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Morphogenesis in walled organisms represents a highly controlled process
by which the variability of shapes arises through changes in the structure and
mechanics of the cell wall. Despite taking different evolutionary paths, land plants
and some brown algae exhibit great developmental and morphological

similarities.

In two brown algal model systems: the Sargassum muticum apex and the
Fucus serratus embryo, | have used a combination of imaging techniques, growth
analyses, surgical and pharmacological treatments, as well as molecular,
biochemical and mechanical approaches to characterise the growth patterns and

the cell wall contribution to shape change.

To understand how the adult algal body is formed, | examined the branching
strategy (phyllotaxis) in S. muticum. My results suggest that in S. muticum the
spiral phyllotactic pattern and the apical cell division pattern are not linked. The
phytohormone auxin and the biochemical changes of the cell wall do not seem to
be correlated with the bud outgrowth, contrary to observations in plants. In
summary, these results suggest Sargassum convergently developed a distinct

growth mechanism with similar shape outcome as observed in plants.

This dissertation is one of the first attempts to explore cell wall mechanics
in brown algal development and its correlation with underlying cell wall
biochemistry utilising the Fucus embryo as a known system. The results suggest
a correlation between the wall mechanics and alginate biochemistry with the
growing and non-growing regions of the embryo. In addition, altering cell wall
deposition or composition has a strong effect on embryo rhizoid elongation and is,
in certain cases, accompanied by significant increase in cell wall stiffness and

reduction of alginate epitopes. Furthermore, preliminary results exploring



transcriptomic changes during development indicate differential expression of
particular alginate biosynthesis enzymes (mannuronan C5 epimerases) during
development, suggesting alginate conformational modifications might be stage

specific.

These results contribute to the current knowledge addressing the
importance of cell walls in brown algal development using novel tools and
approaches. Understanding developmental processes in brown algae will provide
a better insight how similar morphogenetic traits are established using different

body-building mechanisms.
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Chapter 1

Chapter 1. Introduction

Morphogenesis represents a set of highly controlled processes by which the
shapes of organisms arise. The formation of shapes constitutes an extremely
interesting phenomenon, since the presence of similar shapes might be found in
very distant evolutionary lineages (e.g. plants and brown algae). This might imply a
shared mechanism between these lineages to achieve similar structural solutions
using a different approach to defined growth. The basis of growth has been of
interest in the field of developmental biology. A morphogen-based growth has been
explored in plant systems (Reinhardt et al., 2003a). In addition, a physical basis of
plant growth has recently been investigated. This discusses the relationship
between cellular shape changes, the corresponding pattern of stresses in the
tissues, and morphogenesis. It seems that, in plant organisms at least, the
mechanical perception of growth can regulate morphogenesis patterns
(Sampathkumar et al., 2014). Because of these interesting phenomena, the
exploration and correlation of morphological homoplasy in developmental decisions
of brown algae and plants presents an interesting question to address.

1.1. Brown algae — independent evolution of

multicellularity

Brown algae are a group of multicellular photosynthetic organisms which
mostly inhabit marine environments. They can be found in the intertidal belt and
upper littoral regions of colder waters, particularly in the Northern Hemisphere,
where they represent one of the most important marine habitats acting as shelter,
nursery and hatchery for many marine animals (e.g. kelp forests; Leblanc et al.,
2011; Steneck et al., 2002). For example, kelp forest ecosystems together with all
the associated biota (animals and epiphytes) represent one of the most diverse

ecosystems on the planet (Mann, 1973).

The brown algal lineage currently has 2098 species classified in 285 genera

and 20 orders (de Reviers et al., 2007; Guiry and Guiry, 2017). In the past few
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decades, phylogenetic studies of brown algae have tried to resolve the evolutionary
relationships between different orders of this group (Fig. 1.1A). Studies of specific
conserved sequence data have shown that orders such as Dictyotales,
Sphacelariales and Syringodermatales diverged early in evolution. However, ten
orders (e.g. Ectocarpales, Laminariales, Fucales; Silberfeld et al., 2010) were
clustered closely together without the ability to distinguish between their phylogeny.
Their likely polytomic nature (phylogenetic node with multiple branching points) is
referred to as brown algal crown radiation (BACR; de Reviers and Rousseau, 1999).
The question of the divergence of the BACR orders has been addressed recently
and the majority of relationships within this group have been investigated (Silberfeld
etal., 2010; Fig. 1.1B). This study looked into evolutionary paths in the BACR orders
with a higher resolution; 72 taxa and 10 genes analysed. However, only four clades
could be distinguished within 10 orders examined: Desmarestiales clade,
Sporochnales/Scytothamnales/ Bachelotia clade, Ectocarpales/Laminariales clade
and Fucales/Nemodermatales/ Tilopteridales/Ralfsiales clade. The
parenchymatous organization (where the initial meristematic cell or group of cells
produces the body through its divisions) is likely to have appeared in a common
ancestor of parenchymatous BACR species. This hypothesis is valid for all the
species besides Fucales; both of the model species in this thesis belong to two
families of this order, Fucaceae and Sargassaceae. To date, it is not possible to
determine whether the apical organisation in the Fucales was secondarily gained as
a homoplasic characteristic or from a BACR ancestor.

While the evolutionary history of the brown algae is still questioned today, it
is firmly established that they are very distant from other walled, photosynthetic,
organisms such as the Viridiplantae (land plants and green algae). They are
estimated to have appeared around 200 million years ago (Silberfeld et al., 2010).
The distance between brown algae, Viridiplantae and red algae is best illustrated by
considering the origin of their photosynthetic capacity: land plants, green and red
algae appeared after a primary endosymbiotic event took place (combining a free
living cyanobacterium and heterotrophic eukaryote) whereas a secondary
endosymbiotic event (red alga engulfed by an ancestral unicellular heterotrophic
eukaryote) gave rise to the brown algal branch (Reyes-Prieto et al., 2007; Yoon et

al., 2004). Brown algae represent one of the five major lineages (with red algae,
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plants (including green algae), fungi and metazoans) that have developed a
multicellular body organization, independently from other species (Charrier et al.,
2012; Silberfeld et al., 2010). An independent evolutionary path makes the
comparison of morphogenesis on a physical level highly interesting; while the
phylogenetic branches are divergent between brown algae and plants, a similar
physical set of rules might have to be maintained.

A B

Archaeplastida

Fucales

Nemodermatales

Chlorophyta Rhodophyta

!

Tilopterdales
Streptophyta Hacrobia

Ralfsiales
Glaucophyta

Rhizaria Ascoseirales

=
=
%
=

Alveolata Laminariales

Excavata

Ectocarpales

11

Amoebozoa Scytothamnales
Incertae sedis
g Fungi | Sporochnales
S Desmarestiales
.§ Animalia Sphaceriales
8 * Syringodermatales

Dictyotales

Figure 1.1. Evolutionary position of brown algae within the eukaryotic tree of
life. (A) Phylogenetic relationships between Opisthokonta, Amoebozoa, Excavata,
Archaeplastida, Hacrobia and Harosa (Stramenopiles—Alveolates—Rhizaria - SAR).
Adapted from Charrier et al., 2012. (B) Relationships between 14 out of 20 brown
algal orders. Order Fucales (highlighted in brown) contains both of the species
examined in this thesis (Fucus serratus and Sargassum muticum). Adapted from
Silberfeld et al., 2010.

1.2. Shape formation in brown algal lineage

Among all of the algal groups (green, red and brown), the brown algae have
the biggest diversity in size and shape, from filamentous to ‘complex’ thalli (bodies)
(Charrier et al., 2012). The thallus of a ‘complex’ alga (parenchymatous; e.g.
Laminariales and Fucales) can be divided into 3 main regions. The holdfast
represents an “anchor” of the alga, which attaches to the substrate (surface, such
as rock or sand; Fig. 1.2A, C). This region serves purely as a means to keep the

alga attached and does not have a root-like function, so is not involved in uptake of

-3-



Chapter 1

nutrients/water. The stipe is the second structure and it serves as the ‘stem’ of the
alga (Fig. 1.2A, B). The third part is the frond (blade/lamina; Fig. 1.2A, B). In Fucales,
the frond changes into reproductive ‘tissue’ (receptacles) during the reproductive
season which holds special bodies (conceptacles) filled with male and/or female
gametes (Fig. 1.2D, E). Another addition in the frond that can be observed in several
species are the air bladders — air filled structures with the role of maintaining the

upward position of the algae whilst in the water column (Fig. 1.2F).

Complex multicellularity in parenchymatous brown algae comes from
evolution of distinct growth patterning. This growth arises from specific cell divisions
whose source can be located at the tip (as apical cell/meristem; e.g. Fucales, or a
terminal cell, e.g. Sphaceriales; Katsaros, 1995; described in more detail in Chapter
2) or in the tissues themselves (localized or diffuse intercalary growth
(Laminariales); Charrier et al., 2012). The morphologies observed in this lineage are
highly plastic, which has resulted in multiple errors during taxonomical
classifications in the past. Only with the development of molecular tools has this
started to be resolved (Demes et al., 2009). The plasticity in the morphologies in the
brown algal lineage comes from the ability of these individuals to adapt to the
changes in their surrounding environments such as seasons (Falace and Bressan,
2006), temperature (Pereira et al., 2011), depth (Engelen et al., 2005) or community

structure (Arenas et al., 2002).

The brown algae inhabit a very dynamic marine environment, which resulted
in several structural adaptations to their bodies. Firstly, there does not seem to be
a clear functional differentiation present within the brown algal cells, such as roots
or vasculature found in plant systems. Aquatic life has advantages when it comes
to nutrient uptake; there is no need to rely on localised supply of nutrients from the
soil, nutrients can be taken up by the whole body from the surrounding water. Even
though no true functional differentiation exists, brown algae have developed
differentiated cell types. The most advanced example lies in the cells of ‘complex’
parenchymatous brown algae such as Fucales and Laminariales: an outer
meristoderm (‘epidermis’), middle cortex and central medullar cells (represented in
Chapter 2, Fig 2.5.; Katsaros and Galatis, 1988; Kaur and Vijayaraghavan, 1992;
Moss, 1950).
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blade

stipe

holdfast

conceptacles
(with eggs)

receptacles

air vesicle

Figure 1.2. Structures found in complex brown algae. (A) Laminaria digitata and
(B) Saccharina latissima have a holdfast (C) to attach to the rock substrate, a stem-
like stipe and a blade. In F. serratus (D), during the reproductive winter period, tips
of the blade transform into reproductive tissues (receptacles) holding reproductive
structures (conceptacles) with gametes (e.g. eggs in females, E). (F) F. vesiculosus
has air vesicles to help it stay upright in the water column.
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As a second adaptation to marine environment, brown algae had to
overcome the destructive effect of harsh marine conditions, such as strong wave
action and predator grazing. To confront the environmental conditions, they have
developed the ability to regenerate their tissues (by keeping the cellular totipotent
ability). Some species, such as Laminaria, have been found to regenerate from
induced callus tissue and protoplasts (Saga et al., 1978). Several studies have
looked at mechanical wound responses and the following regeneration processes.
In F. vesiculosus, cutting the region where the apical cell is located results in
induction of branch formation on the distal cut surface (Moss, 1965). In a sister
species, F. distichus, the same regenerative effect can be seen after mechanical
wounding of tissues due to herbivorous snail grazing (Van Alstyne, 1989). Another
example of the ability for mature tissues to regenerate comes from wounding
experiments done on Sargassum filipendula and F. vesiculosus where the new
branches can be formed from the inner medullary cells (Fagerberg and Dawes,
1976; Fulcher and McCully, 1969). This regeneration process indicates that brown
algae can have the ability to re-initiate normal morphogenetic processes through

maintaining cell totipotency and/or creation of new stem cells.

1.3. Brown algal cell walls - architecture

Although very distant from each other, brown algae and land plants share
some common features such as multicellularity, photosynthetic ability and a cell
wall. In these walled organisms, the process of morphogenesis is controlled by the
activity of the extracellular matrix surrounding each cell (cell wall) and the
intercellular turgor pressure. A biophysical theory of cellular growth in plants has
been suggested by Lockhart (1965), who explained the growth through water uptake
(turgor pressure increase) and the yielding of the cell wall. The yielding of the cell
wall involves both rearrangement of already present wall polymers (through
stretching) and new wall deposition (to maintain integrity). The resulting increase in
cell volume reduces the turgor pressure and allows the uptake of new water, when
the process of cell expansion repeats (wall extensibility and its relation to growth is

reviewed in detail in Cosgrove, 2016).
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The basic structures of algal and plant cell walls are similar: rigid and strong
fibres are embedded in a gel-like matrix. In plants and algae, the load-bearing fibre
elements are crystalline cellulose microfibrils, which are synthesized by membrane
complexes that contain cellulose synthases (Mueller and Brown, 1980; Peng and
Jaffe, 1976), but their similarity in composition ends there. The matrix
polysaccharides are physically analogous, yet chemically divergent, between these
two distant groups. In plants, two different groups of matrix polysaccharides exist —
hemicellulose and pectin. Hemicelluloses are cellulose-binding polysaccharides
which, together with cellulose microfibrils, form a network. Pectin represents a
matrix in which this network is embedded, it pushes the microfibrils apart to ease
their movements during cell growth and locks them in place when growth stops (for
review see Cosgrove, 2005). In brown algae, the matrix polysaccharides are
different: the cellulose binding polysaccharides are sulphated fucans, whereas
alginate, the pectin functional analogue, forms a matrix in which all other
polysaccharides are embedded (Fig. 1.3; Kloareg and Quatrano, 1988; Michel et
al., 2010). The relative proportions of these three components in brown algal
zygotes are around 60% alginate, 20% cellulose, and 20% sulphated fucans
(Quatrano and Stevens, 1976). In plants, primary walls are composed of 15-40%

cellulose, 30-50% pectin, and 20—-30% hemicellulose (Cosgrove and Jarvis, 2012).

cellulose
fucans

alginate

proteins

phenolics

cell membrane

Figure 1.3. Brown algal cell wall architecture. Cellulose microfibrils embedded in
alginate matrix tethered with sulphated fucans and phenolic compounds. Parts of
alginate containing guluronic acid can crosslink with calcium ions and form “egg-
box” linkages within the wall.
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1.3.1. Alginate

Alginate is a gel-like cell wall component of brown algae (Kloareg and
Quatrano, 1988), also synthesized by some bacterial genera, Azotobacter and

Pseudomonas (Rehm and Valla, 1997).
1.3.1.1. Structure

Alginate is an unbranched polysaccharide consisting of variable amounts of
(1->4) linked 3-D-mannuronic acid and its epimer a-L-guluronic acid (Hirst and
Rees, 1965). These monomer residues are distributed within the alginate polymer
in three different fractions: mannuronic acid (M-block), guluronic acid (G-block) or
alternating mannuronic-guluronic acid residues (MG-block), with an equal
proportion of the two monomers (Haug et al., 1966; Haug et al., 1967; Fig. 1.4A).
Different binding of the two residues due to their conformation results in four different
variations of orientations: M-M, M-G, G-M, and G-G. Because of these differences,
the physical properties of these linkages are different. M-M bonds create a flat
structure, whereas G-G bonds create a more compact structure (Fig. 1.4A). The M-
G and G-M linkages create an in-between state. This results in M-G blocks being
more flexible than G-G blocks, but also more flexible than the M-M blocks as well
(Mgrch et al., 2008).

In addition, the involvement of alginate residues in controlling mechanical
properties of gels (and therefore cell walls) lies in their ability to interact with
positively charged cations, such as Ca?*. The linking conformation of the guluronic
acid (G) residues allows the interaction between the negatively charged alginate
and the calcium ions (Fig. 1.4B). The interaction results in cross-linking: four
guluronic acid residues and a calcium ion are needed to form a compact linkage;
multiple consecutive crosslinks can then form a structure referred to as the ‘egg-
box’ (Grant et al., 1973; Fig. 1.4C). This makes the gels mechanically stiffer; it has
been shown that the alginates containing higher amounts of guluronic acid residues
form stronger gels (Draget et al., 1994). To some extent, the interactions with
calcium ions can be formed between the alternating linkages of the mannuronic and

guluronic acid (M-G, G-M), although with a lower affinity (Donati et al., 2005).
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Figure 1.4. Alginate structure. (A) Structural configuration of an alginate chain with
mannuronic acid (M; orange) and guluronic acid (G; blue) residues (B) Crosslinking
of guluronic acid residues with calcium ions and a spatial schematic representation
of the “egg-box” model (C; after Grant et al., 1973).

1.3.1.2. Alginate biosynthesis

It has been shown that alginates are synthesized intracellularly in a precursor
form, after which they are delivered to the targeted place (cell surface) via vesicles

originating from the Golgi apparatus (Vreeland and Laetsch, 1989).

The biosynthetic pathway of alginate is well known in the two bacteria,
Pseudomonas aeruginosa and Azotobacter vinelandii (Rehm and Valla, 1997). The
alginate pathway in brown algae is considered to be similar to these bacteria.
However, homologues to a few enzymes present in the bacterial alginate
biosynthesis chain have not been found in the genome of the brown alga Ectocarpus
(AlgA and Alg8; Michel et al., 2010). The alginate biosynthesis process is as follows:

fructose-6-phosphate is converted to mannose-6-phosphate. This mannose-6-
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phosphate is then converted into mannose-1-phosphate, followed by GDP-
mannose, and GDP-mannuronate. GDP-mannuronate is polymerized into poly-
mannuronate (poly-M). The final step in the alginate biosynthesis involves a
conformational change of the mannuronic acid residue into its epimer, guluronic acid
(Fig. 1.5). This change is catalysed by a family of enzymes called mannuronan C5
epimerases (MC5Es; Haug and Larsen, 1969).

MCS5E function has been well understood in bacterial systems, where one
and seven MC5Es have been found in Pseudomonas and Azotobacter, respectively
(Ertesvag et al., 1999; Franklin et al., 1994; Hartmann et al., 2002a; Svanem et al.,
1999). The epimerization function studies of these proteins have revealed that each
enzyme has different patterns with respect to sequence distributions of M and G
residues. In brown algae, a higher number of potential genes encoding these
proteins have been found. Molecular analyses have revealed candidates for 31
genes in Ectocarpus siliculosus (Michel et al., 2010), 105 in Saccharina japonica
(Ye et al., 2015), 6 in Laminaria digitata (Nyvall et al., 2003) and 31 in Undaria
pinnatifida (Feng et al., 2015). The variety of potential epimerases found in the
species of the brown algal lineage suggests that brown algae might have evolved
the ability to ‘tweak’ the alginate structure to finer detail than what is observed in
bacteria. However, the exact function of almost all of these epimerases remains
unknown. Two of the currently known algal MC5Es have been functionally
described: in Saccharina japonica, a recombinant epimerase (SjC5-VI) epimerises
M to G alternately (Inoue et al., 2016). In Ectocarpus siliculosus, MEP13-C5 is
thought to epimerase block MM regions, although its exact function is not completely
clear (Fischl et al., 2016).
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Pseudomonas Ectocarpus
Fructose-6-phosphate

AlgA i MPI

Mannose-6-phosphate

AlgC l PMM
Mannose-1-phosphate

AlgA i ?
GDP-mannose
AlgD l GMD
GDP-mannuronic acid
Alg8 ¢ ?

Mannuronic acid

AlgG i MC5E

Guluronic acid

Figure 1.5. Alginate biosynthesis scheme. Pathways of biosynthesis in bacteria
(Pseudomonas aeruginosa; orange) and corresponding gene homologues in brown
algae (Ectocarpus siliculosus; purple). Genes marked in bold represent
unambiguously identified genes, non bolded genes represent potential candidates.
Homologues of AlgA and Alg8 are not found in the Ectocarpus genome (question
marks). MPI: mannose-6-phosphate isomerase, PMM: phosphomannomutase,
GMD: GDP- mannose 6-dehydrogenase, MC5E: mannuronan C5 epimerase.
Adapted from Michel et al., 2010).

1.3.1.3. Biological role of alginates

In the cell wall structure of brown algae, alginate forms a gel matrix in which
other polysaccharides are embedded, analogous to the pectin matrix of land plants.
The state of the alginate gel is dependent on the MC5E activity which epimerises M
residues into G residues (Haug and Larsen, 1969). G residues can then be cross-
linked with divalent ions and result in a stiffer gel (Draget et al.,, 1994). Many

examples found in tissues of brown algae in nature support this mechanical role of
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alginate. Alginates rich in M and MG blocks have been found in blades exposed to
waves, suggesting more flexibility is needed to counteract wave action (Kloareg and
Quatrano, 1988). Laminaria hyperborea has high contents of guluronic acid in its
stipe, while the blades have much lower guluronic acid content, potentially to allow
them to be more flexible (Draget et al., 2005). The composition of alginates have
been found to vary due to some factors, such as species examined, tissue type or
the environment they inhabit (Craigie et al., 1984; Haug et al., 1974).

1.3.1.4. Application of brown algal alginates

Alginate is a commercially valuable chemical, used by many different
industries (Draget and Taylor, 2011). It has been used in nanotechnology
(Kovalenko et al., 2011; Zhao et al., 2012), in fuel and ethanol production (Enquist-
Newman et al., 2013; Wargacki et al., 2012; Wei et al., 2013), encapsulation
technology (Ertesvag and Valla, 1998) and in the cosmetic and food industries as a

thickening agent (Gomez-Diaz and Navaza, 2003; Podkorytova et al., 2007).

1.3.2. Sulphated fucans

Sulphated fucans (fucoidans) are a group of sulphated polysaccharides
containing a-L-fucose residues, but can also contain mannose, xylose, galactose
and uronic acid (Percival and Ross, 1950). They are present in all brown algae
studied to date, but not in the other marine and freshwater algal groups (green, red)
nor plants. Plants and other algae are not completely devoid of sulphated
polysaccharides. Sulphated galactans have been found in red algae as well as
marine angiosperms (Aquino et al., 2005; Pereira et al., 2005), whereas sulphated
glucans, sulphated galactans and sulphated arabinogalactans have been found in
green algae (Matsubara et al., 2000; Uehara et al., 1992). However, sulphated

fucans remain unique to brown algae.
1.3.2.1. Structure

Being a group with a high amount of variability in their structure, sulphated
fucans can be classified into three groups based on their backbone structure:
fucoidans (homofucans), ascophyllans (xylofucoglucuronans) and galactofucans

(glycurunofucoglycans). The homofucan backbone is composed of pure fucose, the
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ascophyllan backbone is composed of uronic acid, whereas galactofucans have a
galactose rich backbone (Fig. 1.6A, B and C; Kloareg and Quatrano, 1988).

