 2003), and flavonoids such as genistein, have

been attributed an NPA-like activity  ( Jacobs and Rubery, 1988). Despite the effect on auxin

transport in land plants, the demonstrated effect on brown algal zygote germination of these

compounds has been explained each in a context independent of auxin polar transport (TIBA:

(Novotny, 1974), brefeldin A: (Shaw and Quatrano, 1996), genistein: (Corellou et al., 2000). 

During  polarisation  of  the  Fucus  zygote  many intrinsic  determinants  are  asymmetrically

distributed. A diverse range of gradients of freely diffusible factors, e.g. Ca2+ ions, cGMP and

proton  gradients,  is  established  during  polarisation  (Gibbon  and  Kropf,  1993;  Taylor  and

Brownlee, 1993; Robinson and Miller, 1997). Presently it is unclear whether a polar gradient of

IAA is established in the single-celled Fucus embryo. The chemiosmotic hypothesis is widely

accepted as a mechanism for polar auxin transport and explanation for the establishment of

161



Chapter 6

intercellular auxin gradients  (Rubery and Sheldrake, 1973; Raven, 1975; Goldsmith, 1977).  A

prerequisite  for  this  mechanism  is  the  polar  distribution  of  auxin  efflux  channels  (PIN

proteins) and the existence of a multicellular structure where auxin accumulates inside the

cytoplasm of the cell and is exported at the side of the cell where the PIN proteins increase the

permeability  of  negatively charged  IAA ions.  Little  evidence  has  been  presented  for  the

possibility of auxin gradients on the intracellular scale.  In land plants,  auxin gradients are

thought  be  established  only in  the two-celled embryo  (Petricka et  al.,  2009).  Only in the

multinucleate embryosac of Arabidopsis an auxin gradient has been reported based on reporter

gene expression (Pagnussat et al., 2009) (however, see  Lituiev et al. (2013)). Auxin gradients in

the single-celled  Fucus  embryo have been speculated. When developing in close proximity,

Fucus embryos tend to develop their rhizoids towards each other instead of aligned to the light

vector. This effect, termed the 'positive group effect', was suggested to be mediated by local

IAA efflux (Bentrup and Jaffe, 1968). The notion that a pH gradient can polarise the zygote, led

to the suggestion that pH gradients could increase the permeability of auxin at one side of the

cell  (Buy and Olson, 1937). More recently Sun et al. (2004) stated that an auxin gradient can

polarise  Fucus  embryos. While the chemiosmotic hypothesis explains the emergence of IAA

gradients in multicellular organisms, other mechanisms such as localised auxin biosynthesis,

be it controversial still  (Pagnussat et al., 2009), may be responsible for the establishment of

intracellular auxin gradients. As the future rhizoid tip in brown algae shows accumulation of

the endoplasmic reticulum (Peters and Kropf, 2010) which was recently proposed to serve as

IAA storage compartment (Feraru et al., 2012), it might be possible that the polar distribution

of the endoplasmic reticulum drives the intracellular IAA gradient. 

The observation of auxin gradients in Ectocarpus (Le Bail et al., 2010) and Dictyota, raises the

question which auxin efflux/influx carriers establish these gradients. While PIN proteins and

the AUX1/LAX family seem not conserved and thought to be an innovation of green plants

(Grones and Friml, 2015), at least some similarities with Arabidopsis remain. First, brown algae

have several ABCB/PGP like proteins, which participate in IAA efflux and influx in land plants

(Geisler and Murphy, 2006). Interestingly homologs of the recently discovered family of auxin

transport proteins PILS were detected in both brown algae. PILS regulate intracellular auxin

accumulation in the endoplasmic reticulum. PILS have been detected in unicellular green

algae such as  Ostreococcus tauri  and  Chlamydomonas reinhardtii  but have not been detected in

other clades (Barbez et al., 2012; Grones and Friml, 2015). To our knowledge our results are the

first report of conservation of PILS proteins outside of the green plant lineage. Alternatively a

total different type of IAA transport proteins equivalent to PIN proteins of green plants may

have evolved convergently. 

We advocate a similar scenario for the auxin response system. The best characterized auxin

162



Chapter 6

signalling mechanism is mediated by the SCF-TIR1 complex. Although the SCF machinery

itself is well conserved, no sign of AUX/IAA proteins were found and ARFs that were found

had a very low similarity, suggesting that the control of gene expression must differ from land

plants. Similar a lack of conservation the canonical auxin response system was also observed

in diatoms  (Armbrust,  2004; Bowler et al.,  2008). However, also two independent receptor

systems have been identified in land plants: SKP2a has been shown to bind auxin and affect

transcription ( Jurado et al., 2010); ABP1 interacts with TMK1 in an auxin dependent manner to

form an auxin-sensing complex  (Xu et al.,  2014). While of the ABP1/TMK1 pair only TMK1

shows putative homology with brown algal sequences, SKP2a seems to be conserved forming a

candidate as auxin receptor of brown algae. Additionally, an auxin response system similar to

that of land plants may have evolved in parallel to the other signalling cascades supporting

complex multicellularity in brown algae. 

On a transcriptomic level, only few putative homologs (ASK12, a member of the TIR1 pathway

and an ABCB/PGP like protein) showed evidence for upregulation during cell polarisation.

Instead, most sequences showed upregulation in eggs. While there is no data on the zygotic

division and eggs in land plants, comparison of expression levels of auxin related genes in the

different embryonic stages of Arabidopsis, resulted in an expression pattern equally difficult to

interpret (Xiang et al., 2011). 

Our results relate to the hypothesis that auxin function has a homologous origin, but evolved

and expanded independently in  the green and brown lineage independently enabling the

evolution of parenchymatous multicellularity and increased complexity (Cooke et al., 2002;

Bogaert et al., 2013). Cooke et al., (2002) proposed that IAA initially had a function as a growth

regulating pheromone in unicellular aquatic organisms. 

Developmental complexity in green plants is thought to be linked to the number of auxin

genes  (Rensing et  al.,  2008).  Given the  relatively small  genome and simple  body plan  of

Ectocarpus  (Peters et al.,  2004; Heesch et al.,  2010),  one might argue that auxin genes have

further eroded in  Ectocarpus leaving only very scarce  traces  of  a  homologous  origin.  Our

similarity search, however, suggests that genomic repertoire of Ectocarpus is not impoverished

in genes with putative auxin related function. 

In conclusion, we demonstrated that auxin has an effect on development in Dictyota and may

be  among  the  intrinsic  factors  that  are  polarly  distributed  during  cell  polarisation.

Controversies on phenotypic effects of exogenous auxins in Fucus were put in perspective by

pinpointing developmental plasticity and pH variations as sources of variation in the detected

effect size. Additionally, we showed that the transcriptome of Dictyota contains components

similar to the IAA biosynthetic pathways thought to function in green plants. The intracellular
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detection  of  IAA,  coupled  with  putative  conservation  of  basic  transport  and  response

machinery,  outlines  an  evolutionary  scenario  in  which  basic  regulation  and  response

machinery has a common ancestry with subsequent expansion in land plants (and possibly

also  in brown algae)  and auxin as  a conserved  signalling molecule  among photosynthetic

eukaryotes. 

Methods

Culture of Dictyota dichotoma
The experiments  -  except  for transcriptome profiling -  were  carried  out  using a  unialgal

laboratory culture of Dictyota dichotoma ODC1387 collected near 'l  Ancient Fort Croix in

Wimereux on 1st of May 2007. Thalli were grown in aerated 1 L culture flasks at ca. 19° C or

crystalizing 250 ml dishes in white fluorescent light with a photon fluence rate of 60 µmol m-2

s-1 using modified Provasoli enriched seawater (mPES) (West and Mcbride, 1999). 

Identification of IAA and Quantification of Free IAA 
Concentrations

Apical parts of D. dichotoma (ODC 1387) were incubated for 24h in PES medium containing

125 µg/ml streptomycin (Sigma-Aldrich, S0774). After culturing one week, the apical parts were

treated a second time with 125 µg/ml streptomycin for 24 h. Samples were rinsed with PES

medium, blotted dry, weighted and frozen in liquid nitrogen Sample preparation for GC/MS

detection of IAA is adapted from Anderson et al. (2008) The frozen samples (0.02-0.1 g) were

homogenised  in  1  ml  of  50  mM  sodium  phosphate  buffer,  pH  7.0,  containing  0.02  %

diethyldithiocarbamic  acid  (antioxidant)  and  250  pg  13C6-IAA internal  standard,  using  the

Retsch vibration mill (Retsch) and a 3 mm tungsten carbide bead at a frequency of 30 Hz for 3

min. The sample was then incubated for 1 h at 4°C with continuous shaking. Further steps

were conducted as described in Andersen et al. (2008). To test the auxin extraction efficiency, 1

ml methanol and 250 pg  13C6-IAA were added to the pellets, and extracted for 1 h at 4°C as

described  above.  After  centrifugation,  the  supernatant  was  evaporated  to  dryness  and

dissolved in 100 µl methanol,  subsequently 1 ml 1 % acetic acid was added to the samples.

Further analysis steps were the same as mentioned above.

Immunolocalisation of IAA
Zygotes and gametophyte germlings (ca. 5 days after release) were allowed to settle on poly-L-

coated coverslips, germlings were fixed while in suspension and mounted on poly-L-coated
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coverslips after fixation. Prefixed in a 2 % (w/v) aqueous solution of EDAC (Sigma-Aldrich,

E6383) for 1 h and postfixed in 3 % paraformaldehyde, 0.5 % glutaraldehyde, PHEM buffer (60

mM PIPES, 21 mM Hepes, 10 mM EGTA, 2 mM MgCl2), 685 mM NaCl, pH 7.5 for 1 h. After

three rinses in mPBS (136 mM NaCl, 2,7 mM KCl, 1,7 mM KH2PO4, 8,03 mM Na2HPO4, 685

mM glycerol, 0.1% BSA, 0.1% sodium azide pH 7), cells were incubated overnight in 5 % Triton-

X-100 in mPBS, rinsed three times again, incubated for 4 h in mPBS with 100 mM NaBH4,

rinsed three times with mPBS. mPBS was rinsed away with 100mM NaCl, 20mM MgCl2, 2mM

KCl, 0.1% BSA, 0,01 mM MES, 850 mM sorbitol, 1 mM EGTA, at pH 5,8 with TRIS base and the

samples  were  incubated  in  the  same  solution  containing  0.0035  g/ml  cellulase  from

Trichoderma reesei ATCC 26921 (Sigma) for 30 min. After 3 rinses in mPBS the coverslips with

samples were incubated in blocking solution (2,5% skim milk in mPBS) and rinsed three times

again  with  mPBS.  After  incubation  with  50µl  1:100  (w/v)  monoclonal  anti-IAA antibody

(Agdia-Phytodetek/Linaris, 09346/0096), the three mPBS rinses, samples were incubated with

50µl of 1:100 (v/v) dilution of the 1 mg/ml anti-mouse IgG- alkaline phosphatase-conjugate

(Sigma-Aldrich, A-3563) and rinsed three times again with mPBS and once in MiliQ. MiliQ

was replaced with ready-to-use Western Blue stabilized substrate for alkaline phosphatases

(Promega, S3841) was added and put in the dark for 15 min and rinsed once with miliQ again,

after which the samples were mounted in 50 % glycerol. Images were obtained on a CKX31

inverted microscope (Olympus Belgium, Aartselaar, Belgium) equipped with a Colorview III

CCD camera (Olympus Belgium, Aartselaar, Belgium). 

Effect of IAA, NAA, NPA on embryo development
Gametes were incubated during the night, refreshed upon exposure to daylight and released

in filter-sterilized  (<0.4 µm)  ASW (450 mM NaCl, 2.5 mM NaHCO3, 30 mM MgCl2, 16 mM

MgSO4, 10 mM KCl, 10 mM CaCl2 buffered with 5mM TRIS at pH 7.9). Aliquots of zygotes of

D. dichotoma were allowed to settle in 6-well plates. For testing the interaction effect of pH and

exogenous auxins, the cells were rinsed 3 times with ASW medium with the appropriate pH.

ASW solutions with pH 5.5,  6.0, 6.5 was buffered with 5 mM MES instead of TRIS.  Auxin

compounds and BA (benzoid acid) were added at 15 minutes AF. Room temperature, unilateral

white fluorescent light 60 μmol m-
2 s-1. Direction of the light was changed each 15 minutes

with reorientations 180° if mentioned. Petridishes were placed on a slope of ca. 10°. Direction

of this inclination angle was reoriented by 180° each 30 minutes where mentioned. Direction

of the inclination angle was always perpendicular on the incoming unilateral light. Elongated

embryos were scored for the amount of rhizoids at  1 day AF unless mentioned otherwise.

Percentage of dirhizoidal embryos versus unirhizoidal embryos were compared with the BA

control using Proc GLIMMIX of SAS 9.4 (The SAS institute, NC, USA). 
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1M stock solutions of 1-Naphthaleneacetic acid  (NAA) (N0640, Sigma-Aldrich, Belgium), 3-

Indoleacetic acid (IAA) (I12886, Sigma, Belgium) and  N-1-Naphthylphthalamidic acid  (NPA)

(PS343, Sigma, Belgium) were made in 1N NaOH. Stock solutions of NAA and NPA were stored

at -20° C, those of IAA were prepared fresh or stored at -80° C.

Sequence analysis
Swissprot sequences and Trembl sequences for PILS1-5 were retrieved from UniProt database

release  2015_03 (Uniprot  Consortium,  2009).  Sequences  from pyrosequencing (chapter 4)

were extracted and clipped using sff_extract (version 0.3.0).  475 060 reads were assembled

using MIRA v. 4.0rc5 (Chevreux et al., 2004). The most similar relatives were searched within

this  assembled  transcriptome  or  the  complete  proteome  of  E.  siliculosus  (Cock  et  al.,

2010) (release, Sep 25 2014) using respectively TBLASTN or BLASTX version 2.2.28 (Altschul

et al., 1997) with a cutoff E value of 1x 10E-4. In order to check the top hit is also a RBH, the

best hit of each query sequence was used as query for reciprocal BLASTX or BLASTP against

the entire proteome of  Arabidopsis. When the rank of the original query was assessed. If the

reciprocal blast has the same protein as in the original query, the protein is said to have a

RBH. Resultant contigs were blasted against nr database and selected for having a brown algal

sequence as top hit  when ordered according to similarity or/and according to blast  score.

Proteins  where  the  best  hit  was  retained,  were  reanalysed  using  the  filtered  assembly

assembled  according  to  Chapter  4.  Reads  were  prepared  and  mapped  against  the  mira

assembly  according  to  Chapter  4.  EctoGEM  (Prigent  et  al.,

2014) (http://ectogem.irisa.fr/wiki/index.php)  was  manually  queried  for  relevant  metabolic

pathways in the genome-scale metabolic network of Ectocarpus. 
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Chapter 7. Density-dependent
phenotypic modulation of

asymmetric cell division and
polarisation in the embryo of

Dictyota dichotoma

Abstract
The zygote of the brown alga  Dictyota dichotoma can divide asymmetrically establishing

the apical-basal pattern. One side of the prolate spheroidal zygote develops into a smaller

cell showing tip growth while the other larger cell develops into the photosynthetic thallus.

Using  cell  biological  approaches  combined  with  transcriptome  sequencing  we  provide

evidence that the first cell division shows phenotypic modulation towards symmetric cell

division at the other side of the phenotypic continuum.  The meristems of actively growing

thalli  as  well  as  embryos  of  Dictyota produced  a  diffusible  factor causing inhibition  of

photopolarisation and cell differentiation of one of the daughter cells of the first mitotic

division after fertilisation. In asymmetrically dividing embryos, cell division pattern and

transcriptome  deviates  fundamentally  from  that  from  symmetrically  dividing  embryos

with  two  thallus  poles,  which  may polarise  at  a  later  stage.  The  phenotypic  shift  from

asymmetric divisions at one side of the extreme to a symmetric cell divisions at the other is

gradual and presents an example of phenotypic modulation. Our results highlight Dictyota

dichotoma as  a  tractable  model  for  the  study of  asymmetrical  cell  division  and  tissue

patterning and also indicate that asymmetric and symmetric cell divisions cannot be seen as

distinct developmental pathways in Dictyota embryogenesis.   

Introduction 
Asymmetric  cell  division  and  the  establishment  of  morphogen  gradients  are  key

developmental  processes  to  generate  cell  diversity.  Cells  typically  divide  either

asymmetrically or symmetrically and are categorised as such in two distinct classes (Lu et al.,

2000; Huttner and Kosodo, 2005; Morrison and Kimble, 2006). Depending on differential
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inheritance  of  intrinsic  factors,  inside  the  cell,  or  extrinsic  factors,  providing  positional

information (for example,  from the  surrounding cells  that  compose  the  stem cell  niche),

different  daughter  cell  fates  are  induced.  This  has  led  to  the  categorical  subdivision  of

asymmetric cell divisions into intrinsic and extrinsic asymmetric cell divisions  (Betschinger

and  Knoblich,  2004;  Knoblich,  2008).  However  a  clear  dichotomy between  intrinsic  and

extrinsic  asymmetric  cell  divisions  is  difficult  to  maintain  because  all  asymmetric  cell

divisions depend on both intrinsic and extrinsic factors  (Abrash and Bergmann, 2009; De

Smet  and  Beeckman,  2011).  Alternatively  patterning  may  be  established  by  gradients  of

morphogens providing positional cues to control cell fate specification in a multicellular tissue

(Kutejova et al., 2009). 

Oogamous broadcast spawning brown algae such as Dictyota and Fucus are excellent models to

study asymmetric cell division and the establishment of the apical-basal polarity axis (Hable

and Hart, 2010; Bogaert et al., 2013). Eggs and sperm are synchronously released from fertile

thalli  into the surrounding medium, where synchronous fertilisation,  cell  polarisation and

embryonic cell  divisions occur free from maternal  tissues.  In  Fucus  the zygotes  invariably

undergo an asymmetric cell division which is a typical example of an asymmetric cell division

that  uses  both  intrinsic  as  extrinsic  mechanisms (Kropf,  1992;  Scheres  and Benfey,  1999).

Similarly it has become clear from brown algal research that establishment of the apical-basal

pattern in the early embryo involves both asymmetric cell division and the establishment of a

morphogen gradient (Bouget et al., 1998).

Recent  work  has  shown  that  upon  fertilisation  activated  spherical  Dictyota  eggs  rapidly

elongate into prolate spheroids revealing a maternally determined polarisation axis (Chapter

4). The sense of the polarisation vector is however not fixed at that moment and is determined

by the direction of the unilateral light. While in rare occasions (typically < 5 % under normal

conditions) both poles of the prolate spheroid develop into rhizoids resulting in an aberrant

morphology (Chapter 5), most zygotes photopolarise and commence tip growth at one of the

poles  after which the cells  divide asymmetrically (Chapter 4).  Here we  show that  actively

growing tissue and embryos produce a diffusible factor that inhibit polarisation but not cell

division of zygotes,  resulting in a symmetric cell  division with daughter cell acquiring the

same cell fate. The observed phenotypic plasticity between a zygotic symmetric cell division

and asymmetric cell division is an example of phenotypic modulation where the distinction

between symmetrical and asymmetric cell division is shaded. 
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Material and Methods

Biological material
Experiments - except for transcriptome profiling - were carried out using unialgal laboratory

cultures of gametophytes of  Dictyota dichotoma (KB07 and ODC1387)  collected respectively

near Roscoff Biological Station in Brittany (France) and near l'Ancient Fort Croix in Wimereux

(France). Thalli were grown in aerated 1 L culture flasks at ca. 19° C or crystalizing 250 ml

dishes in white fluorescent light with a photon flux rate of 60 µmol m-2  s-1 (Lumilux, Cool

White,  Osram  GmbH,  Augsburg,  Germany)  using  modified  Provasoli  enriched  seawater

(mPES)  (West  and  Mcbride,  1999).  Gametes  were  released  by  placing  male  and  female

gametophytes during release periods in natural daylight in fresh medium after incubation in

the dark overnight. Tissue for testing the effect of meristem-conditioned medium was grown

under aeration and refreshed every fortnight for at least 4 months. For transcriptome profiling

embryos were obtained from at least 5 pooled male and female individuals collected from at

Roscoff in July 2011  and cultured in natural  sea water at  room temperature  until  release.