A B C HO CHZOH

5K OH
i OH\““OH HO oH — %" Ho— oH OH

Figure 1.6. Chemical structure of 3 types of backbone residues in sulphated
fucans. (A) fucose (B) uronic acid (C) galactose.

1.3.2.2. Biosynthesis of sulphated fucans

The exact biosynthesis of sulphated fucans in brown algae has not been
investigated fully. It is suggested that GDP-L-fucose acts as a precursor. In cells,
fucans are thought to be synthesized as a polyfucase carbohydrate and then
sulphated (Quatrano and Crayton, 1973). The polymerisation and the sulphation
are thought to be catalysed via fucosyltransferases and sulfotransferases,
respectively (Michel et al., 2010). There is some evidence that the final sulphation
step might be happening in the Golgi apparatus, before being transported to the wall
(McCully, 1968). The modifications of the fucans are thought to be done via activity
of glycosyl hydrolases and/or sulfatases (Michel et al., 2010). In the Ectocarpus
genome, enzymes that might have the function to modify and synthesise sulphated
fucans de novo have been suggested (Michel et al., 2010).

1.3.2.3. Biological role of sulphated fucans

Sulphated fucans are found in brown algae, as well as marine invertebrates
(Mourédo and Bastos, 1987; Mulloy et al., 1994). It is thought that sulphated fucan
production correlates with the increased salinity exposure in some species of marine
angiosperms (Popper et al., 2011). Furthermore, the depth at which the algae are
found seems to have an influence on the amount of fucoidan found in the algal cell
walls; the amount decreases as the depth increases, suggesting a role in
desiccation protection (Black, 1954; Mabeau and Kloareg, 1987). In addition,

sulphated fucans are known to play a role in the zygotic development in fucoid
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species by affecting the adhesion to the substrate (Crayton et al., 1974) and could
be involved in tethering other polysaccharides in the cell wall (Bisgrove and Kropf,
2001).

Sulphated fucans have a wide range of bioactive uses in animal medicine
such as anti-coagulant and anti-thrombotic activity, response to inflammation and
immune systems, anti-proliferative and anti-adhesive effect on cells and antiviral

activity (reviewed in Boisson-Vidal et al., 1995).

1.3.3. Cellulose

Cellulose represents the third major component of the cell wall, however,
unlike plants, only a small proportion of the brown algal wall is made of it, varying
from 1 — 8 % of the dry weight (Cronshaw et al., 1958). In plants, the cellulose
representation in dry weight is much higher, ranging from 15-40% (Cosgrove and
Jarvis, 2012). This difference most likely reflects the environments these two groups
inhabit; cellulose is a load-bearing component which gives strength to the plant body
to stay upright, whereas brown algal bodies need to be more flexible (less stiff

material like cellulose) due to the water action in their aqueous environments.
1.3.3.1. Structure of cellulose

Cellulose is a linear homopolysaccharide composed of 3-D-glucopyranose
residues, linked by (1 -> 4) glycosidic bonds (Purves, 1954). The ability of hydroxyl
groups in cellulose to form molecular hydrogen bonds within or between different

chains allows cellulose to form microfibril structures (Delmer and Amor, 1995).
1.3.3.2. Biosynthesis

Cellulose microfibrils are produced and deposited in situ by cellulose synthase
complexes (CesA), which are localised in the plasma membrane (Peng and Jaffe,
1976). Glycosyl transferases (GTs; catalyse establishment of glycosidic linkages)
have been found in the genome of brown alga Ectocarpus with 88 representatives
(32 families). In one of the families, GT2, 9 enzymes have been found to consist of
membrane proteins homologous to CesA and cellulose synthase-like (CSL) proteins
from plants (Michel et al., 2010).
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The action of forming microfibrils in the CesA complexes is different between
plants and algae. These terminal complexes in plants form rosettes resulting in a
cylindrical shape of cellulose microfibrils (Brown Jr., 1996). In contrast to plants,
terminal complexes in brown algae do not form rosettes, but rather single rows
comprising between 10 and 100 subunits, resulting in a ribbon shaped structure
(Tamura et al., 1996). These ribbon-like structures have a thickness of around 2.6
nm and a variable length of 2.6 — 30 nm (Tamura et al., 1996). Another interesting
difference between plant and brown algal cellulose biosynthesis lies in the
positioning of terminal complexes as they move along the membrane. In plants, the
complexes are guided by microtubules (Heath, 1974), whereas in brown algae it is

thought that actin filaments have this role (Katsaros et al., 2002).

1.3.4. Phlorotannins

Besides the three aforementioned polysaccharides, the brown algal cell wall
includes other structures, such as phlorotannins. Phlorotannins are a group of
polymers formed of phloroglucinol (1,3,5-trihydroxybenzene) monomer units.

Vesicles within cells called physodes serve as a storage for most of the
phenolics found in brown algae (Ragan, 1976). Phlorotannins are involved in a
number of physiological process within brown algae such as chemical defence,
protection against oxidative damage from UV radiation and interactions with other
organisms (Henry and Van Alstyne, 2004; Targett and Arnold, 1998). In addition,
they are an integral component of brown algal cell walls (Schoenwaelder, 2002).
Phlorotannin concentrations have been found to vary from 0.5 -13% of the overall
dry mass in brown algal species, depending on the geographical area (Targett et
al., 1992).

Besides their biological role in brown algae, phlorotannins have been
reported to have several bioactivities in animals such as antioxidant and anti-
inflammatory (Kim et al., 2009; Wang et al., 2012), anti-carcinogenic (Kong et al.,
2009), anti-HIV (Artan et al., 2008), anti-diabetic (Okada et al., 2004), as enzyme
inhibitors (Shibata et al., 2002) as well as bactericides (Nagayama et al., 2002).
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1.3.5. Cell walls in brown algae and plants — a mechanical role in shape

formation

There has been discussion in the past years about how cell wall components
affect cell growth in plants. Although the cellulose represents the load bearing
component, it has been shown that pectin has an important mechanical role in plant
growth (Braybrook and Peaucelle, 2013). The major type of pectin,
homogalacturonan (HG) is a simple polymer of 1-4 linked a-D-galacturonic acid in
which residues may be methyl-esterified. The degree of esterification determines
the pectin’s mechanical state as follows: when de-esterified, calcium ions (Ca?*) can
bind and cause the cross-linking of pectin, ultimately resulting in a more rigid cell
wall (Fig. 1.7A). When esterified, pectin chains do not cross link with each other and
the cell wall is less rigid. The indications for this have been found in a variety of plant
systems; diffuse meristematic growth where the pectin chemistry relates to the
active growth site (Braybrook and Peaucelle, 2013; Peaucelle et al., 2011), as well
as tip growing pollen tubes where a similar pattern has been recognized (Chebli et
al., 2012). The difference between these two forms of pectin likely plays a large role

in determining where and when the growth will occur.

As previously mentioned, in brown algae, a similar situation might happen.
Alginate is a simple polymer of 3-D-mannuronic acid and a-L-guluronic acid. These
two components always come in blocks, creating the so called M and G blocks
(Haug et al., 1966; Haug et al., 1967). The G blocks have the ability to bind divalent
cations (e.g. Ca?*, Ba?*, Sr?*; Smidsrgd et al., 1972), similarly to de-esterified pectin.
M blocks, on the other hand, do not have this feature (Fig. 1.7B). Furthermore,
alginate structure can be modified by post-polymerisation enzymatic modification
(mannuronan C-5-epimerase (MC5E) turning M to G (Ertesvag et al., 1995). lonic
binding by G blocks likely leads to gel rigidity in a manner similar to HG-Ca binding
in plants (Draget et al., 2005; Fig. 1.7A, B).

Despite the differences in the cell wall composition, it might be that the gel-
like matrix polysaccharides act in a similar manner to regulate growth in these highly
divergent, multicellular brown algae. The similarities go further, as the overall

mechanics of cell growth in plants and algae are the same, perhaps owing to their
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similar wall structures. Internal turgor pressure is the main force that drives cell
growth and the rate of growth is regulated by the cell wall itself. Furthermore, in
diffuse growth, the orientation of the cellulose microfibrils determines the direction
of growth, whereas the polarised deposition of wall material determines the tip
growth (Baskin, 2005; Cosgrove, 2005; Kropf et al., 1998).
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Figure 1.7. Mechanical link between the pectin and alginate structure. A) Pectin
homogalacturonan is a chain formed of a-(1-4)-linked D-galacturonic acid. PME
(pectin methyl esterase) removes methyl groups from the residues. They can then
cross link with calcium ions (Ca?*) and make the gel stiffer. PMEi inhibits the effect
of PME which leads to methyl esterified residues. B) Alginate is a chain formed of
M (mannuronic acid), G (guluronic acid) and MG (mannuronic and guluronic acid)
blocks. Ca?* can bind to the G blocks of the alginate making the gel stiffer.

1.4. Investigating properties of cell walls

The process of morphogenesis in walled organisms can occur through two

processes: an increase in internal pressure, which overcomes the wall strength and
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through a combination of modification of wall composition followed by a mechanical
response (wall loosening). In order to understand how the two latter processes
relate to each other, a combination of two methods can be applied: atomic force
microscopy (AFM) for mechanical properties, and wall immunolocalisation for the

spatial-biochemical properties.

1.4.1. Mechanical characterisation of cell walls

From a mechanical perspective, walled organisms are special in two aspects. The
first relates to the cell wall, which acts as a mechanical barrier for growth. The
second encompasses internal pressure, which pushes onto the cell wall and keeps
the cells turgid. As such, morphogenesis in walled organisms relies highly on
mechanical changes that occur on a cellular level. Only in the past decade, the
mechanical aspects of growth have started to be explored. The methods used
include ball tonometry, micro- and nano-indentation, depending on the area of
indentation (ball tonometry 300 - 5000 pm, micro-indentation 1-11 pm, nano-
indentation 10-40 nm; Milani et al., 2013). Atomic force microscopy (AFM) can be

applied for both micro- and nano-indentation.

AFM-based indentation can be used to investigate different physical
properties of a biological sample (such as elastic, plastic and/or viscoelastic
properties). The experiments are performed by indenting the area of interest with a
tip attached to a cantilever (Fig. 1.8A). Each indentation results in two force-
indentation curves. Each curve pair describes the movement of the AFM cantilever,
as it approaches, deforms and retracts (Fig. 1.8B). From this curve, an elastic
modulus (Young’s modulus, Ea) can be extrapolated. Young’s modulus represents
a coefficient that reports the material’s elasticity. If a material has a high Young’s
modulus, it means the material is less elastic, hence stiffer. The process of
calculating Young’s modulus from indentation data involves fitting the obtained
approach curve to a mechanical model. The model most currently used for curve
fitting is the Hertzian model; developed for elastic homogeneous materials. Even
though the cell wall does not behave as a purely elastic material, this modulus is the

best qualitative method currently applicable.
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In plants, AFM-based techniques have been used to explore the mechanics
of different systems such as shoot apical meristems (Braybrook and Peaucelle,
2013; Milani et al., 2014; Peaucelle et al., 2011), roots (Fernandes et al., 2012) and
pollen tubes (Chebli et al., 2012; Geitmann and Parre, 2004). To date, AFM has not
been extensively used in exploring brown algae; the potential of this method has
only recently been demonstrated in a brown algal model system Ectocarpus

siliculosus (Tesson and Charrier, 2014).

There are several advantages to use an AFM-based technique to explore
brown algal cell walls. The ability of the process to be performed in water is the first
step towards applying these methods to an aqueous system, such as algae.
Furthermore, Ectocarpus, as well as one of the systems used in this study (F.
serratus embryo) have natural adhesive properties that keep them in place; a fixed

sample is a necessity for these types of techniques due to their indenting nature.
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Figure 1.8. Basic process of atomic force microscopy method. (A) The
microscope consists of a cantilever with an attached tip. When the cantilever
touches the surface of the sample, it bends; this results in the deflection of the laser
pointed at the cantilever. The reflected laser beam is detected by a photodiode
detector. (B) The output of a single indentation results in two curves, the
approaching and the retracting curve. As the tip approaches the surface, no contact
is established yet (flat right portion of the red curve). When the tip hits the sample
the contact point is established and the indentation begins until it reaches the set
indentation force (black rectangle). After it has reached the given force, it starts the
retraction, first decreasing the depth of indentation (still seen as in contact), and
then moving away from the sample.
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1.4.2. Spatial distribution of brown algal wall components

Immunolocalisation is a method based on the detection of specific targets
called antigens (mostly proteins or polysaccharides) in biological samples by
antibodies as probes. The fundamental ability of antibody production as a response
of animal immune systems to foreign substances has been exploited in the field of

biochemistry to develop new antibodies binding to a range of targets (epitopes).

In plants, a range of antibodies has been raised in the past to explore the role
of both primary and secondary cell wall components in different aspects of cell and
developmental biology (see review Knox, 2008). The immunolocalisation approach
has been used to investigate potential correlation between pectin methyl
esterification status and the mechanical properties (antibody 2F4 in meristems -
Braybrook and Peaucelle, 2013; Peaucelle et al., 2008); antibodies JIM5 and JIM7
in pollen tubes - Chebli et al., 2012).

Recently, a range of antibodies have been raised against brown algal cell
walls (Torode et al., 2015; Torode et al., 2016). A portion of these antibodies binds
to the alginate fraction of cell walls, whereas the rest has been developed to bind to
the sulphated fucan component (Appendix 1.). This enabled the exploration of a
variety of questions related to the role of cell walls in brown algal development and
biology that have started to be addressed (Torode et al., 2016).

1.5. Studying brown algal cell walls and morphogenesis —
step towards understanding different evolutionary paths

to shape formation

Brown algal species show the highest variation in shape morphologies across
all the algal lineages. In addition, their evolutionary position on the tree of life makes
them an interesting group to explore multicellularity and morphogenesis. It is
fascinating that similar morphogenetic traits seem to have reappeared in very distant

organisms during the evolution of eukaryotes; e.g. brown algae and plants. It seems
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that different lineages have managed to find different convergent ways to produce
similar body shapes, regardless of their phyletic legacy.

As organisms whose cells are encapsulated within the cell wall, the form of
brown algae is largely determined by the shape of this wall and changes within are
of fundamental importance during cell morphogenesis. Given the similarities in cell
wall structures, one might expect that developmental patterns could be similar
between plants and brown algae, regardless of their very distant evolutionary
pathways. In contrast, similarities in specific aspects of cell biology (such as cell
walls) might not directly involve similarities in other aspects of morphogenesis.
Although very special, brown algal morphogenesis has scarcely been studied in the
past. Therefore, exploring mechanisms of pattern formation and cell wall mediated
shape change in this lineage could provide answers and more insight into different

or similar evolutionary solutions to morphogenetic processes.

1.6. Aim of the study

The aim of the project is to explore potential mechanisms governing growth
and morphogenesis in brown algae, with special focus on the cell wall role during
this process. The project addresses these questions in two developmental aspects:
apical growth driving pattern formation and early algal embryogenesis.

Apical growth and pattern formation

In Chapter 2, | explore the potential mechanisms of apical patterning and the
role of cell wall in organ formation in a brown alga, Sargassum muticum. It exhibits
interesting spiral phyllotactic pattern (positioning of new organs) in its apex, which
is strikingly similar to many plant species. Sargassum was chosen as the best
system to address these questions because of the aforementioned interesting
morphology, as well as its availability on the UK coast and the ability to use them
for in vitro experimentation. To understand how branching occurs in a brown algal

species, | look into the link between the phyllotactic pattern and the meristem cell
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divisions, potential changes in the cell wall biochemistry and mechanics during
branch outgrowth as well as the possible role of a phytohormone auxin in the

patterning.
Embryogenesis

Chapters 3 and 4 explore the process of embryogenesis in a brown alga
Fucus serratus. The fucoid zygote has been used before as a model system to
address several fundamental developmental questions. Its development starts free
from the mother tissue and its fertilisation can be finely orchestrated in vitro resulting
in a large number of fertilised eggs. In addition, it is present along the coast of the
United Kingdom. All these addressed characteristics represent major reasons why
this species was chosen to address the questions interesting for this project.
Chapter 3 concentrates on characterising the embryogenesis process in F. serratus,
with special attention to describing novel insights into the cell wall mechanics and
biochemistry and a specific type of growth observed, tip growth. Chapter 4 explores
in more depth the relationship of tip growth with cytoskeleton, calcium and cell wall

and their effects on growth and cell wall properties.
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Chapter 2. Towards an understanding of
spiral patterning in the Sargassum
muticum shoot apex

The majority of Chapter 2 was published in Scientific Reports (2017); for details
see ‘Publications’ page (p. xv). Results not included in the published MS are

denoted in the Materials and Methods section with *.

2.1. Summary

In plants and parenchymatous brown algae the body arises through the
activity of an apical meristem (a niche of cells or a single cell). The meristem
produces lateral organs in specific patterns, referred to as phyllotaxis. Two different
control mechanisms have been proposed: one is position-dependent and relies on
morphogen accumulation at future organ sites; the other is a lineage-based system
which links phyllotaxis to the apical cell division pattern. Here | examine the apical
patterning of the brown alga, S. muticum, which exhibits spiral phyllotaxis (137.5°
angle) and an unlinked apical cell division pattern. The Sargassum apex presents
characteristics of a self-organising system, similar to plant meristems. In contrast to
complex plant meristems, | was unable to correlate the plant morphogen auxin with
bud positioning in Sargassum, nor could | predict cell wall softening at new bud sites.
The data suggest that in S. muticum there is no connection between phyllotaxis and
the apical cell division pattern, indicating that a position-dependent patterning
mechanism may be in place. The underlying mechanisms behind the phyllotactic

patterning appear to be distinct from those seen in plants.
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2.2. Introduction

In developmental biology, fate decisions (such as where to place a new
organ) often exhibit characteristics of emergent phenomena. Such decisions are
often made based on a position-dependent patterning system where the position of
a cell within a tissue or organ specifies its fate and a signal (or morphogen) acts as
an instructive agent (Scheres, 2001). An alternative mechanism depends on cell
lineage, although this seems less prevalent in walled organisms such as plants
(Scheres, 2001). When one examines the processes behind aerial organ positioning
in plants, phyllotaxis, two major theories emerge: in some early diverging land
plants, phyllotactic patterning is attributed to patterned divisions at the meristematic
apical cell; in Spermatophytes (seed plants), paterns are attributed to a morphogen-
based mechanism. The latter is considered as position-dependent patterning and

the former as lineage-dependent.

Early diverging land plants, such as mosses and ferns, maintain a single
apical cell which acts as a stem cell for the apex (Nageli, 1845a; Nageli, 1845b;
Schiepp, 1926). In mosses, the pattern of leaf production may be seen as lineage-
dependent as it follows the apical cell patterning directly (Harrison et al., 2009;
Renzaglia et al., 2000). In horsetails and fern apices, the arrangement of the leaves
is independent of the division pattern in the apical cell (Bierhorst, 1977; Golub and
Wetmore, 1948). These latter two examples hint at a position-dependent patterning
mechanism which takes place post apical-cell division. Further evidence for a self-
organising and robust patterning mechanism in ferns comes from experiments
where apical cell ablation does not lead to growth arrest, but instead to a new apical
cell establishment and subsequent spiral phyllotaxis about the new centre (Cutter
and Voeller, 1948; Wardlaw, 1949). Work in ferns from Wardlaw (1949) and in
flowering plants from Snow & Snow (1935) explored positional patterning
mechanisms which were both physical (tissue tension) and morphogen (the
phytohormone auxin) based; however, no further modern explorations have been

conducted in these species to our knowledge.

In Spermatophytes the meristematic activity in the shoot apex is attributed to
an organised group of cells. This niche serves as a reservoir for production of cells

which then give rise to the lateral organs (Meyerowitz, 1997; Steeves and Sussex,
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1989). Phyllotactic patterning occurs independently from division patterns within the
meristematic niche and evidence exists for a position/morphogen-based patterning
mechanism: organs emerge due to local auxin accumulation (Reinhardt et al.,
2003a). Auxin moves through plant tissues via specific efflux and influx transport
proteins, which have been found to be involved in phyllotaxis regulation. Auxin is
thought to be transported upwards into the meristem through the epidermis. The
newly forming primordia in the meristem act as sinks — they accumulate auxin,
creating a local auxin maxima, resulting in a defined pattern of its distribution, which
corresponds to the observed leaf phyllotactic pattern (Reinhardt et al., 2003a). This
auxin accumulation is then followed by the softening of tissues at specific positions
at the shoot apex (Braybrook and Peaucelle, 2013; Milani et al., 2014). Stochastic
fluctuations in auxin concentration can lead to coordinated polarisation of auxin
transporters and result in a self-organising pattern of organs (Jonsson et al., 2006).
Ablation of the meristematic niche leads to re-establishment of a new niche and
organised phyllotaxis lending weight to a robust self-organising mechanism rooted

in the morphogen auxin (Reinhardt et al., 2003b; Steeves and Sussex, 1989).