Concentrated suspensions of individuals were transferred into 1.5 ml Eppendorf tubes and

pelleted at 4,000 x g for 5 minutes. Gamete pellets were flash-frozen in liquid nitrogen and

stored at -80° C before RNA extraction. Embryos for inhibition of polarisation were obtained

from the same sampled individuals  as  those  used for RNA profiling of  asymmetrical  cell

division (Chapter 4).  

Time lapse
Embryos were photographed at mentioned times after fertilisation using an  Zeiss  Axiovert

40C inverted microscope  equipped with Canon Powershot G3 camera.

Transcriptome profiling
Transcriptome of symmetrically dividing zygotes was sequenced and mapped as outlined in

Chapter 4. 

Photopolarisation
To determine the influence of light as an environmental cue on zygote polarization, FSW with

suspended  unfertilised  eggs  and  male  gametes  were  pipetted  on  Sedgewick  rafter  cells

(volume 1 mm3 and divided into 1 mm² squares; Pyser SGI®) and put within seconds under
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unilateral white light with intensity of ca. 30 μmol m-2 s-1. Local density was determined by

counting all cells in respective 1mm² and the eight surrounding 1 mm² quadrants. Direction of

the polarisation axis and position of the rhizoid pole were scored using a cross on an eyepiece

reticle of a light microscope. The direction of the polarisation vector of zygotes, was scored as

the  angle  between  the  elongation  axis  and  the  unilateral  light  vector  one  hour  after

fertilisation. The orientation of zygotes was classified in two categories, those with an angle

smaller and larger than 45°, respectively.

Density gradient
Zygotes were concentrated upon release by allowing them to settle. Zygotes were rinsed and

fresh medium was added after fertilisation. A density gradient of embryos was made by serial

dilution  from an  initial  suspension containing  approx.  1000 zygotes  per ml  down  to  20

zygotes per ml.  Zygotes were fixed in fixative (3.7 % formaldehyde, 1 % methanol) solution 10h

AF and the symmetry index (SI) determined (Figure 8A). 

Statistical analysis
Generalised linear (mixed)  models  of binomially distributed data were analyzed using the

Proc Glimmix procedure of SAS 9.4 with replicates as random effect using default parameters.

Pearson's  Chi-squared  test  statistics  were  calculated  using  R version  3.1.0.  To  analyse  the

influence  of  orientation,  the  density  of  embryos  and  the  influence  of  different  replicate

releases, and phosphate and nitrate concentration on the inhibition of rhizoid development

generalised  linear  models  were  used  with  binomial  error  and  a  logit  function  (logistic

regression using the proc genmod statistical procedure in SAS). The only dirhizoidal embryo

was  removed from the  dataset.  The  most  parsimonious  model  was  selected by a  manual

176

Figure 1. Developmental plasticity in polarisation process of  Dictyota  zygotes. (A)  Representative embryos
that divide asymmetrically resulting in a unirhizoidal embryo. (B)  zygote development via an intermediate
situation. (C) symmetrically dividing embryo resulting in an dithallic embryo. (1) 4h AF, (2) 8h AF, (3) 14h AF,
(4) 22h AF , (5) 27h AF, (6) 55h AF. Scalebars are 50 µm. 
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stepwise  removal  procedure  (alpha  =  0.05)  and  the  AICc  (Akaiki  Information  Criterion

corrected for bias due to small sample size (AICc). 

Results

Neighbouring Dictyota tissue inhibits rhizoid 
growth 

Under  normal  conditions,

zygotes  determine  the  rhizoid

pole  at  ~5.5h  AF,  followed  by

asymmetrical  cell  division

resulting in one thallus cell and

one  rhizoid  cell  (Chapter  4,

Figure 1). These embryos will be

referred  here  as  'unirhizoidal'

embryos. Occasionally, however,

cells  undergo  a  cell  division

without  the  emergence  of

rhizoid  (Figure  1C).  These

embryos  will  be  described  as

'dithallic' for future reference. 

When cells are distributed in clusters (Figure 2B) or attach with their adhesive to  Dictyota

tissue (Figure 2A), they tend to develop in a dithallic way. Populations of cells were allowed to

develop under unilateral light and scored for local density in their own and the surrounding 8

quadrants.  Cells  that  develop  dithallic  have  a  significant  higher  density  of  neighbouring

embryos  in  comparison  to  cells  that  develop  in  a  unirhizoidal  way (Figure  2C;  Table  I).

Additionally the orientation relative to the light vector was scored. When both local density

and orientation are taken into account both factors were shown to influence the odds for

dithallic vs unirhizoidal development. In case the direction of the polarisation vector to the

light  vector  approached  90°,  and  therefore  more  ambiguous,  the  chance  for  dithallic

development was larger.
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Figure 2. Inhibitory effect of neighbouring tissue on development of
Dictyota  sporophytes.  (A)  Dithallic embryos developing attached to
maternal  tissue.  (B)  Dithallic  embryos  developing in  group  under
unilateral  light.  (C)  The  effect  of  zygote  density  on  the  numer
dithallic and unirhizoidal embryos.
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Table  1.  Model  selection  procedures  lead  to  the  conclusion that  both  local  density of
zygotes and orientation of the embryo in relation to the light vector significantly predict
the ability to polarise. Data are based on 214 embryos for which both density of zygotes in
the approximated 9 mm² and orientation in relation to the light vector was scored. Both
AICc of the models and P-values generated during stepwise removal procedure confirm
the minimal adequate model to be polarization  =  POrientation + PDensity.. 

Sources of
variation

²χ P-value AICc No. of
paramet

ers

Log
likelihoo

d 

Full model

POrientation

PDensity

POrientation*densit

y

1.17
8.04
0.25

0.2799
0.0046
0.6158

208.3922 2 -100.1961

Minimal 
adequate model

POrientation

PDensity

3.93
8.10

0.0473
0.0044

206.7582 2 -
100.3220

POrientation 3.19 0.0741 212.8015 1 -104.3723

PDensity 7.36 0.0067 208.6343 1 -102.2887

Development is influenced by Dictyota meristem-
conditioned medium

The effect of orientation relative to the light cue suggests that the perception of an ambiguous

light cue can cause postponement of the rhizoid growth. Because clustering of zygotes is likely

to  induce  light  refraction

and  shading,  we  tested

whether the  effect  of  local

density is  the  result  of  the

proximity of other  Dictyota

tissue  itself  or  only  an

indirect  consequence  of

their effect on the light cue.

About 40 to 45 tips of ca. 1

cm (ca.  0.4 g tissue blotted

weight)  were  incubated  in

the  same  medium

separated from the zygotes

by a 40 µm sieve from 20

minutes AF onward (Figure

3B).  This  way  a  unilateral

light  cue  could  still  reach
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Figure  3. Effect  of  Dictyota  apical  meristems  of  thalli  on  rhizoid
formation  in  sporophyte  embryos.  (A)  Data  are  means  of  three
independent replicates (n =  200 (2x) or 100 (1x)) ± SE. (B) Schematic
representation of experimental setup showing sieves in wells of 6-well
plate. Yellow signs denote the position of the light source. Green  bars
denote the presence of apical meristems in the sieve cups. Light blue
frame denotes (left) denotes the presence of a plastic bag enclosing the
Dictyota tips. 
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the  zygotes  from the  sides.  To discriminate  between  the  effects  of  thalli  on  illumination

(wavelength  shifts  or  shading)  a  similar  setup  was  made  but  in  this  case  the  thalli  were

enclosed in a transparent sealed bag. Because the plastic bag slightly affected the volume of

the available medium, an additional  volume control  was added without thalli but with the

same volume of water. Embryos that were cultured in direct contact with growing  Dictyota

thallus  tips  showed  only in  2.9  ±  1.5  %  of  the  cases  clear  tip  growth.  Both  controls  had

respective mean fractions of rhizoid development of 90.5 ± 4.2 % and 92.5 ± 3.4 % 24 h AF

which were not significantly different from each other, but were both significantly different

from the treatment were embryos were cultured in the same medium as the growing tissue (F

= 367.82 and 361.27  respectively,  dfnumerator =  1,  dfdenominator =  2,  P <  0.0001).  In  all  replicates

maximum 1 % of the embryos had more than one rhizoid as observed in auxin enriched

conditions  (Chapter  6).  Only embryos  with  clear tip  growth  were  treated  as  unirhizoidal

embryos, embryos that showed a bulging pole were treated as dithallic (see below, Figure 1B3).