Plants are not the only organisms to display spiral organ arrangement. Two
genera of parenchymatous multicellular brown algae, in the order Fucales, arrange
their organs in spirals: Sargassum and Cystoseira (Church, 1920; Peaucelle and
Couder, 2016). Other members of the order tend to display dichotomous branching
(e.g. Fucus sp.). The body of parenchymatous brown algae is built through the
meristematic activity of an apical cell (Fritsch, 1945; Katsaros, 1995). In the Fucales,
the apical cell presents as three or four sided in transverse view and divides from
these faces (Clayton et al., 1985; Kaur, 1999; Klemm and Hallam, 1987; Moss, 1967;
Moss, 1969; Nizamuddin, 1967; Yoshida et al., 1983). In some cases, the apical cell
is thought not to divide but rather to stimulate the cells around to do so (Moss, 1967).
In Cystophora, it has been proposed that the division pattern of the apical cell drives
the observed branching pattern of the thallus, similar to the lineage-dependent
theory for moss (Klemm and Hallam, 1987). In Fucus, if the apical cell is removed
growth of the branch ceases (Moss, 1967), indicating a less robust patterning
mechanism than seen in spermatophytes, ferns and lycophytes. As such, the
literature indicates that phyllotactic patterns in parenchymatous brown algae may

be lineage-dependent. Furthermore, it remains unclear whether phytohormones
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(auxin as the primary candidate) play a role in brown algal phyllotaxis. Auxin has
been detected by GC-MS in the brown alga Ectocarpus siliculosus and some genes
in the auxin biosynthetic pathway have been found in its genome (Le Bail et al.,
2010). In addition, auxin has been shown to have an effect on brown algal
development. Chamberlain et al. (1979) showed that the auxin indole-3-acetic acid
(IAA), when applied exogenously, significantly reduced growth of primary laterals in
Sargassum muticum. Fucus vesiculosus and Ectocarpus siliculosus have both been
shown to exhibit auxin-related phenotypic changes — a modified branching pattern
(Basu et al., 2002; Le Bail et al., 2010). However, the local effect of auxin or other
phytohormones on brown algal phyllotaxis has not yet been explored to date.

In S. muticum, while a clear apical cell is present (Yoshida et al., 1983) the
shoot apex is similar in organisation to that seen in ferns and spermatophytes: a
large central area is surrounded by emerging organs in a spiral pattern (Simons,
1906). Since the brown algae have evolved completely independently from plants
(Baldauf, 2003), it is fascinating to see similar spiral leaf patterns emerging in the
shoots of Sargassum as those seen in that distant kingdom. Here | explore the apical
organisation and spiral phyllotaxis observed in S. muticum, and begin to investigate
its robustness and underlying mechanisms by comparison to those proposed in

plants.

2.3. Materials and Methods

2.3.1 Sample collection and processing

The samples were collected in Rottingdean (East Sussex, United Kingdom)
between November 2015 and February 2017. After collection, they were transported
in seawater to the laboratory and kept at 4°C. Processing was done shortly after
returning back to the laboratory. The specimens were dissected using fine tweezers
and used for further experiments. The medium used in the experiments was filter

sterilised artificial seawater (ASW, Tropic Marin Sea Salt; Tropic Marin, Germany).
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2.3.2. Imaqging of the apices for divergence angle measurements

Sargassum apices were dissected using fine tweezers by removing all the
leaves from their base, until the central region of the apex was clearly visible. The
apices were then cut to a 1 cm length and anchored by insertion into Petri dishes
containing 1% agarose melted in ASW and flooded with ASW to cover. Images were
taken using a VHX 5000 microscope (Keyence (UK) Ltd, UK). Measurements for
the divergence angle were done using the VHX 5000 Keyence software; centres of

each organ were used in reference to the centre of the apex.

2.3.3. Histology

The apices were fixed in a fixative containing 2.5% glutaraldehyde and 2%
formaldehyde in artificial seawater. They were then dehydrated through 10%
ethanol steps and embedded in LR White resin (Agar Scientific, UK). Samples were
then cut in 1 um slices using an ultramicrotome. Sections were placed onto slides
and left to dry at room temperature. Sections were then stained with 0.05% Toluidine
blue O solution for 5 minutes, washed, covered with a cover slip and imaged under

a light microscope.

2.3.4. Cell division pattern guantification

As time-course analysis of division was technically impossible around the
apical cell due to its internal position, | was limited to fixed and sectioned material
and so needed to make assumptions on division time based on position, the so-
called ‘pseudo-time progression’. | hypothesised that the three-sided apical cell
divides by sequentially cutting off a daughter cell from each of its three faces in a
progressive manner. The pattern described was based on this phenomenon: the
daughter cell with least cell divisions (usually just one or none) and closest to the
mother apical cell was therefore determined to be the youngest newly formed
daughter. From this daughter cell, the second youngest was determined based on
the same parameters: least cell divisions (one, two or three) and still close to the
mother cell, but at a rotated position. If the daughter cells on two sides of the mother

apical cell had the same number of divisions, the age of them was assessed by
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looking at the next layer of cells, again based on how many cell divisions are
present.

The apical cell resembles an equilateral triangle and because the divisions
are predicted to occur at sequential faces of this triangle, the angle is roughly 120°.
The central point of the triangle was calculated by finding the crossing point of the
three altitude lines. After calculating the centre, lines from there to the interface of
the two daughter cells were drawn and the angle was calculated for each of these
divisions (Fig. 2.1).

2.3.5. Apex ablation

Sargassum apices were dissected and handled as described above. The

following manipulations were performed:

a. The apices were precisely stabbed using a fine needle in the middle of the
meristem, where the apical cell is located.

b. *The apices were cut perpendicular to the surface with a double sided razor
blade, creating a slice through the meristem and the peripheral area.

c. *A single bud was removed from the apex by making a circular cut around it

with a fine needle.

The images of the apices were taken using a VHX 5000 microscope
(Keyence (UK) Ltd, UK). The samples were kept in culture under 16°C, 12:12 hour
day night cycle, 60 umol m-2 s-1. After 20 days, they were dissected again to
remove the newly grown leaves and imaged again. Furthermore, the stabbed
meristems were fixed, dehydrated, embedded in resin as previously described. The
embedded apices were then cut into serial 1 um sections (every 5 um throughout
the meristem), stained with TBO as above and imaged under Zeiss Axio Imager M2

(Zeiss, Germany).
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Figure 2.1. Analysis processes for meristem zones and apical cell division
angles. A) Raw image of a meristem showing lighter colour in the middle (area
where the apical cell is positioned); (B) same image with a black circle around the
approximated apical pit area. (C) 3D image of a Sargassum apex with a topological
line drawn through the middle; blue arrow points and the apical pit. (D) Scheme of
a transverse section of an apical cell and daughter cells showing the method of
determining the division process: apical cell is seen as an equilateral triangle; dotted
lines correspond to the altitude for each triangle side whose crossing point
determines the centre. The division angle is measured by drawing 2 lines from the
centre through the two interfaces which the daughter cell shares with its
neighbouring cells.

2.3.6. Alginate immunolocalisation

The apices, *stem and leaf tissues were fixed, dehydrated and embedded in
resin as described above. The sections were placed on Vectabond coated multitest

8-well slides, 2 sections per well (Vector Laboratories, USA).

The samples were incubated in a blocking solution of 5% milk for 2 hours.
They were then rinsed with phosphate buffered saline (PBS; 2.7 mM KCI, 6.1 mM
Na2HPO4, and 3.5 mM KH2POa4) and incubated in 60 pl of 1/5 (in 5% milk)

monoclonal primary antibody for 1.5 hours. After the incubation, the slides were
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washed with PBS 3 times for 5 minutes each, followed by incubation in 60 ul of
1/100 (in 5% milk) IgG-FITC secondary antibody (F1763, Sigma-Aldrich). This was
followed with a 5x5 minute wash in PBS, after which the samples were mounted in
Citifluor (Agar Scientific, UK), covered with a coverslip, sealed and imaged under a
Leica SP8 confocal microscope (Leica Microsystems, Germany). Three antibodies
were used: BAM6 (M-rich areas), BAM7 (MG-rich areas) and BAM10 (G-rich areas).

The antibodies used were gifts from Prof. Paul Knox (University of Leeds).

2.3.7. Auxin immunolocalisation

The protocol was adapted from Le Bail et al. (2010). The Sargassum and
Arabidopsis apices were dissected and prefixed in 3% of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDAC, Sigma-Aldrich, USA) followed by an
overnight fixation in FAA (47.5% ethanol, 5%acetic acid, and 10% formaldehyde in
ASW). Samples were then dehydrated and embedded in resin as described above.
One pum sections were cut using the Leica ultramicrotome and placed on Vectabond
coated slides. The slides were placed into PBS for 5 minutes and then incubated in
a blocking solution (0.1% [v/v] Tween 20, 1.5% [w/v] Glycine, and 5% [w/v] bovine
serum albumin (BSA) in dH20) for 45 minutes. The sections were rinsed in a salt
rinse solution for 5 minutes, a quick wash with 0.8% (w/v) BSA in PBS and incubated
in 60 pl of 1:100 monoclonal anti-IAA antibody (Sigma Aldrich, USA) overnight at
4°C. The slides were vigorously washed three times for 10 minutes with a high salt
rinse solution (2.9% [w/v] NaCl, 0.1% [v/v] Tween 20, and 0.1% [w/v] BSA in dH20)
and then washed for an additional 10 minutes in a salt rinse solution and a rinse
with 0.8% (w/v) BSA and then in PBS. 60 pl of 1:100 (v/v) dilution of 1mg mL* goat
anti-mouse 1gG antibody Alexa Fluor® 488 (Invitrogen, USA) was added to each
well and incubated for 4 h at room temperature. The slides were washed 5 times for
10 minutes in the salt rinse solution followed by a brief was in PBS, mounted in
Citifluor (Agar Scientific, UK), covered, sealed and imaged under a Leica SP8

confocal microscope (Leica Microsystems, Germany).
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2.3.8. *Atomic force microscopy (AFM)

The apices were dissected using fine tweezers, cut to a length of
approximately 3-5 mm, placed onto a glass slide and fixed in place with 1% agarose,
making sure not to cover the apex. The glass slides were then positioned under the
atomic force microscope. The AFM data were collected using a NanoWizard AFM
with a CellHesion (JPK Instruments AG, Germany). The elasticity of the
meristematic area was determined by indenting the surface in 100 pm x 100 pm
squares with 3 N/m stiffness cantilever and a 10 nm diameter tip (Nanosensors,
PPP-CONT, Windsor Scientific Ltd., UK). The indentation depth was around 1.5 pm
with a force of 500 nN.

Each force-indentation experiment was treated with a Hertzian indentation
model to extrapolate the apparent Young's modulus (Ea) using the JPK Data
Processing software (JPK Instruments AG, Germany). The Ea was presented as a

stiffness heat map.

2.3.9. Exogenous auxin treatment

The Sargassum apices were cut to a length of approximately 1 cm, dissected
and anchored by insertion into 250 mL sterile plastic containers containing 1%
agarose melted in ASW. They were then flooded with exogenous auxin in ASW -
50uM 1-Naphthaleneacetic acid (NAA) and 2, 4-Dichlorophenoxyacetic acid (2, 4-
D). The same amount of DMSO in ASW was used as a control treatment (50uM).
The images were taken using a VHX 5000 microscope (Keyence (UK) Ltd, UK). The
samples were kept in culture under 16°C, 12:12 hour day night cycle, 60 pmol m2
s1. After 20 days, they were dissected again to remove the newly grown leaves and

imaged again.
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2.4. Results

2.4.1. The arrangement of leaf buds in the S. muticum meristem follows the

golden angle

The S. muticum plant is attached to the substrate (e.g. rock) through a discoid
holdfast from which the upper body arises. Its main body is formed of one main
primary branch and a number of lateral branches that hold leaves, air vesicles and
reproductive structures (Fig. 2.2A). The apex of S. muticum has a striking
‘phyllotactic’ pattern, where subsequent branches are spirally organised with
respect to each other (Church, 1920; Peaucelle and Couder, 2016). At the apex,
these branches begin as leaf buds (Critchley, 1983a). In order to characterise the
spiral pattern more fully, a detailed analysis of S. muticum apices collected in the

field was performed.

S. muticum apices were qualitatively divided into two zones: the apical pit-
region, where pro-meristem cells were produced (Fig. 2.2B, pink), and the peripheral
region where new leaf buds formed (Fig. 2.2B, yellow). In primary lateral apices the
meristem size (proxied by presented area of the pit-region, Fig. 2.2B, pink) was not
correlated with stipe length, which is representative of apex age (n (individuals) = 7,
n (branches) = 22, Fig. 2.3). Within the peripheral region, the phyllotactic pattern
was spiral and presented an average divergence angle (angle between two
sequentially-aged buds) of 137.53 + 2.08° (Fig. 2.2B, C; n (meristems) = 57). The
organisation and phyllotactic pattern observed in the apices of S. muticum was

highly regular and resembled that seen in complex multicellular plant apices.
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Figure 2.2. The S. muticum apex displays distinct patterns which are
independent of each other. (A) The morphology of an adult S. muticum alga. (B)
Newly forming buds numbered by increasing age (P1 -> P10) with a representative
divergence angle illustrated between the two consecutive buds. (C) Divergence
angles distribution of measured apices (mean=137.53 + 2.08°; n=260). (D) Division
pattern in a longitudinal section of a Sargassum apex; AC divides to give rise to
three tissues (meristoderm, cortex, and medulla). (E) Apical cell division pattern in
a transverse section of a Sargassum apex; first periclinal apical cell division (red,;
yellow star) followed by radial (orange, yellow; white arrowhead) and circumferential
(blue; black arrowhead) anticlinal divisions. Schematic representation of the division
in the longitudinal direction (F) and the transverse direction (G). (H, I) Clockwise
phyllotaxis with a (L) clockwise or (M) counter-clockwise apical cell division
orientation. (J, K) Counter-clockwise phyllotaxis with a (N) clockwise or (O) counter-
clockwise apical cell division orientation (n=27). *youngest daughter cell, **next-to-
youngest daughter cell.
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Figure 2.3. The age of the stipe and the meristem area. Scatter plot showing a

lack of significant correlation between the length (proxy for age) of an individual stipe

with the diameter of its pit-area (proxy for meristem size; apical cell and the
promeristem cells around it) (n=22, p-value=0.07, r=-0.39; two-sample t-test).

2.4.2. The S. muticum apical cell area suggests a highly organised division

pattern

As the literature seemed to indicate that brown algae phyllotaxis might be
lineage-dependent, we next examined the division patterns of the Sargassum apical
cell to see if its pattern exhibited a golden angle, as in moss. In order to investigate
the possible patterning of cell divisions in the promeristem, and any connection to
the phyllotactic pattern, we examined transverse and longitudinal sections of S.

muticum apices.

In sections, the apical cell of S. muticum presented as bi-convex and
lenticular (longitudinally; Fig. 2.2D) and as three-sided (transversely; Fig. 2.2E)
consistent with literature (Kaur, 1999; Moss, 1969; Nizamuddin, 1967; Yoshida et

al., 1983). Unlike Fucus apical cells, which are reported to stimulate their neighbours
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to divide but refrain themselves (Moss, 1967), evidence of apical cell division was
observed (Fig. 2.2E and Fig. 2.4). In the longitudinal view, divisions appeared to

give rise to three tissues — outer layer (meristoderm) and two inner layers (cortex
and medulla) (Fig. 2.2D, F and Fig. 2.5).

Figure 2.4. Active division of the apical cell. Propidium iodide staining of DNA on
transverse sections showing (A) dense signal localized in the nucleus (B) diffuse
signal of DNA staining — active division stage.

In the transverse direction, the youngest (apical-cell-proximal) division always
appeared to be asymmetric periclinal followed by sequential face divisions from the
apical cell producing promeristem daughters at 119° angles to each other (Fig. 2.2E,
red). In the first three rounds of division (a division round was defined as a pseudo-
time progression that each daughter cell would undergo as it moved away from the
apical cell; see Methods), the daughter cell underwent one or more anticlinal radial
divisions (Fig. 2.2E, orangel/yellow/blue; white arrowhead); the rounds of radial
division never produced more than four cells (Fig. 2.2E, blue). The further divisions
were anticlinal circumferential and created 8 cells in total (Fig. 2.2E, blue, purple;
black arrowhead). After this point it became difficult to discern lineages in
histological sections. The pattern described here was highly conserved although

occasionally an anticlinal circumferential division was observed before the 4-cell
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stage (n=1/30). From these data, it was concluded that the S. muticum apical cell
divided asymmetrically from sequential faces, producing daughter cells at 120°
angles, and that these promeristematic daughter cells further underwent a

regimented division pattern.

Figure 2.5. Types of tissues found in S. muticum as illustrated on a stipe
section. Outer layer (meristoderm, blue), middle layer (cortex, red) and inner layer
(medulla, yellow).

2.4.3. The phyllotaxis pattern and the apical cell division pattern are not

linked

In Cystophora, the apical cell division pattern (bifacial divisions) has been
correlated with the apical branching pattern (Klemm and Hallam, 1987). The

observations in S. muticum suggest that the apical cell divides from all three faces
-36 -



Chapter 2

to produce promeristem daughter cells at an approximate 120° angle (a=119.01 +
6.11°, n=74), while the phyllotactic pattern follows at ~137.5° spiral pattern. In order
to examine whether these two patterns in S. muticum were linked, the chirality in

both the apical and phyllotactic patterns in the same meristems was examined.

The spiral phyllotaxis in S. muticum had either a clockwise or a counter-
clockwise direction with a ratio of ~1:1 (58/118 clockwise, 60/118 counter-
clockwise). In the clockwise and counter-clockwise orientation the older buds were
located to the left side of the younger bud forming a right-handed or a left-handed
spiral, respectively (Fig. 2.2H, I, J, K). This 1:1 ratio is observed in plants as well
(Allard, 1946; Thompson, 1917). With respect to apical cell division patterning, two
patterns were observed: moving out from the apical cell, daughter cells were
produced to the left or the right yielding both counter- and clockwise patterns in a
1:1 ratio (Fig. 2.2L, M, N, O; 28/56 clockwise, 28/56 counter-clockwise).

In order to examine if a connection in chirality was observed, individuals were
imaged under a light microscope and subsequently sectioned to check the
orientation of the apical cell division. In either the counter or clockwise phyllotactic
groups, the apical cells presented as ~1:1 counter- and clockwise (Fig. 2.2H-O,
clockwise phyllotaxis — 8/16 clockwise, 8/16 counter-clockwise apical cell divisions;
counter-clockwise phyllotaxis — 7/11 clockwise, 4/11 counter-clockwise apical cell
divisions). These data strongly suggest that these two patterning mechanisms are
unlinked and may be under separate control. This is highly similar to the patterning
mechanisms seen in multicellular plant apices where the phyllotactic pattern and the
stem cell niche are separately defined by two hormones; auxin and cytokinin
(Chickarmane et al., 2012; Reinhardt et al., 2003a).

2.4.4. Ablation of the apical cell leads to formation of a new apical centre

indicating pattern self-organisation

Given the observed similarities to multicellular plant meristems, | next
examined whether the apical cell and phyllotaxis could re-establish after ablation of

the apical cell. In plants, the stem cell region can re-establish in this way pointing to
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a robust self-organising patterning system (Reinhardt et al., 2003b). In Fucus, such

manipulations led to growth arrest and termination (Moss, 1967).

Apical cell ablations were performed on partially dissected apices either using
a thin needle aimed at the centre of the pit-area, *cutting through the meristem (Fig.
2.6A, B, G; white and orange arrowheads) or by removing a single bud (Fig. 2.7A).
Apices were grown in culture, and re-dissected after a 3-week recovery period
before a second imaging. For the first experiment, four scenarios were observed: in
30% (7/23) of the apices the growth of the central zone had stopped or they were
dead (6/7 dead, 1/7 no new meristem formed, but the existing buds continued to
grow); in 30% of the samples growth continued from what appeared to be a new pit-
region (Fig. 2.6C, D; blue arrowhead, n= 7/23). In these apices, the phyllotactic
pattern after recovery exhibited a spiral pattern. In another 20% of apices, the
meristems seemed to split in two Fig. 2.6E; n= 5/23) but again appeared to present
spiral patterning. In the remaining 20% of the samples, the results were inconclusive
as the imaging methods did not always produce sufficient quality data for pit-area
positioning. Culturing itself did not alter the pattern of buds (Fig. 2.6F). In the
samples where a new pit-area appeared to establish, the wound had moved to the
side of the meristem and the new pit-area was roughly centrally positioned (Fig.
2.6C, D).

In the second experiment where the meristem was cut in half using a sharp
razor, similar outcomes were observed. 50% of meristems re-established a new
centre on one of the halves and continued developing in the spiral manner (Fig 2.6G,
H, I; n=7/15). In 25% of the individuals no visible change was observed (n=4/15),
and in another 25% no conclusions could be drawn, due to imaging limitations or

possible initial accuracy in splitting the meristem in two equal halves (n=4/15).

Isolation of a single bud (Fig. 2.7A) resulted in 25% (Fig. 2.7B, C, black
arrowheads; n=4/16) of meristems presenting an enlarged bud. The other 75% (Fig.
2.7D; n=12/16) of the meristems showed no effect upon removal. Performing such
a precise surgical experiment proved to be difficult, and although a number of
meristems showed a disruption, the interpretation of the results remained

inconclusive.
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These data suggest that the meristematic region of the Sargassum meristem
could re-establish itself indicating a self-organising system similar in nature to that
in plant meristems. The data also imply that when a new apical cell is established,

the spiral phyllotactic pattern can also re-establish.
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Figure 2.6. Abolishing the apical cell can induce formation of a new central
meristem. Sargassum meristem stabbed (white arrowhead) in the region of the
apical cell in top view (A) and in subsequent longitudinal section (B). (C) Formation
of a new central meristem; white arrowhead marks the spot of the stab, blue
arrowhead shows the location of the new meristem. (D) Longitudinal section of a
newly formed meristem (as in C) showing a new apical cell in the new meristem
centre (blue arrowhead) and stabbed area (white arrowhead). Inset: magnified view
of the new apical cell. (E) Apex presenting a split meristem; dashed line shows the
separation of the two new meristems, centers indicated by blue arrowheads. (F)
Control apex, not stabbed. Sample numbers: n=23 stabbed (12 recovered, 7 ceased
growth, 4 unclassified). (G) Top view of the meristem with a cut through the middle
(orange arrowheads). (H) Newly formed meristem on one of the cut sides in top view
and in side view (I). Black circle marks the new spiral phyllotactic arrangement.
N=15 (7 recovered, 4 no change, 4 unclassified).
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Figure 2.7. Removal of a growing bud can perturb the normal apical growth.
(A) Scheme of the surgical approach; one of the newest buds was removed by
circular incision. 25% (n=4/16) of apices shows aberrant growth where one of the
buds becomes enlarged (B, C); black arrowheads point at those buds. (D) 75% of
apices (n=12/16) continue growing normally.

2.4.5. A potential link between auxin and brown algal phyllotaxis is unlikely

In plants, auxin distribution within the peripheral zone dictates the phyllotactic
pattern (Reinhardt et al.,, 2003a). The brown algae Fucus vesiculosus and
Ectocarpus siliculosus have both been shown to exhibit auxin-triggered
morphogenetic changes (Basu et al.,, 2002; Le Bail et al.,, 2010). Since the
phyllotaxis in S. muticum is spiral and highly resembles the one observed in higher
plants, and given the potential for auxin response in brown algae, | next examined

whether auxin could alter, or be correlated with, the phyllotactic pattern.
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Applying auxin externally in the artificial seawater cultivation medium in order
to see if phyllotaxis could be altered had no effect on growth or the phyllotactic
pattern after 20 days in the media containing 50 UM concentration of a natural (1-
Naphthaleneacetic acid, NAA) and a synthetic auxin (2,4-Dichlorophenoxyacetic
acid, 2,4-D) compared to the control (Fig. 2.8). Due to the aqueous nature of the
culture system it was not possible to apply auxin locally, as has been performed in
tomato and Arabidopsis (Braybrook and Peaucelle, 2013; Reinhardt et al., 2000).
These experiments were therefore inconclusive but possibly suggest that external

auxin could not alter phyllotaxis in Sargassum in these conditions.

In order to determine if auxin showed patterned distribution within the apex,
| performed immunolocalisations on sectioned apices using the anti-IAA antibody.
The anti-lIAA signal was strongest in the meristoderm and mucilage external to the
meristoderm with accumulation at apical pits and the bases of buds (Fig. 2.9A, white
arrowhead). Internally, there were regions of high signal within the apex in the
meristoderm although these did not correlate with bud size or position (Fig. 2.9A,
B). Upon close examination, a large amount of signal originated from the mucilage
external to the meristoderm (Fig. 2.9C). These data suggest that auxin may be
accumulating in the meristoderm and mucilage, although its source is undetermined

(see Discussion), and there was little correlation with bud position.
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Figure 2.8. The effect of exogenous auxin on S. muticum phyllotaxis. When
compared to control treatments (A, 50uM DMSO), neither NAA (B) or 2,4-D (C)
auxins influenced phyllotactic patterning when supplied to the apices at 50uM in
artificial sea water. Divergence angle was quantified for n=20 apices per treatment
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Figure 2.9. Indole 3-acetic acid immunolocalisation signal does not appear to
correlate with new bud formation in the S. muticum apex. (A) Anti-IAA antibody
localising to the buds, surface of the meristoderm and the apical pit (white
arrowhead). Higher magnification view of the bud (B) and of the meristoderm cells
(C). Dashed line in (C) delineates the meristoderm outer cell wall. n (meristems) =4.

2.4.6. Elongating organs are predicted to have softer walls and the apical cell

to have stiffer cell walls

In plants, new organs form in the peripheral zone after auxin maxima lead to
wall softening (Braybrook and Peaucelle, 2013). The central zone, containing the
meristematic stem cells, exhibits stiffer cell walls than the peripheral zone or new
primordia (Milani et al., 2014). In most walled organisms, it is assumed that cell
growth is limited by the cell wall and its mechanical properties, in turn linked to its
biochemical composition (Braybrook and Jonsson, 2016; Peaucelle et al., 2008).
Since Sargassum apices were so similar in pattern to the Arabidopsis apex, we
checked whether they might follow similar mechanical rules. Alginate biochemistry
was examined in muro using antibodies raised against different biochemical
epitopes: the BAM10 antibody preferentially recognises guluronic acid within
alginate (Torode et al., 2016), which should be mechanistically rigid through calcium
cross-linking (Grant et al., 1973); furthermore, the BAM7 antibody binds to chains of
mixed mannuronic and guluronic acid residues (MG-blocks) and the BAMG6 antibody
preferentially binds to mannuronic acid residues within alginate, which should be
mechanically less rigid, as these are unable to form calcium cross-links (Torode et
al., 2016).
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Figure 2.10. Mannuronic and guluronic acid immunolocalisation in S. muticum
apical cell. The signals do not show apparent correlation in respect to bud
outgrowth in the S. muticum apex, but show differential localisation in the apical cell
region. (A) BAM10 antibody binds to the guluronic acid rich areas in the cell wall
with a homogeneous distribution throughout the apex. (B) BAM6 antibody binds to
mannuronic acid rich areas in the cell wall, localised at the surface and on cell-cell
junctions in the inner tissues and with a slightly higher abundance in a young bud
(green arrowhead). (C) BAM10 (G-block alginate) antibody signal is distributed
throughout the apical cell and promeristem region in transverse sections. (D) BAM7
(MG-block alginate) antibody signal is present in the apical cell walls and the cell
walls of the promeristem (E) BAM6 (M-block alginate) antibody signal is not detected
in the apical cell and immediate neighbours. BAMG6 localises mainly in the cell
junctions around the apical cell. (F) Average fluorescence signal from three sides of
the apical cell for three alginate antibodies. White arrowheads mark the pit-area
(with an apical cell). AC = apical cell location. n (transverse) = 5, n (longitudinal) =
7.
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In longitudinal sections, BAM10 showed a wide distribution of signal across
the apex (Fig. 2.10A). BAM6 signal was found at the junctions of cells and on the
outer periclinal walls of the meristoderm cells (Fig. 2.10B). There was no obvious
pattern of mannuronic/soft alginate associated with young buds, however signal did
appear higher in slightly older elongating buds (BAMG6; Fig. 2.10B; green
arrowhead). | next looked at the apical cell alginate biochemistry using
immunolocalisations on transverse sections. The BAM10 signal was present and
equally distributed across the apical cell, promeristem cells and the surrounding
cells (Fig. 2.10C, F). The BAM7 signal was present to an extent in the cell walls of
the apical cell, but not equally distributed. The signal was also found in the
promeristem cells (Fig. 2.10D, F). The BAM6 signal was excluded from the apical
cell and promeristem cells (Fig. 2.10E, F). BAM6 signal was detected in more
mature tissues at the junctions between cells (Fig. 2.10E; BAM11= 51.42+4.66,
BAM7=24.06£8.77, BAM6= 2.52+0.48). Control immunolocalisations are shown in
Fig. 2.11.

To determine whether a differential localisation of alginate signals could be
observed in the rest of the S. muticum plant, immunolocalisations on three different
transverse tissue sections were performed of the primary stem close to the meristem
area, primary stem close to the holdfast, and leaves. In upper stem and leaves, the
BAMSG signal was present in the meristoderm and the medulla, whereas the lower
stem exhibited a BAM6 signal mostly in the cortex and to a lesser extent in the other
two tissues (Fig. 2.12).

These data suggest that the apical cell, young promeristem cells and the
peripheral area in the apex have more guluronic acid residues than mannuronic acid
residues, which may lead to stiffer cell walls. Furthermore, a fluorescence signal
was examined in the stem from two areas, a young stem (close to the apex) and an
older stem close to the holdfast. In the younger stem, mannuronic acid rich areas
were found in the outermost and innermost tissues, suggesting softer walls (and
potentially more growth). In the older thallus, mannuronic acid rich areas were found
in the middle tissue, the cortex. Different localisation of mannuronic rich areas in two

distinct areas of the stem could indicate a different growth mode between the two.

=45 -



Chapter 2

Figure 2.11. Control confocal images for the auxin and alginate
immunolocalisations. Arabidopsis thaliana longitudinal section with no primary
antibody control (A) and anti-IAA (B). (C) No primary antibody controls of S. muticum
apex sections for alginate immunolocalisation. (C) Longitudinal section and (D)
transverse. All controls merged with a brightfield image for visualisation. Scale bar
20 pm.
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Figure 2.12. Mannuronic acid immunolocalisation (BAM6) in different
structures of a S. muticum plant. Brightfield (left) and BAMG6 antibody
immunolocalisation (right) in upper younger parts of the stem (A), leaves (B) and
older parts of the stem (C).
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2.4.7. Apex wall mechanics does not change depending on the position of

growing buds

In plant meristems, new organ formation is correlated with local changes in
the wall stiffness. The areas of formed primordia or primordial initials have been
shown to have softer cell walls when examined using atomic force microscopy
(Peaucelle et al., 2011). In order to examine whether the same pattern could be

observed in the Sargassum meristem, the same approach was taken.

Apices from three individuals were tested under the atomic force microscope
to look for changes in wall stiffness relating to new bud outgrowth. Nine to eleven
force maps were created for each apex and grouped according to their position on
the meristem (Fig. 2.13). All three maps covered both growing and non-growing
regions of the apices. Close examination revealed no differences between the two
distinct regions; the newly forming buds did not show a smaller Young’s modulus
(softer walls) when compared to the meristematic region or the non-growing areas
between the buds. This could mean that the pattern of the growing buds might not
be corresponding to the local stiffness decrease in the cell walls, in contrast to what

is observed in plants.

8 MPa

Figure. 2.13. Cell wall mechanics in the S. muticum apical meristem. Maps of
the apparent Young's modulus (Ea) of the three individual meristems (A, B, C)
showing no clear differences in Ea between the growing (buds) and non-growing
regions. The maps represent a collage of 9 (A, C) or 11 (B) 100x100 pm force maps.
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2.5. Discussion

2.5.1. Phyllotaxis is a phenomenon found in evolutionarily distant

photosynthetic lineages

Here | report that the spiral phyllotactic pattern in S. muticum follows the
Golden Angle (~137.5°) in a pattern almost identical to that found in many
multicellular plants. Developmentally, this may not be so surprising since both
organisms display indeterminate growth and produce new organs from an apical
meristem-like region, and both utilise their shoots and branches for light
interception and reproduction. However, it is interesting to see a similar pattern
when the building blocks of multicellularity are completely independent: while both
organisms have cell walls and cell adhesion, the polysaccharides that make up the
wall matrix (pectin and alginate) are distinct. These organisms have evolved
multicellularity independently (Baldauf, 2008) and therefore may have different
communication strategies (morphogen identity). The data presented here indicate
that complex parenchymatous brown algae have a position-dependent patterning
mechanism that results in spiral phyllotaxis, similar to that observed in plants.

2.5.2. AC-based patterning does not underlie phyllotactic patterning in S.

muticum

The apical cell is the centre of the brown algal meristem; its sequential face
divisions create a pool of cells that build the body of the adult alga. In the spiral
meristem of S. muticum the division pattern of the algal apical cell does not relate
to phyllotactic patterning. Firstly, the difference in the divergence angles between
the two patterns does not support a causative relationship — in apical cell divisions,
the angle of the newly produced daughter cell to the previous is 120°, whereas the
observed phyllotactic angle centres on the golden angle of 137.5°. In the moss
Atrichum undulatum, the triangular apical cell exhibits sequential face divisions but
these occur at ~137.5°, an angle which is reflected directly in the phyllotactic angle
(Gola and Banasiak, 2016). In Physcomitrella patens, spiral apical cell divisions lead

to spiral leaf arrangement (Harrison et al., 2009). As this correlation in pattern is not
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seen in S. muticum, apical cell division pattern and phyllotaxis appear to be
unrelated. While growth distortion post-apical-cell cannot be discounted, | believe it
is unlikely given the highly organised nature of divisions seen in the apex. A second
piece of evidence comes from the observation that both patterns could follow either
a left- or a right-handed rotation but the two could be disconnected. My experiments
suggest that apical cell division pattern and phyllotactic pattern are not correlated. |
hypothesise that an apical-cell-independent patterning mechanism exists in

Sargassum, that position is more instructive than lineage.

2.5.3. Apical robustness in S. muticum

When a stem-cell niche or apical cell are destroyed in plants, there are two
outcomes reported in the literature for plants: the apical growth can cease, or the
apex will develop a new stem-cell centre and restart growth (Cutter, 1965; Reinhardt
et al., 2003b; Steeves and Sussex, 1989; Wardlaw, 1949). In examined brown
algae, destruction of the apical cell leads to the termination of apical growth (Clayton
and Shankly, 1987; Moss, 1967); no re-establishment of patterning has been
reported to our knowledge.

In my experiments, S. muticum apices exhibited both outcomes upon apical-cell
destruction (30% of the apices ceased growing, while another 50% showed
continued growth after re-organisation). The continued growth was observed in the
second set of experiments where the meristems were split in two halves (in 50% of
individuals). Similar to plants, my data showed that the phyllotactic pattern in the
Sargassum meristem was also re-established (or maintained) upon apical cell
destruction or meristem disruption (50% of individuals showed re-establishment of
a phyllotactic pattern after splitting the meristems). These data indicate that the S.
muticum apex is capable of re-organisation after apical cell destruction, in a similar
way to that seen in plants. This complexity, and its similarity to those of plants, may
represent a more robust system when it comes to development. This further

supports a morphogen-based position-dependent patterning mechanism.
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2.5.4. Auxin is an unlikely candidate for the phyllotactic morphogen

The potential of auxin as a morphogen has been established in flowering
plants (Reinhardt et al., 2003a), and it has been found to have an effect in the
development of bryophytes (Bennett et al., 2014; Coudert et al., 2015) and brown
algae (Basu et al., 2002; Le Bail et al., 2010; Sun et al., 2004). As such, auxin was
a prime candidate for morphogen-like behaviour in the Sargassum apex. However,
| was unable to detect an effect of exogenous auxin on phyllotactic patterning in S.
muticum. It is possible that the auxins used (1-Naphthaleneacetic acid and 2,4-
Dichlorophenoxyacetic acid) were not effective or that their concentrations require
further optimisation. It is also possible that local applications might have been more
effective: local applications could alter phyllotaxis in the plants Lupinus and
Epilobium (Snow and Snow, 1937) but when more broadly applied in Tropaeolum a

lesser effect was seen (Ball, 1944).

In order to gain a more spatial view of possible endogenous auxin, | then
switched to IAA-immunolocalisations. My data suggest that there is no particular
localisation of auxin to newly growing buds observed in sections of S. muticum
apices, but a higher signal localized in the meristoderm cells and mucilage attached
to the surface of the alga. | cannot completely rule out non-specific antibody
reactions to the mucilage; however, the no primary antibody controls were negative
(Fig. 2.11) and the cell wall antibodies did not show such signals (Fig. 2.10).
Detecting a small and highly dynamic molecule such as auxin using
immunolocalisations is limiting; however, using a specific pre-fixation step auxin
could be fixed and detected using this approach in plants and brown algae (Avsian-
Kretchmer et al.,, 2002; Le Bail et al., 2010). It is possible that IAA is not the
functional auxin in Sargassum, although it has been detected by GC/MS in the
brown alga Ectocarpus (Le Bail et al., 2010). In addition, application of exogenous
auxin (50 uM NAA) affected Ectocarpus development in various stages. In the young
sporophytes, cell shapes (from both cell types, round and elongated) were
abnormal, dispositioned and a higher number of branching points could be
observed. Ectocarpus adult development is quite different than Sargassum; while
Ectocarpus builds its filamentous body from two cell types (round and elongated

cells), Sargassum builds a more complex body structure through coordinated
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branch formation. Different responses (or lack of a response in the Sargassum case)
to external auxin might be explained by differences in body-building strategies. To
explore this hypothesis further, a wider range of different brown algal species should
be incorporated in the auxin response studies. The data presented here suggest
auxin is an unlikely morphogen for Sargassum phyllotaxis, but without a tool such

as the molecular reporter constructs in plants it is not possible to be certain.

There is no evidence to date that brown algae have homologues of the auxin
transporters found in plants (based on the genome of Ectocarpus siliculousus; Le
Bail et al., 2010; Yue et al., 2014), although the algae may have completely different
transport mechanisms, even diffusion. Classical phyllotactic patterning mechanisms
have relied on reaction-diffusion equations in the past (Bernasconi, 1994; Swinton,
2004), and as such it is possible that auxin diffusion may be instructive in brown
algae. Another question that has been a topic of discussion is whether the auxin
detected is being produced by the alga itself or being provided by auxin-producing
associated bacteria on the surface of their thallus (Evans and Trewavas, 1991).
Bacteria have been described living in association with brown algae (Hengst et al.,
2010; Lachnit et al., 2011), and having an effect on their development (Tapia et al.,
2016). A similar process has been recently described in a sister class to brown algae
— diatoms (Amin et al., 2015). The recent interest in exploring the algal-bacterial
interactions could lead to a better understanding of whether and how the bacteria
might be affecting the development in a more ‘advanced’ brown algal species such

as S. muticum.

2.5.5. Cell wall softening and algal bud outgrowth

The cell walls of brown algae are composed mostly out of matrix
polysaccharides called alginates and sulphated fucans and a small amount of
cellulose (Deniaud-Bouét et al., 2014). In plants, the role of the cell wall and its
relationship to auxin in organ formation has been previously explored (Braybrook
and Peaucelle, 2013; Fleming, 1997; Peaucelle et al., 2008; Peaucelle et al., 2011;
Reinhardt et al., 1998), but no information of such is available for the brown algae.
Given the recent evidence for a role of pectin in organ emergence, and the

predominant nature of alginate in the algal cell wall it seems plausible that alginate

-52-



Chapter 2

may be involved in bud formation. Alginate is formed of two residues, mannuronic
and guluronic acid, the latter being able to cross-link with Ca?* ions (Grant et al.,
1973), similarly to pectin in plants, and thus change its mechanical properties
(Mancini et al., 1999).

New techniques have been recently developed to look into the brown algal
cell wall biochemistry by using immunolocalisations targeted towards specific
epitopes in alginate chains (Torode et al., 2016). Our data suggest that the guluronic
acid rich areas are more abundant throughout the apex of S. muticum, but there
was no clear distinction between growing and non-growing parts. The mannuronic
acid (BAMG6) signal tended to be higher in rapidly growing older buds without
obviously marking young buds. These observations differ from the ones seen in A.
thaliana meristems where pectin biochemical changes did mark new organ sites
(Peaucelle et al., 2011). In slightly older, elongating buds, a stronger signal from
BAM6 was detected, indicating a possible role for alginate biochemistry in

elongation but not initiation of buds.

In transverse sections, | observed that the guluronic acid signal (BAM10) was
high, whereas that for mannuronic acid (BAM6) was barely detected. The mixed
mannuronic and guluronic acid residue (BAM7) signal was present in the cell walls
of the apical cell, but to a lesser extent than BAM10. Even though conclusions can
be made based on the spatial information obtained from immunolocalisation (where
an epitope is found in the tissue), comparing the signal fluorescence intensities
among different antibodies is not always accurate if the exact epitopes are unknown.
Antibodies can bind to their respective epitopes with different affinities. Conclusions
about a single antibody binding to different samples are possible, as long as the
experimental processes are consistent. In the case of monoclonal antibodies in my
experiments, the binding sites have not been completely characterized, which

makes the comparison of fluorescence signals hard to interpret.

Based on the localisation data only, | could suggest that the area around the
apical cell and the apical cell itself has the potential to make stiffer walls. This is
similar to the situation observed in plants, where the stem cells have been shown to
be stiffer than the surrounding peripheral cells (Milani et al., 2014). Taken together,

it seems that the apical cell in Sargassum may behave mechanically similar to the
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stem-cell niche in spermatophyte plants and that softer alginate may be present in
rapidly elongating new buds. However, it does not appear that new bud positions
display biochemical markers of softer alginate and as such it is possible that alginate

biochemistry is not related to bud positioning in Sargassum, only in outgrowth.

My observations of differential mannuronic acid distribution in the S. muticum
organs and the hypothesis that those residues create a softer cell wall, could
indicate a differential mode of growth in different parts of the alga. Higher signal in
the meristoderm and medulla in growing stem and leaves suggests that these two
types of tissues could be important in the growth of these structures. Conversely,
the lack of signal in these tissues in the lower stem and a higher signal in the cortex
cell walls suggests the growth mostly results from these areas. Due to issues with
the secondary antibody in this experiment, it was not possible to perform
immunolocalisation using the other two antibodies, BAM7 and BAM10. Initially an
anti-rat IgM was used as the secondary antibody. This antibody showed strong
binding towards BAMG6, but did not result in any signal from the other primary
antibodies. After finding the solution of the fluorescence issue, a new secondary IgG

antibody was used for all subsequent immunolocalisation experiments.

Performing these immunolocalisations again in the future, with the more
amenable secondary antibody, would be a step forward into understanding better
the potential mechanical contributions of alginate to the growth of different structures

in S. muticum.

2.5.6. Possible mechanisms of phyllotaxis in S. muticum

In the Sargassum apex, a new leaf will develop its own apical cell, and further
cells along the meristoderm between this and the primary apical cell will follow suit,
each giving rise to another organ on each branch (Critchley, 1983a). It has been
suggested that all meristodermal cells in Fucus have a meristematic ability which
could indicate that any cell from this cell layer could ‘switch on’ and become an
apical cell and start producing its own bud (Moss, 1967). This is not dissimilar to the
specification seen in ferns for the production of new leaves from the epidermis
(Bierhorst, 1977; Mueller, 1982). Based on the robust, self-organising nature of the
Sargassum apex and the lack of correlation between the apical cell division pattern
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and that of new buds, it seems likely that a positional mechanism is in place for

phyllotactic patterning in Sargassum, possibly a morphogen.

The secondary specification of further apical cells between the leaf and main
apical cell also hints at a position-dependent specification of meristodermal
conversion into apical cells. It has been observed that the apical cell can divide to
potentially create a daughter apical cell which then continues to create a new branch
(Kaur, 1999). In my experiments, | never observed an equal division of the apical
cell that could explain the previously described situation. This is similar to the case
in Cystophora where division to produce a second apical cell was rarely observed
(Klemm and Hallam, 1987). If this hypothesis is assumed to be true, and that | simply
missed such special divisions, based on the observed patterns of longitudinal
division, it seems unlikely that this could produce a golden-angled spiral and would

more likely produce a 120° spiral.