This  dithallic  category  showed  considerable  variation  in  prevalence  among  control

populations in our experiments (always between 0-25%), which is thought to be the result of

variation in sensitivity of the biological replicate itself because no clear variation in density or

degree of clustering could be observed. When the same number of pieces of basal tissue were

used instead of apical meristems in one of the replicate experiments rhizoid development was

inhibited in a significant smaller fraction of the embryos (45 %) relative to a control treatment

with growing tips with 91% of dithallic embryos  (n = 200) ( ² test, df = 1, ²=85.05,  P < 0.0001).χ χ  

Dictyota has an isomorphic life cycle (Bogaert et al., 2013) and the occurrence of both dithallic

and unirhizoidal embryos was also confirmed among spore germlings (gametophytes), which

were morphologically undiscernable from zygote germlings (sporophytes). When 0.4 g apical

meristems (blotted weight)  were  added to a population of  spores   92 %  (n  = 100)  showed

inhibition  of  rhizoid

development  1  day  AF  versus

the  control  with  empty  sieve

showing  only  3  %  of  dithallic

embryos.  0.4  g  of  more  basal

pieces  of  the  same  batch  of

tissue  however  were  only

capable  to  inhibit  rhizoid

development  in  45  %  of  the

spores.  Together  these  results

suggest  that  the  medium  is

conditioned  by  meristematic
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Figure  4. Development of  dithallic  embryos  of  Dictyota dichotoma
under low densities. (A) Dithallic embryo with 2 apical cells. (B) by 5
days  later  one  pole  of  the  same  embryo  has  commited  to  the
rhizoidal cell fate producing multiple rhizoids. (C) The second pole
typically keeps the thallus fate. Scalebars are 50 µm. 
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tissue ( ² test, df = 1, ²=145.96,  P < 0.0001). χ χ

To test  whether this  modification  is  stable  and meristems-conditioned medium itself  can

inhibit polarisation, 18 tips of ca. 1 cm were cut from gametophytes grown under 16:8 at 19° C

and incubated in 3 ml of PES overnight. Zygotes were allowed to settle after release and the

medium was exchanged by conditioned-medium or fresh PES in the control. Inhibition of

rhizoid  development  was  established  in  86  %  of  the  cases  in  the  meristems-conditioned

medium which is significantly more than in its respective control 18 % (n = 100) ( ² test, df = 1,χ

²=20.85 P<0.0001). χ

pH  modifications  in  the  range  of  6.0-8.0  do not  have  a  drastic  effect  on  the  fraction  of

rhizoidal development in embryos (Chapter 6). However another alternative explanation may

be that the growing tissue modifies the medium by causing nutrient depletion. Thereto, we

tested  whether  a  varying  redfield  ratio  could  have  any  effect  on  germination.  All  25

combinations of the dilutions of nitrate and phosphate concentrations (0x, 0.01x, 0.1x, 1x or

10x)  were tested in a factorial  design,  with 1x denoting the concentration of  normal  PES.

Dithallic embryos never reached percentages larger than 21 %. Reverse stepwise selection of

the parameters of a generalised linear model (GLM) shows that the only factor that explains a

significant  part  of  the  variation  are  the  replicates,  while  neither  the  phosphate,  nitrate

concentration nor interaction factors contribute significantly to the model.  Together these

results suggest that possible pH changes or nutrient depletion cannot explain the inhibition of
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Figure 5. Differential expression of genes and ontology sets in asymmetric cell divisions versus symmetric
cell divisions of Dictyota zygotes. (A) log(TPM) values of asymmetric cell divisions plotted against those of
SDCs. Red dots denote  DE genes (FC < 1.5x, FDR < 0.05). (B) Differential expressed KEGG ontology groups
(GSEA, FDR < 0.10) with color legend for pie charts in C. (C) Upper and lower pie charts show relative sizes
of upregulated ontology groups in respectively symmetric cell divisions and asymmetric cell divisions. Bar
chart shows proportion of KEGG ontology annotations in significantly enriched gene sets (FDR < 0.10). (D)
Hierarchical clustering of TPM values (complete linkage, Euclidean distances). 
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germination and cell polarisation. 

Both daughter cells in dithallic embryos maintain 
the thallus cell fate and are the result of a 
symmetric cell division instead of an asymmetric
cell division

The experiments discussed above illustrate that rhizoid development is inhibited in dithallic

embryos. However this does not immediately imply polarisation is inhibited or postponed.

One daughter cell of the apparent 'dithallic' embryo may have acquired the rhizoidal cell fate

but may fail to start tip growth under certain conditions. To test whether cell polarisation is

postponed, dithallic development was induced by the presence of growing apical meristems

from 1h AF until 8h AF. At 8h AF embryos were reorientated 180° with respect to the light

vector and the meristems were removed. We observed that 65 ± 4.7 % of initially dithallic

embryos polarise according to the new light vector compared to 33 ± 4.7 % in the control setup

without growing tissue ( ²-test; P < 0.0001, ² = 20.482, df = 1). This suggests that polarization isχ χ

inhibited in the presence of growing Dictyota meristems, rather than only rhizoid developed

being delayed. When multicellular dithallic embryos are cultured under lower densities, they

typically develop rhizoids at one of the two sides of the fusiform embryo, while the apical cell
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Figure 6. Differential expressed Gene Ontology sets in asymmetric cell divisions vs. symmetric cell divisions
in Dictyota   dichotoma. Differential expressed GO sets (GSEA, FDR < 0.10) with color legend for pie charts. Left
and right  pie  charts  show relative  sizes  of  upregulated ontology groups  in  respectively asymmetric  cell
divisions  and  symmetric  cell  divisions.  Bar charts  shows  proportion  of  GO  annotations  in  significantly
enriched gene sets (FDR < 0.10).
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of the other pole retains thalloid apical growth (Figure 4). In these multicellular germlings,

rhizoid  development  is  not  only  confined  to  the  apical  cell  but  can  also  develop  from

meristematic subapical cells or from differentiated cortical cells (Figure 4B). Additionally both

cells of two-celled dithallic embryos behave like thallus cells and undergo a similar division

pattern, first transversal on the polarisation axis and later anti- and periclinal cell divisions

parallel  to  the elongation direction  by subapical  meristem cells  producing a medulla  and

cortex (Figure 1C1-5).

The transcriptome was sequenced of both dithallic and unirhizoidal embryos (n = 3, biological

replicates) and mapped on the  de novo assembled transcriptome of Chapter 4 (Figure 5). 93

genes were differentially expressed (FC > 1.5; FDR < 0.05) (Figure 5A), which is relatively low

when compared with the numbers of eggs versus asymmetrical cell division. Among 57 other

transcripts,  the  contigs  annotated as  inositol  triphosphate/ryanodine receptor (K04962),  1-

phophatididylinositol-4phosphate  5  kinase  (PIP5K,  K00889),  Phospholipase  C  (PLCD,

K05857),  phosphatidylinositol-3,4,5-triphosphate  3-phosphatase  (PTEN,  K01110)  are

significantly upregulated in asymmetric cell divisions. Gene set enrichment analysis (GSEA) of

asymmetric cell division vs symmetric cell division however showed several KEGG ontology

groups  to  be  differentially  upregulated  in  asymmetric  cell  division  and  symmetric  cell

divisions  (FDR <  0.10).  In  symmetric  cell  divisions    enriched  ontology terms  25  KEGG

ontology sets are upregulated, most of them related to metabolism and photosynthesis. 30

KEGG ontology sets were found to be upregulated in asymmetric cell divisions (Figure 5). This

suggests  that  dithallic  embryos  indeed  have  a  different  gene  expression  profile  than

unirhizoidal  ones.  Most  gene  sets  thought  to  be  involved  in  rhizoid  differentiation  are

differentially expressed between symmetrical and asymmetrical zygotes. 

The  comparison  of  symmetrical  versus  asymmetrical  developing  zygotes  yielded  more

differentially expressed gene sets, compared to contrasts of eggs versus zygotes transcriptomes

(Chapter 4). Among these “regulation of actin cytoskeleton”, “Ras signalling pathway”, “cAMP

signalling pathway”, “cGMP – PKG signalling pathway” and  “Focal adhesions”. Of the 13 (eggs

vs. asymmetric cell division) and 18 (zygotes vs asymmetric cell division) KEGGs (Chapter 4)

all but 2 (“Regulation of autophagy” and “Ribosome”) were also upregulated in asymmetric

cell divisions (asymmetric vs symmetric cell division). A similar consistency can be discovered

among GO terms (Figure 6, Chapter 4).  Transcripts that are  presumed to have a function in

the  regulation of  autophagy  may be linked to the progression of development instead of

polarisation itself, which is consistent with the role of lysosomes and autophagy shortly after

fertilisation in brown algae  (Motomura et al.,  2010).  Upregulation of the ribosome during

development  was  proposed  to  enable  maternal-to-zygotic  transfer  (MZT)  instead  of  cell

polarisation, which finds independent confirmation in the lack of differential expression of
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this ontology set in asymmetric cell divisions (vs symmetric cell divisions).

Phenotypic plasticity is a continuous gradual shift 
from asymmetric cell division to symmetric cell 
division 

Above mentioned experiments approached development in  Dictyota  categorically: cells that

showed clear signs of tip growth were treated as unirhizoidal, while others are categorised as

dithallic.  However there  are  many intermediate  situations  to  be  found  as  in  Figure  1B2.

Dithallic embryos may show signs of cell expansion in less localised regions of the cell as is the

case in clear rhizoid growth (Figure 1A2). These bulging poles may eventually grow out into a

rhizoid (for example Figure 1B), but can also continue with thallus developmental program

(Figure  7).  Therefore  the  bulging  phenotype  is  only  an  indication  for  the  incomplete

differentiation into a rhizoid pole is and the sense of the polarisation vector is not necessarily

fixed. The bulging cell is therefore regarded to still have the thallus cell fate. 

If  the  Dictyota zygote  divides  asymmetrically  the  daughter  with  the  rhizoidal  cell  fate  is

smaller than the larger thallus cell (Figure 1A). When the cells divide symmetrically, however,

the cell plate tends to be positioned closer to the equatorial plane of the prolate spheroidal

zygote (Figure 1C). This size difference can be used as a proxy for quantifying the type of cell

division: asymmetric cell division or symmetric cell division. We defined a symmetry index

(SI) as the proportions of the length of the smaller length divided by the length of the largest

(Figure 8A). Distances a, b are calculated by estimating the distances between the poles of the

best fit ellipse through the cell (neglecting the rhizoidal outgrowth) and the cell plate. The

shortest distance (b) is divided by the longest distance (a). SI values of  1 indicate a symmetric≈

position of the cell plate in the spheroidal cell,  while lower values (e.g. 0.5) imply that the

largest cell is double as long as the smaller cell.  