The absence of cell wall biochemical marks associated with alginate
softening correlated to new bud positions indicates that the physical events of initial
bud outgrowth may be different than that in plants. However, it might be that alginate
does not represent the main component regulating wall mechanics, as pectin has
been shown to be. Two other major wall components, cellulose and sulphated
fucans might have an influence (explored in Chapters 3 and 4). This absence of
alginate correlation with bud outgrowth is further supported by the atomic force
microscopy data, which did not reveal any differences between the growing buds
and the non-growing regions of the apex. However, there are some challenges when
performing experiments such as nano-indentation in this species. The apex of the
alga is covered in mucilage, which can interfere with the execution of the experiment
since it tends to adhere to the cantilevers and tips during force scanning.
Furthermore, only the elastic changes were measured in this experiment (elastic
coefficient, Young’s modulus). The mechanical properties of plant walls exhibit time-
dependent behaviour representative of viscoelastic materials. Viscoelastic
properties were not tested for in these apices; since these properties might show a
difference based on positioning, experiments measuring this in the future would be

helpful to make deeper conclusions.
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This does not rule out a physically-based positioning system for the brown
algal apex; physical buckling may give rise to phyllotactic patterns. If the underlying
cortex tissue is growing at a faster rate to the meristoderm physical buckling may
result through compression of the outer tissue (Dumais, 2007). This possibility is
worthy of further investigation. Furthermore, it has been shown in Epilobium that by
an operation of a decussate meristem, it is possible to convert it into one or two
meristems with spiral phyllotaxis (Snow and Snow, 1935). As the authors suggest,
it is possible that the development of a phyllotaxis system can be explained on the
basis of the theory that each leaf arises in the first available space and less on the

physiological properties of the apex itself.

The similarity between the Sargassum apex and that of complex multicellular
plant meristems is striking: the presence of a golden-angled phyllotactic spiral; the
robust reorganisation after meristem ablation; the presence of equal clockwise and
counter-clockwise patterns; the apparent independence of phyllotactic patterning to
meristem divisions. However, there are many obvious differences as well: there is
not currently strong evidence for auxin as a patterning morphogen; it was also not
possible to detect softening of the algal cell walls coincident with new bud outgrowth.
While the experiments presented here make a case for the Sargassum apex as
being more plant-like in its patterning and organisation principals, there are many
new guestions. Is there a re-specification of a meristodermal cell into a new apical
cell, and how is this regulated? If auxin is an unlikely morphogen, what might be the
identity of the algal functional analogue (if it exists at all)? If auxin can in fact be
instructive, is it produced by the algae or by associated bacteria (implying a more
communal evolution of patterning in the brown algae)? How universal are
morphogenetic strategies within brown algal lineage due to their high variability in
shapes? The answers to many of these questions undoubtedly require advances in
molecular techniques and genetics within the brown algae or specific groups within.
These techniques are beginning to be developed in Ectocarpus and hopefully can
be translated into other interesting algae. Another hurdle is the inability to culture
many brown algae for their full life cycle in vitro, thus limiting when questions might
be asked (seasonally). Currently methods exist for Ectocarpus and Dictyota
(Bogaert et al., 2016; Chatrrier et al., 2008).
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Chapter 3. Exploring growth and wall
properties in Fucus serratus embryo
development

A part of this chapter was done as a collaborative effort with Dr Anna Gogleva
(Schornack Group, SLCU). All the methods and analyses performed by the

collaborator are marked with a sign A.

3.1. Summary

Fucus embryogenesis represents a highly interesting developmental system.
The fertilised zygote is initially spherical after which it is transformed into a highly
polarized cell, exhibiting asymmetric distribution of cytoplasmic and cell wall
components. This polar distribution results in an asymmetrical cell division giving
rise to two distinct cell types: thallus and rhizoid. The growth at the early stages is
localised to the rhizoid only (tip growth), with the thallus cell undergoing divisions
and starting to elongate only later in development. In Chapter 3, | describe the F.
serratus embryo development from a single celled stage to the maturing 2 week old
alga. The results suggest that exocytosis mechanisms during early rhizoid tip growth
act similarly to plant systems, with a higher rate of vesicle deposition on the tip sides.
Due to a significant role of cell walls in brown algal growth, | examined the wall
mechanical and biochemical properties during this process. The change in wall
mechanics corresponds to growing and non-growing regions (rhizoid vs. thallus),
whereas the wall biochemistry mildly indicates involvement. In addition, this chapter
begins to explore the molecular basis of embryogenesis through RNA sequencing,
focusing on a family of genes involved in alginate biosynthesis. The results suggest
different expression patterns of individual genes, possibly relating to different

alginate modifications during Fucus embryo morphogenesis.
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3.2. Introduction

In the last few decades, fucoid zygotes have served as a system to explore
the processes related to cell polarisation as well as asymmetrical cell divisions
(Goodner and Quatrano, 1993; Brownlee, Bouget and Corellou, 2001 and
references therein). The ease with which these zygotes can be obtained and
manipulated in vitro has established them as model systems for these types of
studies. Unfertilized fucoid eggs, after being released into the surrounding seawater,
are a natural protoplast: apolar and lacking a cell wall (Callow et al., 1978). Shortly
after fertilisation, a cell wall is secreted around the zygote (Bothwell et al., 2008;
Quatrano et al., 1985) and by 4h after fertilisation (AF) turgor pressure begins to
build (Allen et al., 1972). Zygotes then undergo asymmetric growth (germination)
after which an initial asymmetric division takes place (Fowler and Quatrano, 1997;
Kropf, 1997). This germination is preceded by a polar distribution of cytoplasmic and
cell wall material which results in the formation and fixation of the polar axis (Kropf
and Quatrano, 1987; Quatrano and Shaw, 1997; Alessa and Kropf, 1999) and an
increase in internal pressure to 0.7 to 0.8 MPa, which is needed for outgrowth to
occur (Kropf, 1992).

After germination an initial asymmetric cell division produces two cells with
distinct morphologies and fates: a rhizoid and a thallus cell. The rhizoid cell
generates the holdfast (attachment disc) and the stipe (‘stem’) of the mature plant,
whereas the thallus cell develops into the algal body (Bouget et al., 1998; Quatrano,
1978). The rhizoid cell elongates rapidly by tip growth, dividing transversely to the
growth axis. The rhizoid represents the only site of active growth in the embryo at
this stage. On the other side, the thallus cell undergoes a series of divisions
transverse to each other in the first couple of days of development. Eventually, the
divisions give rise to an elongated thallus (Bouget et al., 1998; Kropf et al., 1999).
Concurrently with thallus elongation, the apical part of the thallus starts producing
apical hairs. The apical hair formation is an important step during embryo
development because at the apical hair base the meristematic apical cell is
produced. Inhibiting the production of these hairs prevents thallus development

(Galun and Torrey, 1969). Soon after apical cell appearance, the tip growing rhizoid
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produces a holdfast, a structure that allows the embryo to attach firmly to the
substrate.

In the past, fucoid zygotes have served as models for exploring cell wall
biosynthesis and understanding the main components of cell walls in developing
fucoid zygotes. Cellulose and alginates constitute the first deposited
polysaccharides (equal amounts in the first 30 minutes; Quatrano and Stevens,
1976). The alginate proportions in embryo walls have been found to be 69% G
blocks, 27% M blocks, and 4% MG blocks (Larsen, 1981 via Kropf, 1992). Recently,
arabinogalactan proteins (AGPs) have been demonstrated to be present in the cell
wall along with alginates and cellulose. AGPs have been shown to have an effect
on zygotic development (delay in cell elongation; Herve et al., 2016) as well as
potentially being involved in mannuronic acid epimerisation (Torode et al., 2016).
Sulphated fucans, as the third major component, can only be detected after 4 hours
AF. The composition at this time is around 60% alginate, 20% cellulose and 20%
fucans. As development progresses, the ratios between these three components
remain unchanged, although overall more polysaccharides are found during rhizoid

elongation (Quatrano and Stevens, 1976).

During polar axis fixation, the sulphated fucan (F2) localisation is correlated
with the future rhizoid pole (Quatrano and Shaw, 1997). Although the F2 fucan
localises to the rhizoid during axis fixation, it seems not to be essential for
germination and cell division (Crayton et al., 1974). Met-embryos are embryos in
which F2 is not sulphated and secreted into the zygote wall due to lack of sulphate
in the medium. Even without sulphate, the zygotes can still germinate and divide
normally. However, the process of germination is somewhat slower and the zygotes
cannot adhere to the substrate very well (Crayton et al., 1974), indicating the role of

sulphated fucans in adhesion, rather than polarisation.

Genetic and molecular approaches have not been developed for fucoid
algae, due to a relatively long life cycle and difficulties in closing their life cycles in
vitro. Molecular tools have however started to be developed in brown algal research,
e.g. RNA interference (Farnham et al., 2013), in situ hybridisation (Bouget et al.,
1995a; Bouget et al., 1995b), heterologous expression of genes (Fischl et al., 2016),
UV mutagenesis, NGS-based mapping and positional cloning (Billoud et al., 2015
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and references therein). A little is known about protein and RNA synthesis during
early stages of fucoid development. Most zygotic MRNAs are inherited maternally
via the egg cell, but activation of the zygotic transcription and translation are
necessary to complete the first cell cycle (germination and cell division). The first
cell cycle completion depends on RNA synthesis during the first 5 h after fertilisation,
whereas protein synthesis is needed for the first 12 h (Kropf et al., 1989a; Quatrano,
1968). However, the specific mMRNAs and proteins that must be translated in order
for the first cell cycle to occur still remain unknown, let alone those required for

further morphogenesis.

In fucoid zygotes, studies have demonstrated the importance of polar cell
wall deposition for growth axis fixation (Kropf et al., 1988) as well as determining
cell fates (Berger et al.,, 1994). In addition, cell wall assembly during early
zygote/embryo development has been studied in detail (Quatrano and Stevens,
1976). Although an amount of work has been done in the past to explore the wall
characteristics during cell polarisation and germination, recent cell wall related
studies have been limited and mostly oriented toward early zygotic/embryonic
development (Torode et al., 2015; Torode et al., 2016). The development of young
fucoid embryos is very interesting from a mechanical perspective since it exhibits
both diffuse (thallus) and tip (rhizoid) growth in the first 10 days of development. In
order to understand how the cell wall relates to growth of fucoid embryos, in this
Chapter a novel approach was undertaken to explore wall properties: a combination
of atomic force microscopy and immunohistochemistry. This study represents the
first attempt to link the mechanical properties with developmental patterns and the
underlying biochemical properties of fucoid cell walls during development.
Furthermore, a molecular approach was taken to explore how cell wall related genes

might be regulated during F. serratus embryogenesis.
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3.3. Materials and methods

3.3.1. Sample collection and processing

The samples were collected in Rottingdean (East Sussex, United Kingdom)
during winter months between November 2015 and May 2017. After collection, they
were transported in seawater to the laboratory and kept at 4°C. The fertile adult
samples were rinsed with tap water and processed as follows: each receptacle was
first identified as a male or female by checking for antheridia or oogonia,
respectively. The receptacles were then separated, wrapped into damp tissue paper

and aluminium foil (darkness) and kept at 4°C for further use up to 2 weeks.

3.3.2. Fertilisation

The female receptacles were taken out of the 4°C, washed, cut into small
segments, placed into beakers with filter sterilised artificial seawater (ASW, Tropic
Marin Sea Salt; Tropic Marin, Germany) and left to release the eggs for
approximately 1 hour. The tissue was then removed and the egg mixture was filtered
through a 100 pm mesh to eliminate oogonia and leftover pieces of adult tissue. The
male receptacles were then taken out of the 4°C, washed, cut into small segments
and added to the egg mixture. After 15 minutes, the male segments were removed
and the egg/sperm mixture was filtered through a 40 um mesh to remove the sperm.

The fertilised eggs were then placed in droplets of ASW on either:

1. Superfrost Ultra Plus slides (Thermo Scientific, USA) or
2. Multitest 8-well slides (Vector Laboratories, USA)

and placed in the incubator. After allowing them to settle for 6 hours, the eggs were
flooded with ASW to completely cover the slides and cultured under a unilateral light

overnight followed by 12:12 hour day night cycle, 16°C, 60 pmol m2 s,

3.3.3. Light microscopy and measuring length/growth rate

To measure their growth in time, the embryos were cultured under the

previously mentioned conditions and imaged using a VHX 5000 microscope
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(Keyence (UK) Ltd, UK) for a certain number of consecutive days, depending on the
experiment. The images were then processed using ImageJ software where the
length of the embryos was measured (drawing the line in the middle of the embryo
body from the tip of the rhizoid until the top of the thallus). The growth rate was
determined via difference between sequential daily lengths over 15 days.

3.3.4. Quantifying cell divisions

To investigate the division pattern in the Fucus embryos, the embryos were
cultured on slides and one slide was taken daily for further confocal imaging during
10 consecutive days. The embryos were first stained with Calcofluor White (18909,
Sigma-Aldrich, USA) for 5 minutes, rinsed thoroughly with ASW and imaged under
a Leica SP8 confocal microscope (Leica Microsystems, Germany). The confocal
images were then processed using MorphoGrapX software (Barbier de Reuille et
al., 2015, www.MorphoGraphX.org) to extract the information about the individual

cells.

The z-stack output from the confocal microscope was loaded into the
MorphoGraphX software. The images were first blurred by averaging, after which a
global shape of the object was created. Following this, the surface was extracted
from this shape as a mesh formed of triangles which were then subdivided and
smoothed. This confocal fluorescence signal was then projected onto the mesh after
which individual cells were seeded and segmented. Surface areas of each of the
cells were analysed and surface area heat maps were created for individual

embryos.

3.3.5. Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) method represents a
real-time visualisation of dynamics (exocytosis and endocytosis) of fluorescently
labelled vesicles to/from the cell membrane. In this thesis, FRAP experiment was
used to detect the main deposition place of vesicles containing cell wall related
components (alginates, sulphated fucans). To perform the FRAP experiments,
embryos were fertilised and grown on glass slides for 2 days after which they were
taken for further processing. The slides were covered with FM1-43 dye for 30
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minutes in a 1000-fold dilution in ASW from the stock solution. Slides were rinsed
for 5-6 times with artificial seawater after which they were covered with a coverslip
and imaged under the Leica SP8 confocal microscope (Leica Microsystems),
exciting using a 476 nm line of argon laser with emission collection at 520-600 nm.
An initial image was obtained with the aforementioned settings after which the
photobleaching started (using the 405, 442 and 488 nm lasers at 100% power) and
continued for 10 seconds. The regions of interest (ROI) were chosen before
photobleaching; they were localised to the tip and the sides of each rhizoid (Fig.
3.4). The recovery was followed by imaging every 1.2 s for 40 consecutive frames.
Quantifications of FRAP were performed using ImageJ software. Circles were drawn
inside the photobleached areas; the average fluorescence intensity was measured

for each frame starting with the pre-photobleached image onwards.

To check for potential diffusion of dye from the sides of the photobleached
areas, the same approach was taken as above, with only one bigger area at the tip
chosen as the ROI instead of two. The same principle was taken to analyse the

recovery and potential diffusion of the fluorescence signal.

3.3.6. Atomic force microscopy (AFM)

Embryos were fertilised, cultured and grown as described above on glass
slides and used when reaching the stage of interest: 24hAF, 72hAF or 10dAF. They
were covered with a droplet of water and placed under the atomic force microscope.
The AFM data were collected using a NanoWizard AFM with a CellHesion (JPK
Instruments AG, Germany). Since no previous data were available for these
experiments, an initial test was done to determine the proper indentation force and
conditions. The measurement of wall properties was done by either suppressing the
turgor pressure by placing the embryos in a hypertonic solution of ASW with 0.6M
mannitol 30 minutes before imaging and keeping them in the same solution while
imaging, or placing them just in ASW before and during imaging. The following
cantilevers were used: 0.5 N/m stiffness cantilever and a 10 nm diameter tip
(Nanosensors, PPP-CONT, Windsor Scientific Ltd., UK). A range of setpoints (50,
150, 250, 350 nN) and a range of relative setpoints (50, 150, 250, 350 nN) was used

for this test. The condition chosen to proceed with was 150nN setpoint and 150nN

-63 -



Chapter 3

relative setpoint. After testing the optimal force, the elasticity of all samples was
determined by indenting with the tip over the whole embryo in 100 pm x 100 pm

squares with the indentation depth of between 1 and 3 um.

Each force-indentation experiment was treated with a Hertzian indentation
model to extrapolate the apparent Young's modulus (Ea) using the JPK Data
Processing software (JPK Instruments AG, Germany). The Ea was presented as a
stiffness heat map. The Ea of interest was measured by picking points in a line along
the middle of the embryo, from the tip of the rhizoid to the top of the thallus, using a
MatLab-based script.

3.3.7. Alginate and sulphated fucan immunolocalisation

Embryos were fertilised and cultured as above on multitest 8-well slides
(Vector Laboratories, USA) and taken when reaching the stage of interest (24 hours
and 72 hours). They were fixed overnight in ASW containing 2% formaldehyde and
2.5% glutaraldehyde and washed 3 times for 15 minutes with ASW, followed by a
rinse in phosphate buffered saline (PBS; 2.7 mM KCI, 6.1 mM Na2HPO4, and 3.5
mM KH2POa).

The samples were incubated in a blocking solution of 5% milk for 2 hours.
They were then rinsed with phosphate buffered saline (PBS; 2.7 mM KCI, 6.1 mM
Na2HPO4, and 3.5 mM KH2POa4) and incubated in the 60 pl of 1/5 (in 5% milk)
monoclonal primary antibody for 1.5 hours. After the incubation, the slides were
washed with PBS 3 times for 5 minutes each, followed by the incubation in the 60
pl of 1/100 (in 5% milk) IgG-FITC secondary antibody (F1763, Sigma-Aldrich). This
followed with a 5x5 minute wash in PBS, after which the samples were mounted in
Citifluor (Agar Scientific, UK), covered with a coverslip, sealed and imaged under a
Leica SP8 confocal microscope (Leica Microsystems, Germany). Three antibodies
were used against alginate (BAM6, BAM7 and BAM10) and two against sulphated
fucans (BAM3 and BAM4).

Quantification of signal was performed in ImageJ. The fluorescence profile

was created by drawing a line from the tip of the rhizoid to the top of the thallus. Line
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thickness matched the thickness of the thallus. Average fluorescence along the line
was presented.

3.3.8. Making an Alcohol Insoluble Residue (AIR)

Embryo samples were taken 24, 72 hours and 10 days after fertilisation,
placed in a microcentrifuge tube and placed in 70% ethanol at -20°C until further
use. The samples were ground using a tissue lyser (Tissue Lyser Il, Qiagen,
Germany), washed in 70% ethanol, 100% ethanol and followed by two acetone

washes. The final alcohol insoluble residues (AlIRs) were dried overnight at 40°C.

3.3.9. Cell wall extraction

The AIRs were extracted sequentially with 2% (w/v) CaClz, 3% (w/v) Na2COs
and 4M KOH. The initial weight of AIR used for extractions was 1.6 mg mL* (sample
10 _NF) or 0.8 mg mL! (samples: 10 _1, 72, 24). Each step involved rocking the AIR
in 2mL of solution for 1 hour followed by a centrifugation and collection of the
supernatant. KOH extracts were neutralised with glacial acetic acid before

proceeding to the enzyme linked immunosorbent assay (ELISA).

3.3.10. Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed based on a previously described protocol (Torode et
al., 2015), in 96-well microtitre plates (Maxisorb, NUNC). The plates were coated
with 100 pL per well of antigen in PBS overnight at 4°C. The plates were then
washed out using tap water and incubated in 200 pL of blocking solution (5% milk
powder in PBS). After 2 hours at room temperature, plates were rinsed in tap water
and incubated in 100 uL of primary antibody (1/25 dilution in PBS). Plates were
incubated at room temperature for 1 hour, washed with tap water, and incubated
with 1/100 dilution of rabbit anti-rat IgG secondary antibody (whole molecule,
coupled to horseradish peroxidase (HRP), Sigma-Aldrich, USA) for 1 hour. Plates
were then washed in tap water followed by the addition of 150 uL per well of HRP
substrate (0.1 M sodium acetate buffer, pH 6.0, 1% tetramethyl benzidine, 0.006%
(v/v) H202) to detect the antibody binding. The reaction was allowed to develop for

5 min and stopped by the addition of 30 pL of 2.5 M H2SOa4. The plates were then
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imaged using a microplate reader (SpectraMax i3x Multi-Mode, Molecular Devices,
USA).

3.3.11. RNA extraction and cDNA synthesis

Total RNA of F. serratus embryo samples was extracted using the PureLink
Plant RNA Reagent (Thermo Fisher Scientific, USA) following the manufacturer’'s
instructions for all experiments. The integrity of RNA samples was checked by
Agilent 2100 Bioanalyzer (Agilent Technologies, USA) and the quantity was
assessed using NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
USA) and Qubit 2.0 Fluorometer with RNA High Sensitivity assay (Thermo Fisher
Scientific, USA). First strand cDNA synthesis was performed using F. serratus RNA,
an oligo dT(18) primer and Invitrogen Superscript Il reverse transcriptase (Thermo

Fisher Scientific, USA) as per manufacturers recommendations.

3.3.12. Designing primers for potential mannuronan C-5 epimerases in Fucus

The gene sequences coding for Ectocarpus siliculosus mannuronan C-5
epimerases (MC5E) were found using the UniProt online database. These
sequences were then used to search for sequences with similarities in the F.
vesiculosus transcriptome (Martins et al., 2013) using the NCBI tBLASTn algorithm
in SRA archive. BLASTn was then used to validate the detected sequences in the
general NCBI nucleotide database. All the sequences were highly similar to other
brown algal MC5Es. All the sequences were aligned using MultAlin (Corpet, 1988)
to check for conserved nucleotide regions. Forward and reverse primers were
designed for each of the sequences, to amplify 200-400 bp of coding regions
(depending on the sequence length) of MC5E genes in F. serratus to check for their
expression in embryo tissues. After the initial test, new set of primers were designed
for each epimerase (from the same gene sequences as above) to amplify a smaller
region of around 100bp (adjusted for future gPCR amplifications, which require
smaller fragments, Appendix 5.). All PCR reactions were performed in a GStorm
thermal cycler (UK) using Tag-based amplification protocol (RedTag, Sigma

Aldrich). The PCR products were visualised on a 1% agarose gel, purified using
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QIAquick PCR purification kit (Qiagen, UK) and sequenced via Sanger Sequencing
Service (Source Bioscience, UK).

3.3.13. RNA-sequencing library preparation

Total RNA of 3 biological replicates from 7, 24, 72 hours and 10 days after
fertilisation was extracted using the PureLink Plant RNA Reagent (Thermo Fisher
Scientific, USA). cDNA library was generated using TruSeq LT DNA Sample Prep
Kit (lllumina, USA) according to the manufacturer’s instructions with the following
modifications: the beads used were home-made SeraPure beads (Rohland and
Reich, 2012) instead of AMPure XP beads. The library sequencing was performed
on a NextSeq 500 using paired-end sequencing (2x76 cycles) with NextSeq 500/550
High Output v2 kit (Illumina, USA).

3.3.14. De novo transcriptome assemblyA

To reconstruct F. serratus transcriptome samples were pooled together from
all 4 time points (7h, 24h, 72h and 10dAF). Initial read quality assessment was done
with FastQC (Babraham Bioinformatics, www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Adaptors were removed using CutAdapt (Martin, 2011). Reads
were further subjected to quality control using Trimmomatic (minimum read length
= 60). The quality parameters for the library were assessed using FastQC. The
resulting filtered reads were subjected to de novo assembly with Trinity (trinity
v2.4.0) on a high-RAM server with minimal k-mer coverage = 2 and k-mer length =
25. In silico read normalization was used due to the large number of input reads, in

order to improve assembly efficiency and to reduce run times (Haas et al., 2014).

3.3.15. De novo assembly statistics and integrity assessmentA

General statistics of the assembly were determined using the ‘TrinityStats.pl’
script provided with Trinity release and independently using Transrate
(http://hibberdlab.com/transrate/) and Detonate (http://deweylab.biostat.wisc.edu/
detonate/) tools. Assembly completeness was estimated using the eukaryotic set of
BUSCO profiles (v1) (Simao et al., 2015). BUSCO analysis was performed for the

full transcriptome assembly and for the reduced assembly, obtained after retaining
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only the longest isoform per trinity gene. Overall expression support per assembled
transcript was performed after transcript abundance estimation. Trinity genes with

TPM = 1 in at least 3 samples were considered further.

3.3.16. Protein prediction and annotationA

Open reading frames were predicted using TransDecoder software
(https://itransdecoder.github.io; Haas et al., 2014). At the first step open reading
frames longer than 100 amino acids were extracted. The top 500 longest ORFs were
used for training a Markov model for coding sequences, candidate coding regions

were identified based on log-likelihood score.

3.3.17. Annotation of genes of interest

A BLAST database was built with local sequences of predicted proteins which
was used to find sequence similarities with known E. siliculosus mannuronan C5
epimerases (obtained from OrcAE and UniProt). The candidate genes were chosen
based on high matching characteristics between the transcriptome proteins and
known E. siliculosus proteins. Three parameters were chosen to describe a high
match: percentage of identity (portion of the known sequence that aligns to the

transcriptome proteins; >50), alignment length (>100) and e-value (<10-49).

3.3.18. Expression analysisA

Initial reads after quality control were aligned back to the resulting F. serratus de
novo transcriptome assembly. Alignment-based transcript quantification was done
using RSEM (version: RSEM-1.2.25, (http://deweylab.github.io/RSEM; Li and
Dewey, 2011). Quantification was performed on ‘trinity gene’ level. For within-
sample normalisation TPMs were calculated. Between-sample normalisation was
done using trimmed means approach (TMM; Robinson and Oshlack, 2010). TMM-
normalised TPMs were reported.
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3.3.19. Statistics

All samples were tested for normality with Shapiro-Wilk normality test and for
equal variance using Brown-Forsythe equal variance test. Significance tests were
performed according to their distribution: two sample t-test to compare two samples
with normal distribution, Mann-Whitney Rank Sum test for comparing two non-
normal distributed samples, ANOVA or ANOVA on Ranks for more than 2 samples

for normal and non normal distribution, respectively.

3.4. Results

3.4.1. F. serratus embryo exhibits two phases of growth: fast vs. slow

A significant amount of research has been done investigating fucoid embryo
development. However, different studies present different timings in this process
(e.g. apical hair formation: Fucus vesiculosus — 7 days; Galun and Torrey, 1969;
Fucus spiralis - 3-4 weeks; Bouget, Berger and Brownlee, 1998). In order to study
the role of cell walls in this F. serratus embryo model, | performed an analysis of

embryo growth for this species.

After fertilisation, the zygotes underwent the first asymmetrical cell division,
which gave rise to two distinct cell types, as previously observed (Fig. 3.1A dayl;
Bouget, Berger and Brownlee, 1998). The first asymmetrical division was followed
by further divisions in both cell types. Only the rhizoid cell actively elongated at this
stage (Fig. 3.1A 1-4; green). The overall embryo growth, proxied by length, was fast
in the first day with a high growth rate and an average length increase of 93.7 + 6.51
um/day (Fig. 3.1B, C; green, n=3x50). The further embryo length increase in time
had slight variations from day 2 until day 10 (62-80 um/day, after day 10 it decreased
to 47 £ 18.53 pum/day). The growth was faster between day 6 and 7 reaching 96 +
9.18 um/day. In conclusion, two different modes of growth could be distinguished:
fast rhizoid growth (Fig 3.1. green shading) and slower rhizoid growth and thallus
expansion (Fig. 3.1. yellow, blue). The timing of the developmental steps resembled
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the previously reported fucoid growth (Fucus vesiculosus — 7 days) from Galun and
Torrey (1969).

In addition to overall embryo length, the series of cell divisions that happened
as embryogenesis progressed were also examined; studies in the literature have
focused on the first few divisions only (Bouget et al., 1998; Henderson et al., 1998;
Kropf et al.,, 1999). After fertilisation, the embryos were taken at different
developmental stages (hours/days after fertilisation, h/d AF), stained with a cell-wall
dye Calcofluor White, imaged under a confocal microscope and analysed using a
segmentation software MorphoGraphX (Barbier de Reuille et al., 2015; Fig. 3.2A).
In the active rhizoid growth phase (1dAF - 3dAF), there were new cells forming by

transverse division of the initial rhizoid cell (Fig. 3.2B, white arrowheads).

Quantitative proof that only the rhizoid cell was growing came from the segmentation
analysis of individual cells in early embryogenesis: at 24h AF the initial asymmetric
division had already taken place producing a single celled rhizoid. Once the rhizoid
divided, the summed surface area of the daughter cells was larger than the initial
single rhizoid cell indicating growth (Fig. 3.2B). During this time, the thallus cell
divided as well, but did not change in the surface area (Fig. 3.2B; divisions not
shown, only the sum of their surface area as a single thallus cell). Divisions
originating from the thallus cell were happening fast; 8 cells by day 2, around 20
cells by day 3. Since it was not possible to visualise the whole embryo thallus by
confocal microscopy due to laser penetration issues, but rather just one side, the
conclusions of the actual cell number were approximate. However, changes in the
surface areas in the individual cells could be observed as embryogenesis
progressed. From the initial thallus cell, the surface area of the daughter cells
decreased fast in the beginning and then came to a plateau around day 5. These
data suggest that in the early stages of development only cleavage divisions of the
initial thallus cell were taking place, with no cell expansion. After day 5, cell
expansion was observed (Fig. 3.2C; day 5 — day 10 = constant surface areas of 242
+ 22 um?). This corresponds to the stage of development where the apical hairs and
apical meristematic cell start forming, allowing the whole thallus to elongate and
expand (Galun and Torrey, 1969).
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Figure 3.1. F. serratus embryo development. (A) Representative images of F.
serratus embryo in the first 7 days of development. T - thallus cell (and derivatives),
R - rhizoid cell (and derivatives). (B) Embryo length increase and change in growth
rate (C) during the first 15 days of development. Different stages are marked with
different colours: green — rhizoid elongation; fast growth rate, yellow — rhizoid slower
elongation + blue — thallus elongation; slower growth rate n=3x50.
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Figure 3.2. Cell division analysis in the growing F. serratus embryo. (A)
Process of cellular segmentation in MorphoGraphX. Differential Interference
Contrast (DIC) image of F. serratus 59h old embryo. Embryo is stained with
Calcofluor White wall stain, 500nm sections are taken through the embryo and
merged into a z-stack. The cellular segmentation algorithm detects cellular surface
and segments the cells based on the fluorescence signal of the stain (B) Surface
area heat maps of rhizoid cells in the first 3 days; transverse rhizoid divisions (white
arrowheads). The sum of the cell surface areas is increasing over time showing
active growth of the rhizoid. (C) The graph represents average surface area of a
single cell in a given time point; representative heat maps of cell surface areas are
depicted below the graph. Original cell undergoes cleavage divisions without
surface area change. At day 5 to day 10 the cell surface area becomes close to
constant suggesting diffuse growth; cell division and enlargement. Scale bar=20 um.
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4.4.2. Rhizoid cell elongation - tip growth or diffuse growth?

The Fucus rhizoid is thought to grow via tip growth. There have been many
studies conducted in fucoid embryos to investigate the key components for tip
growth known from other systems, such as polarisation of actin, calcium and vesicle
trafficking (Alessa and Kropf, 1999; Belanger and Quatrano, 2000; Berger and
Brownlee, 1993; Brownlee and Wood, 1986; Kropf and Quatrano, 1987). However,
precise vesicular trafficking and the site of exocytosis has not been determined yet.
Therefore, to understand more deeply how vesicular transport is organised in the F.
serratus embryos, the dynamics of exocytosis was investigated.

Zygotes were initially stained with Calcofluor White to stain the cell walls at
24 hours. To investigate the progression of growth, the stain was removed and the
embryos were imaged every 24 hours for the next 2 consecutive days (Fig. 3.3). At
day 1, the whole embryo was stained (Fig. 3.3A, D). At day 2, the stain was no
longer present in the medium and so the only fluorescence could come from the
previously stained walls. The decrease in fluorescence was mostly present at the
rhizoid tip area in both days following the staining (Fig. 3.3B, C, E, F; white

arrowheads).

In addition, a fluorescence recovery after photobleaching (FRAP) experiment
was performed in order to determine the exact positioning of vesicular exocytosis.
The rhizoids were stained with a styryl membrane dye FM1-43 (Fig. 3.4A), after
which photobleaching was performed at three sites, from which two were later
analysed (e.g. Fig. 3.4B; white asterisks). The recovery was followed for the next 50
seconds (Fig. 3.4C). The fluorescence recovery happened slower at the tip
(20.7+2.6s) than on the sides of the rhizoid (12.2+1.8s) (Fig. 3.4D, E, n=16, p-
value=0.0251), suggesting a higher exocytosis rate at the side of the rhizoid just

below the tip.
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Figure 3.3. Tip growth in F. serratus embryo. Calcofluor White staining of the
embryo cell wall at (A) 24h after fertilisation (AF) after which the stain was removed
from the medium. Embryos were imaged (B) 48 and (C) 72h AF. Images represent
an embryo with the retained stain and the new part of the unstained wall at the tip
(white arrowhead). (D, E, F) Brightfield images of the three stages. Scale bar 50 pum.
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Figure 3.4. FRAP analysis of exocytosis in the rhizoid tip. (A) Image of the
rhizoid before photobleaching, (B) after photobleaching (asterisk marks areas
analysed) and (C) after 50s of recovery. (D) Example of fluorescence intensity in
time for a single representative rhizoid; first point marks before photobleaching,
second point marks after photobleaching, after which the recovery is measured in
tip and side (E) Graph representing the difference between the time needed to reach
the highest recovery (Mann-Whitney test; p=0.0251, n=16) (F) Lateral vesicle
diffusion test; time course of rhizoid tip stained with a membrane dye FM1-43. The
apical area (white rectangle) was laser photobleached (frame 1) after which the
recovery of the signal was observed. Each frame corresponds to the time of around
1s. (G) Line graphs represent the signal recovery after photobleaching; each line
corresponds to a profile of fluorescence from left to right inside the white rectangle.
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Some of the fluorescence recovery might have happened due to unbleached
membrane diffusing from the sides of the FRAP area into the photobleached area.
If this was happening, it might lead to the wrong conclusion about the vesicular
deposition after photobleaching; the recovery might have been due to purely passive
diffusion, rather than an active exocytosis process. To test this, a large area was
photobleached at the rhizoid tip and the recovery was observed at the centre and
edges of the area; if the edges recovered more quickly it would indicate membrane
diffusion contributions. The fluorescence recovered equally on the border of the
FRAP area (where diffusion would begin) in comparison with the central area (Fig.
3.4F, G). This indicated that diffusion was unlikely to be a major factor in FRAP

measurements, but rather the recovery was due to active exocytosis events.

3.4.3. Wall mechanics in the embryo vary depending on active growth

processes

Due to the clear differences between the two initial cells and their fates
(rhizoid tip-growth and divisions vs. thallus cell divisions only followed by diffuse
growth), fucoid embryos were chosen to explore cell wall mechanics during these
two contrasting growth types. In this study, atomic force microscopy (AFM) was

used to investigate the wall mechanical properties of growing embryos.

An initial optimisation was performed to obtain the best parameters for the
indentation method. A variety of indentation forces were used in two conditions,
artificial seawater and artificial seawater with 0.6M mannitol to avoid the effects of
potential turgor pressure within the cell (Appendix 2.). The forces used ranged from
50 to 350 nN. The indentations obtained varied depending on the force used and no
difference was seen when performing the experiments in mannitol, suggesting the
turgor pressure was not affecting the microscopy method or the plasmolysis level
was not reached with this concentration. The force chosen for further experiments
was 150 nN in seawater; the indentation depth in these was around 1-2 pM, which
corresponds to the average thickness of the fucoid cell wall (Novotny and Forman,
1975).

The spatial profile revealed that for all samples examined, a layer of

extracellular mucilage surrounded the whole rhizoid (Fig. 3.5).
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Figure 3.5. 3D representation of the embryo and surrounding area topology
using atomic force microscopy (AFM). Figure shows three height maps (100x100
pm) covering the full length of a 72h old F. serratus embryo. Three parts are
distinguished: embryo thallus, rhizoid and the adhesive mucilage.

Furthermore, the mechanical properties of the F. serratus embryos displayed
a gradient in the longitudinal direction along the rhizoid, for 3 chosen developmental
stages (24h, 72h and 10dAF). The gradient started at the tip which was the softest
and continued toward the thallus, which had the highest apparent Young’'s modulus
(Fig. 3.6A, B, and C). The rhizoid apparent Young's modulus also changed in
developmental time. The lowest value was observed in the 24h, followed by the 72h,
with the highest value in 10 day old embryos (Fig. 3.6D; lower graph, Ea(24h)=
1.47+0.58 MPa, Ea(72h)=5.84+1.09, EA(10h)=6.4+1.1, n= 3 (24h), 7 (72h), 7 (10d)).
The holdfast, which started occurring during 9-10d AF, was also examined; the
apparent Young’s Modulus was around 4.5 MPa (Fig. 3.7, n=3). The thallus region
was always more rigid than the rhizoid but its pattern during development behaved
somewhat differently. The lowest Young’'s Modulus was observed again at the 24h
after fertilisation (Fig. 3.6D; 54+7.03 MPa, n=3). However, the value observed at
72h AF was higher (Fig. 3.6D; 266+158.76 MPa, n=7) than the one observed in the
later developmental stage, 10 days AF (Fig. 3.6D; 95£19.83 MPa, n=7).

In order to investigate more fully the rhizoid rigidity gradient at the rhizoid tip,

a finer-scale analysis was conducted. A measurement was taken every 50 um to
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investigate whether there were any significant changes at the very tip, compared to
the upper part of the rhizoid. These data were useful given the observations of tip
growth earlier. In three examined stages, no significant stiffness variations were
seen in the 200 um range (100 um for 24h AF) extending away from the rhizoid tip
in each individual time point (Fig. 3.8). These data imply that the rigidification of the
rhizoid happens at least 200 um from the tip during growth.
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Figure 3.6. Cell wall mechanics in the F. serratus embryo. Representative maps
of the apparent Young’s modulus (Ea) with the profile graphs of a 24h (A), 72h (B)
and 10 day (C) old embryo, showing increase in the Ea from rhizoid to the thallus
(n=3 (24h), 7(72h), 7(10d)). (D) Graphs representing the differences between the
Ea in tip growing rhizoid and thallus in three developmental stages (error bars:
standard error).
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Figure 3.7. Apparent Young’s modulus EA of the embryo holdfast. (A) Graph
representing the Ea of the holdfast area (white circles). Maps are showing the height
(B) and stiffness (C) of the 10 day old embryo holdfast (error bars: standard error,
n=3).
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Figure 3.8. Profile of apparent Young’s modulus (EA) along the F. serratus
rhizoid. Three line graphs represent three developmental stages; 24h AF (beige),
72h AF (orange) and 10 days AF (brown). Each measurement is around 50 pum apart
(error bars: standard error; (n=3 (24h), 7(72h), 7(10d)).

3.4.4. Spatial distribution of wall components in the F. serratus embryos

The fucoid zygote has been utilized in previous research to explore how the

wall components change during early development (Quatrano and Stevens, 1976;

Quatrano et al., 1985). Since wall components might have a role in mechanical
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properties of the brown algal wall, their localisation was investigated in this study
during early embryogenesis, for comparison with the obtained AFM data. F. serratus
zygotes were grown in artificial seawater for 24h or 72h AF after which they were
fixed and whole-mount in muro detection of alginate and sulphated fucan epitopes

was performed.

Surface labelling of 24h and 72h AF embryos (Fig. 3.9) showed that all five
epitopes were detectable in the growing rhizoid tip. The BAM10 (G-rich areas)
antibody also labelled the thallus body. Its epitope could be detected very strongly
in the thallus at the later developmental stage, 72h AF. BAM7 (MG-rich areas)
labelled the majority of the embryo, especially the collar where the thallus body
meets the rhizoid and the rhizoid tip. Similarly to BAM10, the signal was stronger in
the 72h old embryo. BAM6 (M-rich areas) did not label the embryo strongly; it was
detected only at the rhizoid tip in both developmental stages, albeit with low
fluorescence intensity. At 24h AF, the BAM3 (potentially sulphated fucan) antibody
showed reaction at the rhizoid tip region, although more broad than what was
observed for the alginate antibodies. In addition, it was detected in the collar and
thallus region. At 72h AF, the epitope was detected in the areas derived from the
initial rhizoid cell. BAM4 (highly sulphated fucan) antibody showed a polarised
binding at the rhizoid tip at 24h AF and a more broad deposition in the rhizoid at 72h
AF (Fig. 3.9, blue).

In summary, the distribution of specific antibodies against alginate and
sulphated fucans showed distinct patterns. The MG-rich and G-rich areas were
mostly present in the non-growing thallus. The highly sulphated fucan epitope was

localised to the rhizoid, correlating with this actively growing structure.

3.4.5 Epitope detection in cell wall extracts of developing Fucus embryo

In order to explore a broader range of epitopes that might be found in the
developing embryos, the cell walls were extracted and CaClz (alginate-
independent), Na2COs (alginate-associated) and KOH (alkaline soluble) fractions
were assayed via enzyme linked immunosorbent assay (ELISA). This experiment

was performed as a preliminary study with a wider range of antibodies involving only
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a single replicate for three different samples: 24h, 72h and 10 day old embryos (Fig.
3.10).

The data revealed a variable epitope detection depending on the fraction and
the antibody used. The CaCl: fraction resulted in only a few epitopes detected,
whereas the other two fractions had an abundant signal from most of the antibodies.
Six alginate antibodies were used. BAM10 (G-rich) and BAM7 (MG-rich) antibodies
were detected in all three developmental stages. BAM8 and 9 (MG-rich) were
detected only in the Na2COs fraction in the 10dAF sample. Similarly, BAM6 (M-rich)
antibody was detected only in 10dAF sample as well. BAM11 (G) antibody was very
mildly detected in the 10dAF sample in the Na2COs fraction. Sulphated fucan
epitopes were found in all three fractions. BAM1 (non-sulphated epitope) was
detected in all three fractions; similarly expressed in all three developmental stages,
besides the Na-COs fraction where the 10dAF sample had the most abundant
detection. BAM 2, 3 (potentially sulphated epitope) and 4 (sulphated epitope) were
mostly detected in the oldest time point, 10dAF. LM23 antibody binds to a pectic
xylogalacturonan/xylan epitope in plants, but has also been found to bind to algal
preparations (Torode et al., 2015). This antibody served as a positive control and its
binding was detected in all three samples in both Na2CO3 and KOH fraction.

Overall the data presents a wide recognition of the antibodies in the three
developmental stages tested. Sulphated fucan epitopes were more abundant in the
older stages whereas several alginate epitopes (MG-rich and G-rich) showed to be
common in the 72 hour old embryos.

-81-



T8
<
L
N
N

24hAF

Figure 3.9. Indirect immunofluorescence labelling of wall polysaccharides in
F. serratus embryo. The embryos were fixed and labelled 24h and 72h after
fertilisation. The green fluorescence shows the detection of BAM6, BAM7 and
BAML10 alginate epitopes; the blue fluorescence shows the detection of BAM3 and
BAM4 sulphated fucan epitopes. n (24h BAM10) =11, n (24h BAM7) =11, n (24h
BAMG6) =11, n (24h BAM3) =7, n (24h BAM4) =10, n (72h BAM10) =9, n (72h BAM7)
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Figure 3.10. ELISA analysis of alginate and sulphated fucan epitope levels in
three fractions of F. serratus embryo wall extracts. Graphs represent
absorbance of alginate (BAM6-BAM11), sulphated fucans (BAM1-BAM4), plant
pectin/xylan (LM23) epitopes and control of three fractions in the process of alcohol
insoluble residue (AIR) extraction. Error bars: standard error between 3 technical

replicates.
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3.4.6. Detecting and investigating genes encoding the mannuronan C-5

epimerases

The mechanical properties of an alginate gel correlate with the proportion of
GG-blocks in the alginate structure (Draget et al., 1994). This correlation is due to
the ability of GG-block regions to form “egg-box” junctions with calcium in the cell
wall (Grant et al., 1973). The alginate chain is initially produced as mannuronic acid
(M) after which a subsequent epimerization of the M residues into G residues
occurs; this process is catalysed by putative mannuronan C5-epimerases (MC5Es;
section 1.3.1.2. in Introduction). Since these enzymes have a potential role in
changing mechanical properties of walls through their activity, possible gene
candidates were identified. In addition, their expression was examined during
progressing developmental stages.