To further study the dynamics of this

phenotypic  plasticity  in  cell

polarisation and the possible existence

of a threshold of tissue density, zygotes

were  allowed  to  develop  over  a

gradient  of  densities.  Zygotes  were

concentrated  by  allowing  them  to

settle  in  a  well  plate.  This  high

concentration  was  diluted  3  times

progressively with factor (2/3)³.  The 4
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Figure  7.  Development  of  an  embryo  initially  with  2
bulging  poles.  (A,B,C)  13h  21h  27h30  AF  respectively.
Scalebars are 50 µm. 
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subpopulations of cells were fixed around 10 h AF and SI was quantified. The mean SI per

subpopulation decreased logarithmically (more asymmetric) with decreasing density (Figure

8B). With each dilution step the SI decreased gradually. At the highest concentration 48 % of
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Figure  8.  SI  measurements  of  first  cell  division  at  different  zygote  densities.  (A)  Schematic
representation of symmetry index. See text for explanation. (B) SI in function of zygote concentration
which has been logaritmically rescaled to base 2/3. (C) Histograms depicting relative frequency of SI
indices at the 4 concentrations depicted in (B): at normal concentration (C), (2/3)³ times (D), (2/3)6 times
(E) and (2/3)9 times (F) concentrated. Red bars denote the interval that contains the mean depicted. 
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the germlings (n = 100) showed clear rhizoid growth in contrast to 100 % at the lowest density

(n = 50). 

This continuously decreasing mean with dilution may either be the result of  a decreasing

percentage of symmetric cell divisions with high SI or, alternatively, may be the result of a

gradual decrease in SI index on the individual level. To determine the relative occurrence of

intermediate and extreme situations in a population of dividing zygotes, the distribution of SI

per  subpopulations  was  plotted  from  low  to  high  density  (Figure  8C-D).  No  distinct

asymmetric or symmetric classes can be distinguished. Instead the SI values are unimodally

distributed around the gradually shifting mean.

Discussion
Dictyota is an interesting model to study polarisation and asymmetrical cell division because

the eggs are released in the external medium, a feature which gives it many advantages for cell

biological  studies  (Bogaert  et  al.,  2013).  Shortly after fertilisation the zygotes  change their

shape into a prolate spheroid with two poles, one of which may develop into the rhizoid pole

(Chapter 4).  After fertilisation the large populations of zygotes develop synchronously and

may fix the sense of polarisation vector along which the cell divides asymmetrically (Chapter

4). 

Here  we  show  that  determination  of  polarisation  may  be  postponed  until  a  later

developmental phase in response to a diffusible factor produced by growing  Dictyota  tissue.

This diffusible factor has an effect on almost the entire population of embryos: under low

densities  >  90 %  tend to  develop rhizoids,  while  in  presence of  growing tissue >  90 %  of

embryos develop two thallus poles. This effect is also visible in clusters of zygotes where the

high local density is thought to cause a local accumulation of this diffusible factor. The lack of

morphological  difference  between the  two  daughter cells  is  not  necessarily linked  with  a

symmetrical cell division (Scheres and Benfey, 1999). We showed, however, that (i) the sense of

the polarisation vector is not fixed in  Dictyota zygotes, (ii) that both poles can develop into

thallus  poles  and  (iii)  that  the  transcriptome  differs  drastically  between  dithallic  and

unirhizoidal embryos. The occurrence of this phenomenon in plant systems is connected to

the lack of a 'morphogenesis' checkpoint (Bothwell et al., 2008). In yeast, actin nucleation is a

prerequisite  for G2-to-M progression of  the cell  cycle,  ensuring cell  polarisation and bud

development prior to mitosis (Keaton and Lew, 2006). Brown algae such as Fucus serratus lack

this checkpoint during the asymmetrical cell division, which makes it possible to decouple the

first cell division from apical-basal patterning. 
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In  Fucus, regeneration experiments  suggest  the  existence of  an apoplastic  diffusible  factor

inhibiting rhizoid growth in the thallus pole of multicellular  Fucus  embryos  (Bouget et al.,

1998). In addition,  polarity establishement in single-celled embryos has been shown to be

under influence of diffusible factors produced by neighbouring eggs and embryos. Normally

zygotes develop their rhizoid towards each other (positive group effect) and under certain pH

conditions away from each other (negative group effect) ( Jaffe, 1968). Such group effects led to

the conclusion that zygotes excrete a growth-stimulating and growth-inhibitory substance,

respectively termed 'rhizin' and 'antirhizin'. A diverse range of compounds (e.g. auxin, protons

and cAMP) has been speculated to be 'rhizin' that mediates the 'positive' group effect  (Hurd,

1920; Whitaker, 1931; Bentrup and Jaffe, 1968; Klemke and Bentrup, 1973; Kropf, 1992; Polevoi

et al., 2003), but all hypotheses are contested and lack experimental evidence. Whitaker (1931)

mentioned  however  that  in  very  dense  zygote  clusters  rhizoid  development  of  central

embryos can be inhibited. Under less dense conditions, in cases of apparent symmetrical cell

divisions the cell plates seemed to be directed by neighbouring individuals, suggesting only

rhizoid development is inhibited and not polarisation or cell differentiation (Whitaker, 1931).

However these occasions are extremely rare and inhibition of rhizoid emergence by grouping

in  Fucus spiralis  could not be replicated (K.A. Bogaert,  unpublished observations).  A similar

situation  can  be  observed  in  normal  development  of  Sargassaceae  and  Seirococcaceae.

Sargassoid zygotes adhere to the receptaculum with a mucilaginous layer derived from the

oogonial wall  (Müller and Gassmann, 1985; Clayton, 1992). While the embryos immediately

establish the apical-basal  pattern while attached,  rhizoid development is  slow  (Zhao et al.,

2008).  After shedding,  however,  the embryo rapidly develops rhizoids  from its  basal  pole

(Pang et al., 2006; Zhao et al., 2008). Preliminary results suggest that the rhizoid growth can

be  inhibited  in  similar  experimental  setup  as  applied  here  to  Dictyota  (Figure  3)  using

vegetative Sargassum tissue instead. Polarisation, however, is not inhibited as the multicellular

embryos do not develop the rhizoid pole relative to the new light vector applied directly after

shedding (K.A. Bogaert, unpublished observations). Therefore this situation is clearly distinct

from  the  one  observed  in  Dictyota,  where  polarisation  is  inhibited  and  the  cells  are

undifferentiated. 

Phenotypic plasticity ranges from continuous responses (phenotypic modulation) to discrete

switches  in  phenotype  without  intermediary forms (developmental  conversion)  (Whitman

and  Agrawal,  2009).  The  occurrence  of  cell  divisions  with  intermediary  size  difference

between daughter cells and the accompanying unimodal distribution of the symmetry index,

makes zygote polarisation in  Dictyota  a typical  example of phenotypic modulation. To our

knowledge this study is the first where asymmetric cell division and symmetric cell division

are shown to be extremes in a phenotypic continuum. By the same token, both asymmetric
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cell  division  and patterning by means  of  intercellular communication  are  two alternative

mechanisms  for  the  same  developmental  process:  the  establishment  of  the  apical-basal

polarity of the  Dictyota  embryo. However, whether the apical-basal pattern is established by

means of asymmetric cell division, intercellular communication or an intermediate situation,

the same developmental outcome is realised. The ability to control asymmetric cell division

enables comparison of a polarised cell with an unpolarised control in the same developmental

context. 

Previously, the transcriptome of asymmetric cell divisions was profiled and compared with

unpolarised eggs and zygotes to establish the reprogramming of the transcriptome during cell

polarisation  (Chapter  4).  By  doing  so,  however,  differential  expression  caused  by  mere

maturation of the embryo cannot be distinguished from differential expression related to cell

polarisation itself. Using symmetrically dividing zygotes as a control instead, polarisation can

be compared with an unpolarised situation in the same context or developmental stage. 

Additional studies will be required to identify the nature of the diffusible factor and whether it

has a receptor system like that of brown algal  pheromones  (Maier and Muller,  1986) or is

whether it  is  a  molecule  that  interferes  with  the  polarisation  process  directly such  as  an

inhibitory morphogen as proposed for rhizin in fucoids. Another relevant question is whether

this  phenotypic  plasticity  is  adaptive.  Field  observations  on  Dictyota indicate  that  the

developmental  plasticity also  plays  in  an  ecological  context.  At  least  for  meiospores  that

adhere to the surface of sporophytes,  inhibition of rhizoids formation has been observed.

Such  meiospores  typically develop  into  fusiform  gametophytes  with  fully developed and

medulla, without a rhizoid. In contrast to Fucus, Dictyota often grows as an epiphyte on other

algae and seagrasses and is known to grow in dense mats by clonal propagation  (De Clerck,

2003;  Herren  et  al.,  2006).  With  adhesives,  which  zygotes  acquire  immediately  after

fertilisation, zygotes easily adhere to adult thalli if present in the petridish. Moreover due to

the periodic release (Chapter 2) large numbers of zygotes are produced simultaneously and

can cluster with each other, as often observed in stirred or aerated culture vessels. Therefore

one might expect a fitness advantage for the embryos if they could sense the presence of adult

Dictyota tissue or germlings and postpone permanent adhesion accordingly. This is expected

to enhance the chance of being swept to another substrate (rock or other species of algae)

where they can develop a new epilithic or epiphytic clone, thereby increasing chances for

outbreeding. 

In some species of land plants with seed dormancy, an influence of density on germination

response of the propagules has been reported  (Lortie and Turkington, 2002; Grundy et al.,

2003). Here the effect is also thought to avoid the disadvantages of sibling competition, that
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may occur when large numbers of seeds from the same species are distributed within a small

area. Besides avoidance of competition between kin with identical requirements for resources,

inhibition  of  germination  is  thought  to  promote  outbreeding  (Grundy et  al.,  2003).  The

chemical inhibition that occurs in these species, however, is not well documented and there is

little knowledge of how it functions  (Grundy et al., 2003). An important difference with the

system, as observed in Dictyota or Sargassum is that development is not inhibited by promoting

dormancy; instead formation of the adhesive structures is inhibited. 

In  conclusion,  the  present  study  has  identified  a  diffusible  Dictyota-derived  factor  that

influences cell polarisation in a density dependent way. A surprising level of developmental

modulation is observed between asymmetric and symmetric cell division as two extremes of

the same phenotypic continuum. Although more work will be necessary to identify the nature

of the factor, the diffusible signal produced by apical meristems provides a powerful tool to

examine the molecular mechanisms of cell polarisation and asymmetrical cell division. This

gives Dictyota an extra advantage, additional to those connected with its oogamous broadcast

spawning nature. 
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Chapter 8. General Discussion

Understanding  the  mechanisms of  cell  differentiation  and subsequent  patterning of  cells,

tissues and organs is a central goal for developmental biologists. Consequently, the processes

leading to patterning are studied in a wide range of model organisms, with angiosperms and

animals as the most prominent clades. In plant systems, having cells lacking the ability to

migrate, patterning may happen by means of intercellular communication in the multicellular

tissue or by means of asymmetric cell division in a unicellular context.