The initial step involved finding known epimerase protein sequences in the
annotated Ectocarpus siliculosus genome via UniProt online database (http://
www.uniprot.org/). Each of these protein sequences was aligned using Basic Local
Alignment Search Tool (BLAST, default parameters; https://blast.ncbi. nim.nih.gov/
Blast.cgi) against a known EST database of F. vesiculosus (adult male and female
tissues; Martins, Mota and Pearson, 2013) where 7 reads aligning to the original
proteins could be identified (Appendix 3.). Using the sequences identified, forward
and reverse primers were designed for each (Table 3.1). Polymerase chain reaction
(PCR) was performed on cDNA made from two F. serratus embryo developmental
stages to test the primers. All the reactions resulted in amplicons between 220 and
460 bp, depending on the primer pair (Fig. 3.11). The PCR products were then
sequenced (Appendix 4.). Three pairs out of the seven nucleotide sequences
aligned to each other with a high percentage, indicating they both amplified the

same gene (Appendix 4.; orange, green and blue).
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PrimerID F5'-3 R 5'-3'
MC5E_241546 GGTCGTTCTTACATCAGCGCCG GCATCGCTTGGAGGCGATAATCC
MC5E_244229 GGTTGTCTTGCACGAGGTTG CGAACATGCACTTCGTAATGGG
MC5E_253007 CGTGAAGGTGTTGTCGTG CGAAGTCTACGACAACGTTAATC
MC5E_253453 CCGGATTACAGCAACGGCAGC CGACGTTGTCGTGGACCTCG
MC5E_28278 CGACCAAGATGAGAGCGATGG GGATGGAAACGTTGTTGCATCG
MC5E_32281 GTGAAGGTGTTGTCGTGG CGTTAATCATGGTATCATCGCG
MC5E_56536 CCGCGCCCATGGAGGTG CGTTAAGCCCGTTGTCGTCGTCG

Table 3.1. Primer sequences used to amplify the regions of genes potentially
encoding for mannuronan C-5 epimerases (MC5Es). The sequences were
designed based on the F. vesiculosus transcriptome data reads (Martins et al.,
2013) after performing BLAST against E. siliculosus MC5Es. F-forward primer, R-
reverse primer.

bp

ACTFS 241546 253453 56536 ‘244229 ’ 28278 253007 32281

Figure 3.11. MC5E gene products from F. serratus. Agarose gel showing 15 pl
of PCR products: ladder, actin control (primers from Farnham et al.,, 2013),
MC5E_241546, MC5E_253453, MC5E_56536, MC5E_244229, MC5E_28278,
MC5E_253007, MC5E_32281. Two band for each primer set represent two F.
serratus embryo samples, 1h AF and 14 days AF.

To confirm that the potential translated MC5E proteins of the obtained
nucleotide sequences have similarities with the Ectocarpus proteins, a protein
BLAST was executed. Firstly, the nucleotide sequences obtained from PCR were
processed through the ExPASy online translation tool to determine the potential
translated proteins. All of the combinations underwent a protein BLAST against all
available databases to check for the best hits. Six out of seven potential translated
proteins aligned highly with a mannuronan C5 epimerase originating from
Ectocarpus. A preliminary quantification of the detected four unique epimerase

genes was performed next using semi-quantitative RT-PCR. Two replicates of three
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different time points (24hAF, 72hAF and 10dAF) were examined; cDNA from each
of the embryo samples was amplified using 4 primer sets for the 4 epimerases,
together with two housekeeping genes characterised for Ectocarpus siliculosus (Le
Bail et al., 2008a), elongation factor alpha (ELa) and alpha tubulin (TUB; Fig. 3.12).
The data suggest that the epimerase genes are expressed relatively constantly,
apart from MC5E_32281, which might be expressed more highly early on in

development than at the later stages.
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Figure 3.12. Semi-quantitative RT-PCR of potential epimerase genes in F.
serratus embryos. (A) PCR amplicons for each of the epimerases (MC5E_x) and
housekeeping genes (EFa and TUB); first row was analysed after 36 cycles, second
row after 40 cycles in the thermal cycler. Red arrowheads represent contamination
via potential gDNA contamination or unspecific cDNA amplification, white
arrowheads represent the desired epimerase amplicons. (B) Graphic representation
of the average fluorescence for 4 epimerase genes normalised by the elongation
factor alpha (EFa) housekeeping gene. Error bars represent the standard error
between the two replicates.
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3.4.7. Mannuronan C5 epimerase genes in the F. serratus transcriptome

In a developmental system such as a fucoid embryo with very distinct growth
patterns, it is interesting to explore how embryogenesis is regulated on a molecular
level. To start addressing this question, an RNA sequencing experiment was
performed. Poly (A) + RNA was extracted from 4 distinct developmental stages:
7hAF (round zygote, no fixed polar cue), 24hAF (germination and first division
already took place), 72hAF (elongation of the rhizoid with thallus cell sequential
division) and 10dAF (thallus elongation, rhizoid growth stops and holdfast starts
forming). After library preparation and sequencing, “de novo transcriptome
assembly, 2protein prediction and 2transcript expression analysis was performed.
These were carried out by Dr Anna Gogleva (Schornack Group, Sainsbury

Laboratory, University of Cambridge).

In the scope of this thesis and due to time constraints, only a small portion of
RNA-seq data was used. After protein prediction, a BLAST database was created
to look for sequence similarities with known mannuronan C5 epimerases originating
from E. siliculosus. Twenty two genes were identified as potential MC5E genes in
the F. serratus transcriptome, which had high similarity with different E. siliculosus
MCS5E sequences (Appendix 6. And 7.). Transcript expression levels for 22
candidate genes were examined for all 4 developmental stages in three independent
biological replicates. The preliminary data (no full statistical differential expression
has yet been performed) suggest all 22 genes are expressed in at least one of the
developmental stages (high or low expression level; Appendix 8.). Although a full
differential analysis was not performed due to time limitation, the resulting data could
be split into different patterns, depending on the expression trends. Eight genes
seemed to be expressed at quite low levels and constantly throughout development
(Appendix 9.; the sequences of three candidate genes from this list matched the
sequences from the above mentioned MC5E genes: 32281, 241456, 253453). A
further 11 genes were found to exhibit high expression values early in development;
6 specific for 7hAF (Fig. 3.13A), 4 specific for 24hAF (Fig. 3.13B) and 1 expressed
higher in both of the time points (Fig. 3.13D; the sequence of this candidate gene
matches the sequence of MC5E_244229). Two genes had a varying expression
with higher values either at 7 and 72hAF (Fig. 3.13C) or at 24 and 72hAF (Fig.
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3.13E). One gene was expressed at later stages, 72h and 10d AF (Fig. 3.13F). The
preliminary data here show that the candidate MC5E genes in the F. serratus
transcriptome are expressed during embryogenesis, and, depending on the

epimerase, different expression trends can be observed.
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Figure 3.13. Transcript expression values of mannuronan C5 epimerase
candidate genes during embryo development. Each of the graphs represent a
single mannuronan C5 epimerase transcript expression levels in 4 developmental
time points of 3 individual biological replicates. The graphs can be separated
based on the trend of epimerase expression (A) early expression at 7hAF, (B)
early expression at 24hAF, high expression at 7hAF and 72h AF (C), 7hAF and
24hAF (D) or late expression at 72hAF and 10dAF (E). The sequence of the gene
candidate in (E) matches the MC5E_244229 found in F. serratus above.

3.5. Discussion

3.5.1. Fucus embryogenesis — an interesting developmental pattern

During embryogenesis, fucoid embryos have to coordinate a series of
important developmental steps in order ultimately to create their adult body plan.
Starting with polar axis formation and the first asymmetrical cell division, the
direction of growth is already set. Manipulating these two events can heavily
influence the growth of young embryos (Bisgrove et al., 2003; Farnham et al., 2013,
Peters and Kropf, 2010). An initial asymmetrical cell division gives rise to two distinct
cell types: rhizoid and thallus cell. This work demonstrates that the initial embryo
growth occurs solely in the rhizoid, where active cell elongation accompanied by cell
division takes place. During this time the thallus only undergoes cleavage divisions
that partition the original surface area and thus do not contribute to overall embryo
length. Thallus cell expansion begins to occur around 6d AF. This switch
corresponds to the appearance of apical hairs, which are a crucial step for the
development of meristematic area and further body development (Galun and Torrey,
1969). Following this at around 10dAF, the embryo develops a protuberance from
the rhizoid to attach itself firmly to the substrate — a holdfast. These data are in line
with previous reports on early fucoid development (Bouget et al., 1998; Galun and
Torrey, 1969). However, the timing of these steps does not seem to be similar
across different fucoid species. In F. distichus, the appearance of apical hairs was
reported to happen only 3-4 weeks after fertilisation (Bouget et al., 1998), whereas
in F. vesiculosus this happens sooner, around day 6 (Galun and Torrey, 1969),

similarly to our observations.
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After fertilisation, a fucoid alga develops a polar axis after which it undergoes
germination. This germination represents the initiation of tip growth, a mode of
growth observed in a variety of systems such as pollen tubes, root hairs, fern
protonemata, moss chloronemata and caulonemata, fungal and oomycete hyphae
(Carol and Dolan, 2002; Krichevsky et al., 2007; Menand et al., 2007; Parton et al.,
2000; Riquelme, 2013). Our data showed that the rhizoid growth (proxied by
average embryo growth) varied depending on its developmental stage, starting with
90 um/day, decreasing to 60-80 pum/day from day 2-5 and then another increase at
day 6-7 with 90 pm/day. This increase could be coming from the initiation of the
thallus growth; since the rhizoid was still elongating and the thallus started its
elongation, the result could be an increase in length. After day 7 the growth was
reduced gradually to 40 um/day at day 11 when it became relatively constant.
Previous reports showed a rhizoid extension rate of 1 to 5 pm/h (Kropf, 1992), which
is similar to these observations. As the rhizoid is the only actively growing structure
in the first 5-6 days of development, the whole body length (and embryo growth rate)
could be used as a proxy to determine the average rhizoid elongation. Although an
hourly dynamics time lapse was not done in this study, if it is assumed that the
elongation was constant (the embryos grew the same amount during the day and
night), the data in this study would show the elongation rates from 2.5 - 3.75 um/h

in the first 5 days of development.

3.5.2. Tip growth or not-so-tip growth?

Tip growth in the F. serratus rhizoid was suggested by Calcofluor White wall
staining, where the walls were stained at 24 hours after fertilisation, rinsed and
embryos were left to develop another 24 and 48 hours before imaging. The data
(Fig. 3.3) show that the stain fluorescence is lower in the newly grown areas (rhizoid)
indicating a deposition of wall material. However, provided with this information, it is
hard to conclude if the lower amounts of staining come only from vesicle secretion
into the wall (exocytosis) or a reverse process of recycling of vesicles via
endocytosis. In fucoid zygotes, there is evidence that the vesicles are located in the
tip region during germination and following tip growth (Belanger and Quatrano,
2000). However, the direct location of their deposition to the cell wall remains

unclear.
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When exposed to laser photobleaching, the regions of interest have
decreased fluorescence, which is regained via exocytotic processes in the cell. The
data here show that recovery after photobleaching occurs in the Fucus rhizoid. This
indicates that active exocytosis is taking place. Moreover, the data suggest that this
recovery happens faster at the sides of the apical cell (12.2+1.8s) than the apical tip
itself (20.7+2.6s). This is similar to what is observed in pollen tubes where the active
exocytosis is taking place just below the apex; the vesicles fuse with the plasma

membrane in a region 3—10 um away from the apex (Zonia and Munnik, 2008).

How tip growth exactly occurs has been a long standing question in all tip-
growing systems. Vesicle trafficking is important because the cell would not be able
to expand without additional deposition of membrane and wall material at the site of
active growth (tip). In pollen tubes, the vesicles travel along actin-myosin
cytoskeleton (Geitmann and Emons, 2000; Vidali et al., 2001). Lily pollen tubes have
actin filaments organised parallel to the tube until the subapical area where they
have been shown to organise in a fine actin fringe (Lovy-Wheeler et al., 2005). The
delivery of vesicles has been found to correspond to this subapical actin fringe. This
region is thought to be the region of the highest exocytosis (Bove et al., 2008; Zonia
and Munnik, 2008). A cone-shaped vesicle aggregation is observed at the pollen
tube tip that corresponds to the vesicles that have been taken up by the cell via
endocytosis (retrograde trafficking) at the tip (Bove et al., 2008). This creates a

trafficking process referred to as an ‘inverse fountain’ (Bove et al., 2008).

Although still not completely known, this study suggests that the fucoid
rhizoid tip growth might be similar to the one observed in pollen tubes, where faster
exocytosis is happening on the sides, rather than the tip. A pulse chase experiment
would be useful to determine in more detail the exact spatiotemporal dynamics of
endocytosis and exocytosis in the rhizoids. Similarly to plants, it is known that actin
is driving the localised vesicular trafficking in fucoid rhizoids (Hable et al., 2008). In
addition, an ‘actin patch’ has been found to form in a spherical zygote that predicts
the site of new rhizoid formation (Alessa and Kropf, 1999; Pu et al., 2000). After
germination, this patch transforms into a ring which remains expressed during the
growth of the rhizoid. This structure has been hypothesized to distinguish the

growing and non-growing parts of the cell or to restrict certain components to the
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growing rhizoid tip, such as calcium (Alessa and Kropf, 1999; Pu et al., 2000).
Although not tested in this study, the deposition profile (higher on sides) might be
spatially correlated to the previously observed actin ring. This might indicate that the
possible relationship between the actin ring and secretion exists. A combination of
actin imaging (as preformed in Alessa and Kropf, 1999) and FRAP experiments
would elucidate this hypothesis.

3.5.3. Mechanical properties of the Fucus embryo

The local confinement of the growth process to the rhizoid during early Fucus
embryogenesis suggests a differential distribution of mechanical properties in these
embryos. For the first time, a mechanical approach was used to understand the
potential mechanical contributions to the observed growth patterns. The
experiments using AFM revealed that this might be the case. The cellular stiffness
of the growing rhizoid was lower in comparison to the thallus region for all three
developmental regions tested (24h, 72h and 10 days after fertilisation) correlating

very well with areas of faster growth.

During the first days of embryogenesis, the initial thallus cell undergoes
cleavage divisions and only after the appearance of the apical cell around day 6-7
it starts elongating, indicating both cell division and expansion are taking place. The
decrease in apparent stiffness observed at day 10 seemed to correlate with the
developmental stage that the embryo was undergoing. Each of the cells are
undergoing cellular expansion at this stage, which requires loosening of the cell wall

in order to accommodate the new larger cell.

The rhizoid cell had a different pattern during development that correlated
with the embryo growth stage. The lowest apparent Young’s modulus was observed
at 24h AF, followed by 72h, with the highest at 10 days after fertilisation. During
embryogenesis, embryos for the first few days exhibit the highest rates of growth
which ultimately slows down and produces an adhering structure holdfast. These
data support that pattern, where the fastest growth correlates with the softest rhizoid
(24hAF) and the slower growth correlates with the stiffest rhizoid (10d AF).
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In pollen tubes the spatial profile of the growing tip shows that the apex is
significantly softer than the shank (cylindrical region of the cell). This gradient is
observed within the first 20 um of the tip (Chebli et al., 2012; Geitmann and Parre,
2004; Zerzour et al., 2009). The data here did not show such a clear increase in
cellular stiffness as it moved away from the tip region. At 24h AF, the cellular
stiffness of the rhizoid was constant throughout the 80-100 um along the whole
rhizoid. At 72 AF there seemed to be a change in stiffness moving away from the
tip, however, this was not a significant change and not as prominent as the one
observed in angiosperm pollen tubes. One explanation is that the stiffness change
could not be observed due to limitations of the method: due to the rhizoid curvature,
it was difficult to obtain valid data on the apparent Young’s modulus close to the
very tip. In force maps obtained from AFM the rhizoid always appeared softer
(darker colour on the heat maps). However, this artefact most probably came from
the difficulty of the machine to properly indent a curved area, hence resulting in false
detection of reduced stiffness. Another indication of this phenomenon is apparent
when observing the edges of the whole rhizoid; the line between the rhizoid and the
mucilage/glass always seemed to be darker (appearing softer). On the other hand,
it might be that the Fucus rhizoid does not behave similarly to what is observed in
plants, and there is something else besides pure mechanical drive of the wall that
controls the polarised elongation. One possibility might be the differential thickness
of the wall; it is known to exist in brown algal tip-growing systems such as
Sphacelaria (Katsaros et al., 2006) and Pelvetia (Bisgrove and Kropf, 2001), a close
relative to Fucus. At 10 days after fertilisation the growth is almost stopped and no
change in stiffness along the rhizoid is detected. This might indicate that elongation

indeed is no longer happening.

In summary, there is a trend in the Fucus embryo showing the gradient of
stiffness along the growth axis. This stiffness difference correlates with the fast
growing rhizoid and the non-growing/slow-growing thallus. The rhizoid tip does not
show a significant stiffness decrease relative to the shank region above it. This is
dissimilar to that observed in plants, where the apex of the tip-growing pollen tube
is significantly softer than the shank. Reasons for this are still not completely clear,

but it is suggested that the AFM method was unable to detect a change at the very
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tip due to geometrical limitations, or there might be another geometrical (or a
different) mechanism of polarised growth involved.

3.5.4. A relationship between mechanical properties and wall biochemistry

Tip growth is a very specific mode of growth with a relatively fast (varies from
species to species) directional elongation. This means that the tip wall has to be
able to withstand the turgor pressure from the inside of the cell, but at the same
time, be able to allow this fast growth to occur by loosening. The loosening might be
controlled by modifying wall components in a specific way: alginate, sulphated
fucans or cellulose. Due to its possible mechanical implications in algal growth, as
well as correlating its potential function with the function of its analogue in plants
(pectin, detailed in Chapter 1), alginate was chosen to be investigated as the main
candidate. The three epitopes tested with three available antibodies BAM6, BAM7
and BAM11 had different patterns of distribution during embryo development. The
M-rich epitope was present throughout the embryos at both 24h AF and 72h AF.
The MG rich epitopes were present in two areas, specifically the rhizoid tip and the
collar zone, with some signal in the rest of the rhizoid as well as the thallus. The
spatial distribution of BAM10 (G-rich epitope) in the thallus indicated there might be
a correlation between the wall mechanical properties and alginate distribution (G-
blocks can crosslink with calcium ions); the thallus cell was much stiffer than the
entire rhizoid in both 24h and 72h AF. However, the high signal at the rhizoid tip for
both MG-rich and G-rich epitope does not link directly into this hypothesis. This
might indicate that, even though the BAM10 binds to a G-rich area that could
crosslink with calcium, the change in alginate structure necessary for visual
correlation with the mechanical properties, is not covered by the currently available
antibodies, or that the signal at tip originates from outside the cell during the process

of mucilage excretion.

To examine a possible correlation with another wall component in muro
immunolabelling of the sulphated fucan components was investigated next. From a
set of fucoidan antibodies available (Torode et al., 2015), two of the antibodies with
a detectable signal were chosen, BAM3 and BAM4. Both sulphated fucan epitopes

were detected along the rhizoid part of the embryo. The data in this study follow the
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same distribution patterns as previous reports. In round zygotes which are
developing a polar axis, alginate and cellulose are uniformly distributed in growing
rhizoids, whereas a sulphated fucan named F2 localises to the growing tip (Novotny
and Forman, 1975). More recently, the same set of antibodies was used to look at
the early Fucus embryogenesis and showed that both of the used antibodies were
localising to the rhizoid pole of the zygote (Torode et al., 2016). However,
progressing in development, the signal for both BAM3 and BAM4 spread all over
the germinated zygotes, whereas in our study, although present in the thallus, it was
mostly detected in the rhizoid. Even though sulphated fucans polarise to the rhizoid
pole during early polar axis fixation, it does not suggest that they have a direct role
in wall properties during cell loosening and following local germination. In previous
reports, they have been linked to zygote adhesion (Crayton et al., 1974), although
they have also been suggested to strengthen the tip-growing rhizoid during
elongation (Bisgrove and Kropf, 2001). The data here show some correlation with
the mechanical properties, however it is difficult to conclude whether this provides

a causal relationship at this time.

In the Fucus zygote, cellulose might be acting as a strengthening component;
its low signal detected during germination corresponds to the growth initiation
(Novotny and Forman, 1974). In the scope of this project, due to the time limitations,
cellulose was not looked at. However, to elucidate its potential involvement in the

mechanical properties during embryo growth, this is a next-step future direction.

3.5.5. Molecular aspects of cell wall related embryo morphogenesis

The alginate biosynthesis pathway has not yet been fully described in the
brown algal lineage. However, a few genes homologous to bacterial genes involved
in this pathway have been identified (Michel et al., 2010). One of the interesting
steps in alginate biosynthesis, with a potential effect on mechanical properties,
represents epimerisation of a mannuronic acid residue into a guluronic acid residue
via MC5Es. Because of the alginate structure and biological function in cell walls
(provides flexibility and strength to the algal body), alginate might be thought of as
an analogue to pectin. This would then suggest that the MC5Es might have the

same role as pectin methylesterases (PMEs), modelling the pectin (or in this case

-905-



Chapter 3

alginate) into the right conformation to cross-link with calcium and rigidify the wall
(details of this process are described in Chapter 1). To date, a number of bacterial
genes encoding MC5Es have been discovered and the exact function of some of
these enzymes (patterns of epimerisation) has been investigated (Ertesvag, 2015;
Hartmann et al., 2002a). In the brown alga Ectocarpus, a family of 31 genes
encoding these enzymes has been found (Fischl et al., 2016; Michel et al., 2010),
and one of these enzymes has been heterologously expressed in E. coli to
determine its function (Fischl et al., 2016). It could be assumed that a group of these
enzymes is used by the alga to produce variations of alginate structure, which could
have implications in regulating mechanical or physiological properties during
development. In F. serratus, genes that could be encoding for these enzymes or
other cell wall related enzymes have not been fully explored and their expression

during embryogenesis has not been looked at.