Few clades of the eukaryotes have evolved complex multicellularity. Brown algae have evolved

independently from land plants.  From a cell  biological  and  evolutionary perspective  it  is

therefore interesting to test  to what extent logic and genes are conserved or have evolved

convergently across developmental processes and clades. All organisms encounter the same

problem of generating cellular diversity, but may solve these in different ways. Brown algal

research can be instrumental  in increasing our understanding of developmental  processes

such as asymmetric cell division and cell polarisation (Chapter 1). 

In this thesis, the establishment of the embryonic apical-basal pattern of oogamous algae is

examined,  while  focusing  on  Dictyota  dichotoma.  After  having  provided  methodological

insights in the culture of Dictyota and having formally tested the hypothesis that polarisation

in Fucus zygotes is a one-step process (Chapter 3), the cell polarisation mechanism of Dictyota

was described using cell biological experiments and deep sequencing of the transcriptome

(Chapter 4). The mechanism of the fast shape change following egg activation, was further

elaborated and the first insights in the signalling involved in Dictyota egg activation have been

provided (Chapter 5). A more controversial hypothesis, the function of auxin in  Dictyota,  is

tested  (Chapter  6).  Additionally  a  striking  degree  of  phenotypic  modulation  between

asymmetric cell division and patterning by means of intercellular communication is described

(Chapter  7).  Below,  the  most  important  tangible  insights  and  general  abstractions  on

polarisation and asymmetric cell division, this study has helped to reveal, are listed. 

8.1 From axis to vector 
Typically cell  polarisation  is  explained  in  terms  of  the  acquisition  of  a  'polarisation  axis'

(Goldstein  et  al.,  1998;  Kropf  et  al.,  1999;  Ueda  and  Laux,  2012).  Due  to  the  unclear

mathematical  meaning  of  a  polarisation  'axis',  the  terminology  polarisation  'vector'  is
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preferred  in  this  work in order to  invite  the  reader into  a  vectorial  interpretation  of  the

establishment of polarity. First, a polarity vector is determined by environmental vectors. For

example the vector describing the direction and sense of the light source will determine both

direction and sense of the polarisation axis, and may be termed parallel. In some occasions

however  the  polarisation  may  be  antiparallel.  For  example,  the  vector  describing  the

proximity of a neighbouring  Fucus embryo or egg in case of a negative group effect or the

vector describing a gradient of calcium ions or ionophores (Bentrup and Jaffe, 1968; Robinson

and McCaig, 1980; Hable et al., 2001). 

Secondly, in this study it was illustrated that when the light vector is changed,  Fucus zygotes

with an unfixed cellular asymmetry respond in a way that can be best explained with vectorial

mathematics. Instead of sticking with to the last de novo assembled polarity 'axis', they polarise

according to the vectorial sum of the serially applied light vectors, each having a magnitude

proportional  to the time of exposure (Chapter 3,  Bogaert,  Beeckman, & De Clerck,  2015).

Interestingly this model implies a cellular 'memory' storing the direction and sense of the

previous light vectors before integration during axis fixation. Future research will be necessary

to determine the molecular nature of this intrinsic determinant. 

Thirdly, polarisation in  Dictyota occurs in two-steps, which again can be best explained by

referring  to  the  vectorial  nature  of  an  axis  of  asymmetry.  The  polarisation  vector  has  a

'direction'  describing the  slope  line  defining  it.  Next  to  the  direction  it  also  has  a  'sense'

denoting on what side of the cell the rhizoid will emerge. Despite earlier speculations (Fowler

and Quatrano, 1997), no evidence could be found for a separation of fixation of these two parts

of informational content of the polarisation vector in  Fucus  (Chapter 3, Bogaert et al., 2015).

However in  Dictyota  the direction is  established maternally and becomes apparent directly

after fertilisation following a 90 seconds lasting elongation of the activated egg (Chapter 4).

Only much later in the cell cycle the rhizoid pole is determined environmentally as assessed

by the direction of unilateral light. Therefore in this system determination of direction and

sense of the polarisation vector are mechanistically and temporally decoupled. 

8.2 The importance of developmental 
plasticity and developmental robustness

Understanding  how  the  environment  influences  development  is  of  central  interest  in

developmental  biology.  In  other  words,  we  would  like  to  understand  how  a  different

environment induces a different phenotype, and how a developmental system may maintain

the same phenotypic  outcome despite  environmental  variation.  Here we studied how the
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environment may influence cell polarisation and the acquisition of the apical-basal pattern. 

Apart from being a process of central interest in itself,  developmental robustness can be a

source  of  confusion  for  scientific  research  as  a  factor  that  influences  the  phenotype.  In

Chapter 6, I illustrated that developmental robustness may conceal a potential effect of an

experimental  manipulation,  such as  the application of  exogenous auxin.  The unirhizoidal

phenotype is  relatively robust  to  pharmacologically increased  auxin concentrations  under

normal  experimental  conditions,  possibly  forming  the  main  explanation  why  an  auxin

response on cell polarisation in the Dictyota zygote was overlooked at first (Blommaert, 2010).

Under  conditions  of  environmental  confusion,  which  are  thought  to  limit  physiological

resilience of the developmental system, embryos were observed to be highly responsive to

auxins.  This data provides evidence for a role in development.  The results may also help

explaining contradicting reports on the auxin effect in Fucus zygotes.

Under low densities zygotes develop a rhizoid in one of the poles of the prolate spheroidal

zygote  and  fix  the  polarisation  axis  at  around  5.5  h  AF after which  the  cells  undergo  a

morphologically asymmetric division (Chapter 4). With increasing local density of zygotes or

growing tissue, however, cell polarisation is postponed until the multicellular stage (Chapter 7).

To our knowledge this degree of phenotypic plasticity in patterning is unique. 

8.3 Fading borders between patterning by 
means of cell polarisation and intercellular
communication in Dictyota

Interestingly the phenotypic shift from an asymmetric division at one side of the phenotypic

continuum to a symmetric cell division at the other side, is gradual and therefore an example

of phenotypic modulation (Chapter 7). By the same token patterning occurs in varying degrees

by means of asymmetric cell division or by means of intercellular communication. Future

research on dithallic embryos may reveal to what extent mechanisms are conserved between

cellular  polarisation  and  organismal  polarisation  at  the  multicellular  stage.  The  observed

gradual  phenotypic  modulation  between  both  processes  suggests  that  developmental

mechanisms of the unicellular organism integrate seamlessly with those at the multicellular

stage. 

In chapter 6, evidence has been presented suggesting that auxin gradients may be formed at

the  intracellular  level,  similar  to  gradients  reported  in  the  multinucleate  embryo  sac  of

Arabidopsis (Pagnussat et al., 2009). Presently, the chemiosmotic hypothesis is widely accepted

as  a  mechanism  for  the  establishment  of  intercellular  auxin  gradients  and  polar  auxin
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transport (Rubery and Sheldrake, 1973; Raven, 1975; Goldsmith, 1977). A prerequisite for this

mechanism is a multicellular structure with cells as a fundamental component in which auxin

accumulates and gets transported away by polarly distributed efflux carriers. The notion that

auxin gradients inside cells may exist, again suggests that patterning by means of asymmetric

cell division or intercellular communication may have more commonalities than suspected. 

8.4 What have we learned from the 
transcriptome? 

Transcriptome sequencing has become an invaluable tool for gene expression analysis. Using

a hybrid transcriptome assembly (using 454 and Illumina HiSeq data) a significant part of the

transcriptome of Dictyota has been assembled de novo, providing the first transcriptomic data

in the SDDO clade. Comparison of eggs with zygotes or asymmetrically dividing embryos

showed large scale rewiring of the transcriptome and upregulation of ontology classes related

to transcription, suggesting an early MZT. 

At the same time a dataset, based on three biological replicates, was generated providing data

on differential  expression  of  transcripts  in  eggs,  zygotes,  symmetric  and  asymmetric  cell

divisions. Gene set enrichment analysis of KEGG and Gene Ontology terms suggests roles for

many signalling pathways during cell polarisation such as the calcium signalling pathway or

phosphatidylinositol  signalling,  while  the  maternal  transcriptome  is  rather  enriched  in

photosynthetic or general metabolic functions. It is important to note that our findings on

annotations are based on sequence homology with distant clades as only a small part of the

Ectocarpus genome has been characterised and, secondly, only may indicate gene function in

those  genes  that  are  transcriptionally upregulated.  Nevertheless,  our data  provides  a  first

ground for testing hypotheses on genes involved in fertilisation and cell  polarisation.  The

(transient) transformation techniques such as those recently described in  Fucus (Farnham et

al., 2013), will be of special relevance. 

8.5 Brown algae have convergently evolved to 
plant systems

Brown algae and land plants have many characteristics in common, which are not shared by

other complex multicellular systems like animals (Chapter 1). The use of a common set of

phytohormones such as auxin, may be one of these. In this work evidence has been gathered

validating previous work and putting the long standing controversy on the phenotypic effect

of exogenous auxins in a different perspective. 
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Secondly, convincing evidence for an early MZT has been presented, making embryogenesis

in brown algal plant systems more similar to higher plants than animals (Nodine and Bartel,

2012), where a distinct phase of embryogenesis is marked by the delay of zygotic transcription

(Lee et al., 2014). The observation of the lack of a distinct embryonic phase characterised by

the reliance on maternal gene products resonates with the observation of Kaplan & Cooke

(1997), who noted that the plant embryo is not as dissimilar from the adult phase compared to

animal  systems where embryogenesis  is  a distinct  developmental  stage.  In this  view plant

systems  immediately  start  vegetative  growth  following  fertilisation,  without  distinct

developmental programs preceding the adult developmental pathways. 

8.6 Differences and similarities with fucoid 
algae

Despite  the  large  evolutionary  distances  between  Fucus  and  Dictyota,  oogamy  has  been

hypothesised to be the ancestral state in brown algae (Silberfeld et al., 2010). If true, the early

developmental  stage  in  oogamous  brown  algae  has  not  been  conserved  given  the  many

differences  that  emerge  from  this  study.  Some  important  differences  with  fucoid  zygote

polarisation have been recapitulated already. In addition to these, fucoid algae do not elongate

along a maternally preformed axis as observed in Dictyota. Instead zygotes remain round after

fertilisation and are devoid of any maternal positional information. Moreover,  Dictyota eggs

seem  to  activate  upon  mere  membrane  depolarisation  resulting  in  parthenogenetic  egg

development for some cell cycles and show a very different approach to adhesive secretion.

The end result of embryology may however be seen as similar: a radially patterned embryo

with cortex and medullary tissue with an adhesive pole, producing a rhizoid and hapters, and

a vegetative pole that will flatten before producing its first dichotomy.

Von  Baer (1828)  argued  that  early  developmental  stages  in  animal  systems  are  the  most

conserved. This lead to the conclusion that findings concerning early development of model

organisms can be easily generalised to other members of the clade. However, Haeckel (1896)

and contemporary adherents of the 'hourglass model' have countered that the early stages are

very diverse,  like  late  stages  in  development.  In  contrast,  to  Von Baer,  Haeckel  took into

account the large variation in the early developmental  stages  concerning amount of  yolk,

cleavage type and type of  gastrulation (Richardson and Keuck,  2002).  Also in land plants,

transcriptomic evidence is accumulating for the hourglass model, which states that early and

late embryonic development are more evolutionary divergent than the mid-embryogenesis

stages (Quint et al., 2012; Drost et al., 2015). 
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Besides differences,  also many similarities with cell  polarisation in  Fucus can be observed.

Especially the  second  phase  of  polarisation  shows  some striking  parallels.  Just  like  Fucus

polarisation, the rhizoid develops at the dark side of the cell. Many steps that are involved in

Fucus  polarity signalling show signs of upregulation in the transcriptome of  Dictyota zygotes

progressing through the second stage of polarisation (Chapter 4). Moreover, TBO staining in

the future rhizoid pole has been observed in both systems. While the cellular mechanism

especially of the second phase of Dictyota polarisation remains largely unexplored, the present

data suggest that a lot of the knowledge gathered of fucoids may be extrapolated. 

8.7 Dictyota as a tractable model system 
complementary to Fucus

Reproduction  of  Dictyota does  not  differ  substantially  from  that  of  Fucus:  fertilisation  is

external leading to easy observation and manipulation; the eggs and spores are large (ca. 70

µm  in  Dictyota  dichotoma)  and  observable  with  the  naked  eye  facilitating  experimental

manipulation; release can be easily induced by incubating fertile gametophytes in the dark;

and large populations of simultaneous developing replicates can be easily obtained. While a

part of the polarisation process has been completed, polarity establishment is still ongoing in

the released cell,  making  Dictyota a  good organism to look at  polarity establishment.  The

ability to culture enables the maintenance of mutants and transformed strains (Figure 1).

In chapter 2, some additional advantages were highlighted. It is easy to culture Dictyota in the

lab throughout its entire life cycle while having their growth optimum at room temperature

(ca.  20°  C).  Progression  through  the  life  cycle  should  take  no  more  than  2-3  months.

Moreover, fertility can be easily controlled using red light, nutrient concentration and day

length (Chapter 2, (Müller, 1962; Kumke,

1973)). This avoids time consuming field

excursions  to  collect  fertile  material.

Moreover  by  keeping  the  culture

conditions optimal,  fertile tissue can be

obtained throughout the whole year. By

manipulating  release  periodicity of  the

gametophytes  of  different  lines  of  the

same strain, theoretically gametes can be

achieved each day of the month (Müller,

1962). 
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Figure  1.  (A)  Dictyota dichotoma patterning mutant showing
aberrant  medulary  cell  expansion,  flattening  and  apical
dominance, isolated by UVB irradiation of spores. (B) Wild
type Dictyota dichotoma. Scalebar is 50 µm.
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Dictyota has  an isomorphic  alternation of  generations,  meaning that  both sporophyte  and

gametophytes have the same habitus.  Developing spores are morphologically indiscernible

from developing zygotes. The availability of a haploid life phase, makes genetic studies even

more practical and opens up the possibility to identify processes connected with fertilisation

by comparing zygotes with spores as a control. 

In Chapter 2, sporophytes were shown to release their spores preferentially after exposure to

the light after an overnight treatment in the dark,  just  like gametophytes.  This makes the

production of large populations of synchronously developing spores feasible. Moreover, there

is no fortnightly release periodicity and spores are released each day without dependency on

fertilisation  success.  Therefore  one  may  argue  that  for  study  of  the  second  phase  of

polarisation, the Dictyota spore is an even more practical model than the zygote. 

Dictyota is a multicellular alga containing a 3-dimensional dividing meristem which produces

parenchymatous tissues. However having a complex anatomy can also be a drawback since

this makes it difficult to handle. In contrast to fucoids, which have very thick thalli,  Dictyota

dichotoma has  only  three  cell  layers  (Katsaros,  1995).  Microtomy is  an  interesting  tool  to

visualise the internal structure for illustrative purposes, but the absence or presence of the

internal medullary layer with patterning can be observed by adjusting the focal plane of the

microscope or by squashing the specimen. The gametangia and sporangia of Dictyotales are

not  enclosed  by maternal  tissue.  Instead  they lie  clearly visible  on the thallus,  facilitating

studies  on  sporo-  and  gametogenesis.  Last  but  not  least,  we  have  shown  that  in  Dictyota

determination of pole identity can be controlled experimentally. The ability to control this

process allows a detailed study of polarisation of zygotes in Dictyota as illustrated in Chapter 6.

8.8 Future Perspectives
Understanding  of  development  of  plant  systems  might  be  improved  by  further  taking

advantage of  these  facilitating features and the characteristics  of  embryonal  patterning of

Dictyota, described in this thesis. The potential of Dictyota as a model for genetic and genomic

analysis for brown algal developmental biology, complementary to Fucus and Ectocarpus, and

as a model for the SSDO-clade of brown algae (Bittner et al., 2008) could be further improved.

This closing paragraph, could be best considered as a mental exercise on how to achieve this

and to further elaborate some of the research subjects described in this thesis. 

Sequencing the nuclear genome and the development of modern genetic tools,  such as a

system  for  permanent  transformation,  expression  of  genes  in  heterologous  systems  and

knock-out by genome editing or RNA interference, recently developed in Fucus (Farnham et
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al., 2013), could further facilitate molecular research on Dictyota biology. While culturing at 8°

C provides a good way for storing strains, long-term storage could be further improved by

testing  performance  of  agar  culture and  cryopreservation  of  Dictyota,  which  has  shown

effective for Ectocarpus (Heesch et al., 2012). 

Mutagenesis will without much doubt lead to many interesting patterning mutants that can be

used to unravel the establishment of polarity in the zygotes and spores of Dictyota. The advent

of next-generation sequencing has enabled time-efficient mapping of mutants. A SNP/indel

library could be constructed by sequencing and assembling wild-type strains (such as KB07

(Roscoff,  France),  ODC1387 (Wimereux,  France)  and UTEX:LB2407 (Helgoland,  Germany))

guided by biogeographic information on the genetic diversity provided by Tronholm et al.

(2010) and  unpublished  results.  After  backcrossing  mutants  with  another  strain  an  F1

population can be generated. The affected region of the genome in the mutant F1 progeny

could  be  identified  using  PCR-based  mapping  markers  based  on  the  SNP/indel  library.

Independent mutants can be tested for allelism using tetrad analysis,  after which multiple

mutant alleles for a certain locus can be resequenced in order to map the affected locus. If

only a single allele is available, it can be mapped using SHOREmapping or similar methods

(Schneeberger et al.,  2009). Genes, identified as important for developmental patterning or

any other process  of  interest,  could  be  checked  for conservation  among brown  algae  by

validation in Fucus using transient transformation by RNA interference (Farnham et al., 2013).

Alternatively, direct hypotheses on the function of identified genes, inspired by for example

transcriptome  data,  may  be  validated  directly  using  permanent  transformation,  RNA

interference or genome editing if feasible in Dictyota.

The developmental  plasticity of the determination of the sense of the polarisation vector,

could  be  further  elaborated  by  determining  the  compound  or  blend  of  compounds

responsible  for  the  inhibition  of  polarisation.  A bioassay should  be  designed  with  which

possible candidate chemicals can be tested for their effect on the polarisation process. Also the

ecological importance waits to be assessed by sampling germlings in their natural habitat. The

effect of other species should be tested, in order to evaluate the possibility that  Dictyota has

evolved  a  more  elaborate  sensory system  to  regulate  local  recruitment  of  its  spores  and

zygotes by sensing the identity of the substrate. Preliminary results suggest that some other

algal species might stimulate or inhibit rhizoid differentiation and attachment. Adhesion of

propagules is of particular economic importance for aquaculture. 

Further insights could be gained on morphogens and intercellular communication in brown

algal development. The possibility that auxins are distributed polarly, as suggested in chapter

6, is of particular significance in this context. In chapter 6, the hypothesis that auxin function
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may have some 'deep homology' with the auxin biosynthesis, transport system and possibly

also  the  response  system  of  land  plants,  gained  further  credibility.  To  further  elaborate

putative conservation of these genes (with a particular reference to the PILS gene family) and

to  get  a  better  evaluation  of  putative  functional  orthology  with  land  plants,  a  broader

screening for conservation of these genes among Bikonts outside of the Viridiplantae together

with phylogenomic analyses and protein domain analyses may be instrumental. 

An evo-devo study of embryology in Dictyotales and other oogamous SSDO members may

provide  further insights  in  the  evolution  of  the  elongation  and  the  separation  phases  of

polarity.  Such findings  could  provide  a  better framework to  understand  the  evolutionary

benefits for the fast elongation and the two-step polarisation process as observed in Dictyota. 

In chapter 2, a new model for integration of serially applied light vectors has been proposed in

the  polarisation  process  of  Fucus.  The  photoimprinting  hypothesis,  states  that  all  serially

applied light vectors are integrated as the vectorial sum in the final polarisation axis and there

is no axis that needs to 'reorient' itself. Although there is sufficient data available in literature

for this hypothesis, it may be formally tested by expanding the 'photoimprinting period' using

for example an osmotic  block,  provided these  can postpone axis  fixation as  suggested by

Robinson et al. (1999). If the axis is indeed integrated by vectorial addition, the dynamics of L1

commitment after 90° reorientation are expected expand together with the 'photoimprinting

period'. However, if the zygotes are reorienting a polarisation axis that needs some time to

rotate, the dynamics of L1 commitment following 90° reorientation are instead expected to

shift together with then end of the 'photoimprinting period' rather than to expand. Secondly,

additional  data could be necessary to resolve the apparent contradiction on the timing of

toluidine blue O staining relative to L1 commitment (Shaw and Quatrano, 1996). Thirdly, it is

assumed that serially perceived light vectors are imprinted in the zygote, but the nature of this

cellular memory remains unknown. Using Brefeldin A, the role of secretion in imprinting

might be tested. Present metabolomic approaches of carbohydrate, protein and lipid fractions

of  cellular domains of Fucus zygotes may be the best way to determine the identity of factors

that are asymmetrically distributed and potentially underlie the imprinting mechanism or

axis fixation, the last still being unidentified (Quatrano and Shaw, 1997).    
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Summary
Brown algae are an interesting group of organisms, that despite their distinct evolutionary

history have  convergently evolved  striking similarities  to  land plants.  The  study of  many

aspects  of  brown  algal  development  has  proved  to  be  productive  in  increasing  our

understanding  of  development  of  multicellular  photosynthetic  systems.  One  of  the  most

prominent brown algal models are the fucoid algae, which have many practical advantages

over  angiosperms  because  of  their  broadcast  spawning  oogamous  nature.  At  fertilisation

thousands  of  big-celled  zygotes  are  produced free  from the  maternal  tissue  and develop

synchronously.  Moreover,  polarity  is  established  after  fertilisation  by  integrating

environmental  information,  rendering  them  particularly  helpful  in  the  study  of  cell

polarisation. In this study we confirmed that cell  polarisation in  Fucus spiralis  is a one-step

mechanism. Simultaneously we provide new insights on the integration of different serially

perceived  environmental  cues.  Unfortunately,  culturing  fucoid  algae  is  cumbersome,

impeding genetics and molecular studies. 

In this thesis efficient culturing methods and the early development of Dictyota dichotoma are

described, while focusing on the sporophyte generation.  Just like fucoid gametes, both the

haploid spores and gametes of Dictyota are released synchronously and undergo a polarisation

event.  Upon  egg  activation,  the  zygote undergoes  an  F-actin/myosin  dependent  fast

elongation along a maternally determined axis. The side of the resulting prolate spheroidal

zygote that will acquire the basal cell fate, is determined using an environmental cue during

the  first  cell  cycle.  This  second  phase  is  accompanied  by  and  dependent  on  zygotic

transcription instead of relying uniquely on maternal factors reflecting an early maternal-to-

zygotic  transition,  unlike  in  animals.  Cell  polarisation  as  observed  in  Dictyota whereby

determination  of  direction  and  sense  of  the  polarisation  vector  are  mechanistically  and

temporally uncoupled in two distinct processes, is unique. 

This  second  step  is  further  characterised  by  elaborating  the  putative  auxin  function  in

Dictyota. Most importantly upon addition of exogenous auxins, polarisation of the one-celled

embryo is affected and both poles of the spheroidal embryo develop into rhizoids instead.

This  effect  is  stronger in  artificial  media with increased acidity,  presumably reflecting the

increased  bioavailability  of  auxins.  Similarly,  exogenous  auxins  act  synergetically  with

instability  of  extrinsic  informational  cues  that  direct  the  polarisation  vector,  presumably

reflecting  a  decrease  in  developmental  robustness  against  auxin  caused  by the  additional

perturbation. An in silico survey of auxin biosynthesis, response and transport genes showed
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that a diverse range of land plant biosynthesis genes together with a limited number IAA

response and transport genes have putative homologs in the D. dichotoma transcriptome.

Using  cell  biological  approaches  combined  with  transcriptome  sequencing,  evidence  was

provided that the first cell division shows phenotypic modulation between asymmetric and

symmetric  cell  division,  which,  consequently,  cannot  be  seen  as  distinct  developmental

pathways in Dictyota embryogenesis. In asymmetrically dividing zygotes, cell division pattern

and transcriptome deviates fundamentally from symmetrically dividing embryos with two

thallus poles, which may polarise at a later stage. Dictyota meristems and embryos produce a

diffusible  factor that  causes  postponement  of  photopolarisation  and differentiation  of  the

basal attachment structure until the multicellular stage, presumably promoting outbreeding in

the field.  The  diffusible  signal  produced by apical  meristems provides  a  powerful  tool  to

examine the molecular mechanisms of cell polarisation and asymmetrical cell division. This

gives Dictyota an additional advantage, on top of its oogamous broadcast spawning nature. 
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Samenvatting
Bruinwieren  zijn  een  fascinerende  clade,  die  ondanks  hun  onafhankelijke  evolutionaire

geschiedenis sterke gelijkenissen met landplanten delen. Onderzoek naar diverse aspecten van

bruinwierontwikkeling  is  productief  gebleken  in  het  verbeteren  van  ons  begrip  van  de

ontwikkelingsbiologie  van  planten.  Eén  van  de  belangrijkste  modelorganismen  onder  de

bruinwieren, is de zee-eik (Fucus sp.). Dit omwille van zijn praktische voordelen in vergelijking

met landplanten, meer specifiek de oögame uitwendige bevruchting. Bij bevruchting worden

duizenden grote zygoten geproduceerd die synchroon en onafhankelijk van het moederlijk

weefsel  ontwikkelen.  Bovendien wordt  de celpolariteit  vastgelegd na bevruchting door het

integreren  van  omgevingsinformatie,  hetgeen  hen  ideaal  maakt  voor  de  studie  naar

celpolarisatie. In dit werk, wordt bevestigd dat celpolarisatie in zee-eik een 1-stapsmechanisme

is. Simultaan, worden nieuwe inzichten opgedaan over de integratie van serieel opgevangen

omgevingsvectoren. Helaas is het in cultuur brengen van zee-eik zeer gecompliceerd, hetgeen

genetica en moleculaire studies bemoeilijkt. 

In deze thesis worden efficiënte cultuurmethoden en de vroege ontwikkeling van  gaffelwier

(Dictyota  dichotoma)  beschreven.  Net  zoals  zee-eikgameten,  worden  haploide  sporen  en

gameten synchroon vrijgesteld en ondergaan de sporen en zygoten een polarisatieproces. Na

ei-activatie, elongeert de zygote zeer snel met behulp van F-actine en myosine volgens een

maternaal vastgelegde as. De kant van het resulterende prolate spheroïd die tot de rhizoid zal

ontwikkelen, wordt bepaald aan de hand van de richting van het invallende licht. Deze tweede

fase van het polarisatie process, wordt vergezeld en is afhankelijk van zygotisch transcriptie in

plaats van gebruik te maken van uitsluitend maternale factoren aanwezig in het ei. Dit laatste

impliceert een vroege maternaal-zygotische transitie, in tegenstelling tot de situatie in dieren,

waar het embryo gedurende de eerste celdelingen afhankelijk is  van transcriptieproducten

aanwezig  in  het  ei.  Celpolarisatie  waarbij  vastlegging  van  de  richting  en  de  zin  van  de

polarisatievector twee onafhankelijke processen zijn, is uniek aan gaffelwier. 

Deze tweede stap werd verder bestudeerd door een mogelijke auxinefunctie in Dictyota na te

gaan. Toevoeging van exogeen auxine interfereert met polarisatie van de zygote waardoor

beide  polen  van  het  embryo  een  rhizoïde  kunnen  ontwikkelen.  Dit  effect  is  sterker  in

zuurdere artificiële media, vermoedelijk door de hogere biologische beschikbaarheid van het

auxine. Daarnaast, werkt exogeen auxine ook synergistisch samen met een variable richting

van  omgevingsinformatie  die  de  polarisatievector  beïnvloedt,  hetgeen  vermoedelijk  een

verminderde  ontwikkelingsrobuustheid  tegen  auxine  veroorzaakt  door  bijkomende
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verstoring.  Een  in silico screening van auxinebiosynthese,  -respons en -transport genen uit

landplanten toont mogelijke homologen van een diverse reeks van biosynthese en beperkte

groep respons en transport genen aan in het transcriptoom van gaffelwier. 

Met  behulp  van  celbiologische  methodes  en   transcriptoom  sequenering  wordt  bewijs

geleverd  dat  de  eerste  celdeling  fenotypische  modulatie  tussen  een  asymmetrische  en

symmetrische celdeling vertoont. Beide celdelingen kunnen bijgevolg niet gezien worden als

afzonderlijke  ontwikkelingspathways  in  Dictyota  embryogenese.  In  asymmetrisch  delende

zygoten,  celdelingspatronen  en  het  transcriptoom  verschillen  fundamenteel  van  die  van

symmetrisch delende zygoten met twee thalluspolen, die bovendien tijdens het multicellulair

stadium  kunnen  polariseren.  Gaffelwiermeristemen  en  embryo's  produceren  een

diffunderende  factor  die  uitstel  van  de  fotopolarisatie  en  differentiatie  van  de  basale

aanhechtingsstructuren kan veroorzaken, hetgeen mogelijks dispersie stimuleert in het veld.

De diffundeerbare factor is een handig hulpmiddel voor het onderzoek naar de moleculaire

mechanismen  van  celpolarisatie  en  asymmetrische  celdeling,  hetgeen  Dictyota een  extra

voordeel verschaft naast deze gelinkt aan zijn oogame externe bevruchting. 
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