One approach taken here was to detect the potential genes related to the
Ectocarpus MC5Es through already available datasets for Fucus species. Thirty one
protein sequences found in Ectocarpus were BLASTed against the F. vesiculosus
RNA-seq dataset (Martins et al., 2013). Seven nucleotide sequences were
discovered that aligned with high similarity; 6 of these represented only 3 different
reads since they aligned perfectly with the other sequence (in Appendix 4.
highlighted in colour). Matching of these reads to each other does not come as a
surprise, taking into account that a transcriptome database was used; this would
provide information about sequence fragments shorter than the full gene sequences
(depending on the sequencing protocol). The following step involved detecting
expression of these genes in the studied system, F. serratus. All 7 sequences were
found in the cDNA originating from embryos at two developmental stages, 1h AF
and 14d AF. These samples served solely as a control for the sequence detection
and were not used afterwards in testing the expression levels. Semi-quantitative RT-
PCR has suggested that the 4 potential epimerases are expressed during the
embryo development (Fig. 3.12). The results indicate that one of the epimerases
MCS5E_32281 seems to be expressed at a higher level in the early stages after which
the expression decreases. However, the variation between the two samples tested

was quite significant, so all the conclusions made with these data, although
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suggestive, need to be supported better with more replicates as well as confirmed
using a more accurate method, such as quantitative PCR (QPCR).

A more sophisticated approach was then taken for in depth analysis of all the
transcripts through RNA sequencing. The transcriptome resulting from this study is
to our knowledge the first one to explore gene expression during embryogenesis in
a fucoid alga. Although still ongoing, some aspects of it have been addressed as a
part of this thesis, where the idea was initiated. The preliminary results suggest that
at least 21 epimerase genes are expressed during embryogenesis, with patterns of
expression observed for each of these genes that indicate potentially different roles
during embryo development. The four MC5E genes identified through a database
search (section 3.4.6.) corresponded to four different Trinity genes from the
transcriptome analysis. Three of the genes were found to be in the group of Trinity
genes unlikely to have a differential expression pattern during embryogenesis
(Appendix 9.). A small discrepancy was observed: one of the genes in this group
(MC5E_32281) did show a downward trend of expression when RT-PCR was
performed. However, as mentioned above, the variation between the two samples
was quite significant, so a more accurate method should be used in the future to
test this. Furthermore, one of the MC5E (MC5E_244229) genes corresponded to a
Trinity gene that presented a slightly higher expression pattern at 24h and 72h AF.
However, this was not observed in the semi quantitative RT-PCR. This is likely due
to the very slight changes in expression during chosen time points which would have
been missed in an RT-PCR experiment, but detected using a more sensitive

approach such as RNA-sequencing.

Moving forward, the next steps involve: detailed analysis of differential
epimerase gene expression, validation of candidate genes via gPCR, as well as
widening the search by looking at different gene families involved in cell wall
biosynthesis or remodelling. These include arabinogalactan proteins found in brown
algal cell walls, with a potential role in guluronate modelling (Torode et al., 2016),
and sulfatases and sulfotransferases involved in sulphated fucan biosynthesis and
degradation (Michel et al., 2010). Transcriptome analysis originating from this study
will serve as a great source for future exploration of different bases of embryogenetic

control in fucoid brown algal systems.
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Chapter 4. Exploring the effects of cell
wall modification on development in a
Fucus serratus embryo

4.1. Summary

Early stages of embryogenesis are marked by the elongation of the rhizoid
which exhibits tip growth. The growth here is focused to the dome-shaped apex
where secretory vesicles are being incorporated into plasma membrane and the cell
wall, depositing new material. The polar behaviour of the system is governed by F-
actin filaments and polar distribution of ions (e.g. Ca?*), whose role has been
confirmed using pharmacological treatments. Chapter 4 explores the role of cell
walls in growth by investigating the changes in rhizoid wall properties when
subjected to cytoskeleton depolymerising drugs, a reduced influx of calcium ions
(reduction of external calcium) and disruption of alginate. All of the treatments
reduced rhizoid elongation ultimately resulting in shorter rhizoids. The results
suggest actin and microtubules are both involved in deposition during tip growth
since a significant reduction of cell wall epitopes was observed when embryos were
treated with cytoskeleton depolymerising agents. Furthermore, a significant
increase in rhizoid cellular stiffness was observed, indicating the interplay between
cytoskeleton-linked deposition and wall mechanics is important for rhizoid
elongation. In addition, tip swelling and branching was observed when cytoskeleton
was disrupted, indicating its role in controlling tip shape integrity. Removing alginate
from the wall and depleting calcium from the medium had different effects on wall
properties. Alginate removal did not result in stiffness change, suggesting the
alginate involvement in elongation, but not mechanical properties during growth.
Depletion of calcium resulted in a thicker layer of mucilage around the rhizoid
(associated with sulphated fucans), accompanied by an increase in cellular

stiffness, indicating the ion imbalance might have an effect on embryo adhesion.
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4.2. Introduction

The fucoid zygotes have served as a useful system to explore the
mechanisms of cell polarity and early development. The fertilisation occurs
independently of mother tissue with a high number of resulting individuals which are
initially apolar and only afterwards develop a polar axis. Some of the most relevant
and important aspects of these mechanisms relate to the cell cytoskeleton, cell wall
remodelling and the role of calcium ions and ion fluxes. These factors, and their

interplay, are the main driving force in the process of fucoid zygote polarisation.

This interplay between wall deposition, ion fluxes, and the cytoskeleton
begins as early as fertilisation. It has been shown that at the sperm entry site of the
egg, a polar cell wall deposition takes place in the first 5 minutes of fertilisation
(Bothwell et al., 2008). Localized cortical [Ca?*]cyt elevations occur (Bothwell et al.,
2008; Roberts et al., 1994). This creates a gradient of Ca?* along the rhizoid-thallus
axis, with the highest concentration of Ca?* at the future rhizoid tip (Brownlee and
Pulsford, 1988; Brownlee and Wood, 1986; Kropf and Quatrano, 1987) The actin
network has also been found to localize in the cortex of the cell at the location of
sperm entry (Hable and Kropf, 2005). The localisation of both calcium and actin can
be modified. The polarisation of a fucoid zygote responds to post-fertilisation
external cues, which then determine the polar axis. It has been observed that the
aforementioned calcium gradient and actin network move to the new site of future
rhizoid pole, if affected by these external cues, such as light (Alessa and Kropf,
1999; Brawley and Robinson, 1985; Hable and Kropf, 2005; Hable et al., 2003; Kropf
et al., 1989b). These two processes are essential for normal zygote polarisation, as
has been proven by blocking their function with pharmacological treatments.
Cytochalasin D and latrunculin B have been shown to prevent polarisation by
interfering with the actin cytoskeleton in zygotes of Pelvetia and Fucus (Brawley and
Robinson, 1985; Nelson and Jaffe, 1973; Quatrano, 1973). It has also been shown
that the actin network is localised in growing rhizoid tips (Kropf et al., 1989b) and
that disrupting actin polymerisation results in growth cessation in the Pelvetia
compressa rhizoid (Hable and Kropf, 2005). On the other hand, the other
cytoskeletal component, microtubules, do not seem to play an essential role during

the zygote polarisation process. Zygotes incubated continuously in microtubule-
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depolymerizing drugs photopolarized and germinated normally, under conditions
where microtubules could not be detected by immunofluorescence (Brawley and
Quatrano, 1979; Kropf et al., 1990). However, an aberrant phenotype following cell
division could be observed, a dispositioned first cell plate. The disruption of cell
division was seen when pharmacologically blocking microtubule polymerisation
(nocodazole) or by using RNA interference to knock down a tubulin gene (Farnham
et al., 2013).

There is another key player that has a role in normal polarisation and zygote
development during the first hours of development — the cell wall. After the cell wall
is deposited around the fertilised zygotes, three major components can be detected:
alginate, cellulose and two different fucoidans named F1 and F3 (Quatrano et al.,
1985). There is also a third type of fucoidan, F2, which only starts appearing around
8 hours after fertilisation, in specialised Golgi-derived vesicles where it is sulphated
(Quatrano and Shaw, 1997). Upon establishing the polar axis, these F2-vesicles
travel to the future rhizoid pole where they are deposited into the cell wall. The F2-
fucoidan is incorporated in the cell wall while the zygote is still spherical and can be
detected using an acidic solution of toluidine blue stain (Quatrano and Shaw, 1997,
Shaw and Quatrano, 1996). Treatments with actin disrupting agents result in the
inability of the F2-fucoidan to be incorporated into the cell wall, suggesting that
polarising actin serves as a ‘highway’ for the trafficking of these vesicles (Brawley
and Robinson, 1985; Quatrano et al., 1985). Another line of evidence about the
importance of cell wall in zygote polarisation comes from enzymatic treatments
which removed the cell wall from 6-h-old Fucus zygotes. The resulting protoplast
was found not to develop as long as the cell wall was absent (Kloareg and Quatrano,
1987a).

An important role for actin in tip growth has been demonstrated in different
tip-growing systems across the evolutionary tree (plant root hairs: Carol and Dolan,
2002; Miller et al., 1999; pollen tubes: Gibbon et al., 1999; Vidali et al., 2001; fungal
hyphae: Heath et al., 2003; Ketelaar et al., 2012; Taheri-Talesh et al., 2008; and
other algae: Karyophyllis et al., 2000). Tip growth does not rely solely on actin, but
on calcium ion fluxes and localisation as well (Jackson and Heath, 1989; Jackson
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and Heath, 1993; Malh6ai and Trewavasb, 1935; Pierson et al., 1994; Pierson et
al., 1996; Steinhorst and Kudla, 2013).

Considerable effort has been devoted to investigating mechanisms behind
the fucoid zygote polarisation and the subsequent first cell division, separating the
thallus and rhizoid. However, moving forward in development to the later stages of
embryogenesis, there is less information about how cytoskeleton, calcium and cell
wall remodelling affect development in brown algae. The change of cell shape in
plants is based on turgor-driven expansion and the addition of new material into the
cell wall. This makes the cell wall a crucial player in the process of growth. Here |
investigate the effect of cytoskeleton disruption on F. serratus embryo rhizoid
elongation and its potential link to the cell wall properties. In addition, hypothesizing
that alginate would behave similarly to pectin in plants (see Chapter 1), | looked into
what effect modifying exogenous calcium or alginate structure would have on cell

wall stiffness and biochemistry.

4.3. Materials and methods

4.3.1. Sample collection, fertilisation and culturing

See Chapter 3: sections 3.3.1. ‘Sample collection and processing’ and 3.3.2.

‘Fertilisation’.

4.3.2. Applying treatments

24 h after fertilisation, the seawater medium was replaced with a treatment
of interest and the embryos were kept in the solution for 48 hours unless otherwise

stated. The 72 hour old embryos were used for further analysis.
Pharmacological manipulation of cell wall deposition/composition
Chemical screen

To test the effect of actin, microtubule and cellulose disrupting chemicals on

embryo development, an initial phenotype screen was performed using various
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pharmacological agents with a range of concentrations. All chemicals were diluted
to the appropriate concentration from stock solutions as follows: isoxaben 2mM in
dimethyl sulfoxide (DMSO); brefeldin A (10mM); dichlobenil (200mM); latrunculin B
1mM; oryzalin 5mM, nocodazole 17mM in DMSO. The DMSO in ASW was used as
control treatment (one control for all experiments — concentration of DMSO used
was the same as the highest concentration of the pharmacological agent).

The embryos underwent the processing as above and the phenotypes were
observed and imaged under a VHX 5000 microscope (Keyence (UK) Ltd) 48 hours
after fertilisation/ 24 hours after treatment application. The appropriate treatments
and concentrations were chosen for further investigation based on the significant

reduction in embryo length while maintaining high embryo viability.
Altering cell wall via actin and microtubule disruption

After determining the suitable conditions, embryo development was
investigated more closely through a 5 day time course where the length of the
embryo was measured every 24 hours. The images were taken under a VHX 5000

microscope (Keyence (UK) Ltd, UK).
Altering growth and alginate crosslinking via calcium

To test the effect of calcium on embryo development, three experiments were

performed:
EGTA treatment

To test the effect of calcium removal through Ca?* chelation, 24 hours after
fertilisation the embryos were moved into ASW containing 4 different EGTA
concentrations; 100 uM, 1 mM and 10 mM. 48h after fertilisation they were imaged

and the final length was measured.
Calcium removal

24 hours after fertilisation, the embryos were put into artificial seawater (450
mM NacCl, 10 mM KCI, 9 mM CaClz, 30 mM MgClz, 16 mM MgSOa4) or seawater
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where no calcium was provided, either in its ionic form Ca?* or as CaCl.. The
embryos were imaged 48 hours after fertilisation for length measurement.

Calcium depletion

After 24 hours in ASW, the embryos were moved into solutions with
decreased amount of calcium in the form of CaClzin the following concentrations: 9
mM (control), 6 mM, 3 mM and 1 mM. The embryos were imaged 72 hours after

fertilisation and their length was measured.
Altering cell wall composition with alginate lyase

To test the effect of altering alginate composition in the cell wall, an enzyme
degrading M-blocks of alginate (alginate lyase) was used. The embryos were kept
in ASW for the first 24 hours, after which the medium was replaced by ASW mixed
with different concentrations of alginate lyase; 0.5 U mLt, 2 U mL?, and 5 U mL™.

Embryos were incubated on 16°C.

The length of embryos was measured 3 days after fertilisation for all
concentrations after which the most suitable concentration was chosen for further
experiments. The chosen concentration was used in determining the length in time,

cell wall biochemistry and cell wall mechanics.

4.3.3. Quantifying cell divisions

To investigate the early division pattern in the Fucus embryos, the embryos
were cultured on slides and taken 24h after fertilisation (looking at the effect of

microtubule disrupting agents on first cell division).

4.3.4. Immunohistochemistry

Embryos were fertilised and cultured as above on multitest 8-well slides
(Vector Laboratories, USA), taken at 72h AF (control or treated), fixed overnight (2%
formaldehyde and 2.5% glutaraldehyde in ASW). Fixation followed by 3x15 minute
wash with ASW, and a rinse in phosphate buffered saline (PBS; 2.7 mM KClI, 6.1
mM NazHPOa4, and 3.5 mM KH2PO4). The following protocol and quantification is
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detailed in Chapter 3; section 3.3.7. ‘Alginate and sulphated fucan
immunolocalisation’. The quantification was done for the rhizoid tip only.

4.3.5. Atomic force microscopy

Embryos were fertilised, cultured and grown in artificial seawater or a
treatment solution for 72h after which they were used for experimentation. The
following protocol is described in Chapter 3; 3.3.6. ‘Atomic force microscopy’, with
the following modification: the elasticity of all samples was determined by indenting

with the tip over the rhizoid tip in 200 um x 100 um squares.

4.3.6. Statistics

All samples were tested for normality with Shapiro-Wilk normality test and for
equal variance using Brown-Forsythe equal variance test. Significance tests were
performed according to their distribution: two sample t-test to compare two samples
with normal distribution, Mann-Whitney Rank Sum test for comparing two non-
normal distributed samples, ANOVA or ANOVA on Ranks for more than 2 samples

for normal and non normal distribution, respectively.

4.4. Results

4.4.1. Inhibiting actin and microtubule polymerisation leads to reduced

growth rate and change in morpholoqgy in F. serratus embryos

It has previously been shown that the actin cytoskeleton is important in axis
fixation in fucoid embryos and its inhibition results in blocked tip growth (Hable and
Kropf, 2005; Hable et al., 2003). However, microtubule disruption via chemical
agents was not found to have an effect during this process (Brawley and Quatrano,
1979; Kropf et al., 1990). Reduced embryo growth was seen only after the
microtubule disruption resulted in the misalignment of the first cell division, indicating
the positioning of that division is important in future embryonic development
(Bisgrove and Kropf, 1998).
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An initial screen was performed to determine the optimal conditions where
the pharmacological agent treatment was effectively reducing (but not abolishing)
the final embryo length whilst not affecting their viability (Fig. 4.1). This procedure
was designed to isolate growth defects from other affected processes due to embryo
death. The embryos were grown in artificial seawater for 24 hours, after which they
were moved into subsequent treatments. They were kept in treatment for 5 days
and imaged on the second and fifth day. Six pharmacological agents were chosen,
which were known to have an effect on disrupting cellular trafficking, actin and

microtubule cytoskeleton or cellulose synthesis.

Cell wall material is deposited through the action of vesicle trafficking.
Brefeldin A acts as a protein inhibitor between the endoplasmic reticulum and the
Golgi apparatus hence blocking the normal vesicular transport (Klausner et al.,
1992). In this experiment, Brefeldin A treatment showed a significant effect by
decreasing embryo growth at concentrations of 1 and 10 uM 2 days after fertilisation
(p-value<0.001, n=50, Fig. 4.1A). However, both of these treatments were fatal to
the embryos in the later days of exposure (Fig. 4.1A). Dichlobenil and isoxaben
both affect cellulose synthesis by blocking the glucose incorporation in the cellulose
chain (Cox, 1997; Heim et al.,, 1990). In this experiment, embryos grown in
dichlobenil showed a reduced length 2 days after fertilisation in 200 nM and 10 puM
(Fig. 4.1B), but the viability of those embryos was very low 5 days after fertilisation.
Isoxaben treatment at concentrations of 100 nM and 1pM did not show a significant
effect on the embryo growth (Fig. 4.1C).

Latrunculin B prevents actin filament re-polymerisation by binding to actin
monomers (Morton et al., 2000). It had a strong effect on reducing F. serratus
embryo growth even at concentrations as low as 1nM. The embryos were viable
after treatment with 1nM and 10nM, but treating them with higher concentrations
severely reduced viability (Fig. 4.1D). The disruption of the other cell cytoskeletal
component, microtubules, was performed using two agents: nocodazole and
oryzalin. They both bind to tubulin and prevent its polymerisation (Davidse, 1986;
Strachan and Hess, 1983). The results here show that they both had an effect on
embryo length — embryos were significantly shorter under all the examined

concentrations of nocodazole (10 nM to 10 uM), whereas oryzalin had a similar
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effect when the concentration reached 100 nM (Fig. 4.1E, F). Based on this screen,
treatments were selected that were satisfying both of the set criteria: effect on
embryo length and maintained viability of the embryos for at least 5 days after
fertilisation (4 days in treatment). Those were as follows: 10 nM latrunculin B, 100

nM nocodazole and 100 nM oryzalin.
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Figure 4.1. Screen for effective treatments and concentrations of
pharmacological agents on embryo length and rhizoid elongation 2 days after
fertilisation. (A) Brefeldin A (disrupts vesicular trafficking) treatment showed a
significant effect in embryo length reduction when treated with a concentration of
1uM and higher (p-value<0.001) (B) Dichlobenil (inhibits cellulose synthesis) shows
a significant effect for concentrations of 100nM and 10 uM (p-value<0.001). (C)
Isoxaben (inhibits cellulose biosynthesis) does not have a significant effect under
two given concentrations. (D) Latrunculin B (inhibits actin polymerisation) has a
strong effect in a variety of concentrations starting from 1nM (p-value<0.001). (E)
Nocodazole (inhibits microtubule polymerisation) shows a significant effect in length
reduction from a concentration of 10nM up (p-values: 10nM (0.004), other (<0.001))
and (F) Oryzalin (inhibits microtubule polymerisation) has a significant effect on
embryo length at 100nM concentration (p=-value<0.001), n=50/treatment.
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To check in detail how cytoskeleton inhibition affected the dynamics of
growing embryos rather than just initial rhizoid formation (as previously described in
the literature), growth was tracked during the consecutive 5 day period after
fertilisation. In artificial seawater, F. serratus embryos grew approximately 80-110
pm/day in the first 5 days (Fig. 4.2A; embryo length: 131 +0.92 ym on day 1,
514+5.74 pm on day 5) with a decreasing relative growth rate starting from
0.46%0.008 on day 1-2 to 0.145+0.013 on day 4-5 (Fig. 4.2B). When in cytoskeleton
disrupting treatments, they grew less with a smaller average relative growth rate per
day (Fig. 4.2A, B; LatB 0.089+0.01, nocodazole 0.286+0.01, oryzalin 0.319+0.009
on day 1-2, LatB 0.08+0.014, nocodazole 0.08+0.018, oryzalin 0.12+0.016 on day
4-5, p-value (individual treatment against control) <0.001, n=100/treatment). At
these concentrations, the latrunculin B treatment showed the largest effect, with a
low constant relative growth rate of around 0.1, while nocodazole and oryzalin had
the same trend as control, but lower — rate decreased from 0.3 to just over 0.1.
Looking at 72h AF, which was the period of the fast rhizoid elongation (described in
Chapter 3), it could be seen that embryo length was significantly lower (p<0.001) in
all three treatments, on average 164 um for latrunculin B, 205 pum for nocodazole
and 238 um for oryzalin. Embryos in the control treatment grew normally reaching
the final length of 340 um on day 3 (Fig. 4.2C).

4.4.1.1. Effect of cytoskeleton disruption on rhizoid morphology

Cytoskeleton disruption led to an interesting set of phenotypes. After exposing them
to latrunculin B, nocodazole and oryzalin at 24h AF, the embryos changed their
morphology which was observed 24 hours after (48h AF). The observed rhizoid
phenotypes were divided into 4 groups: normal rhizoid (rhizoid elongation is
ongoing; Fig. 4.3B, blue), wide rhizoid (the rhizoid was shorter and wider, especially
at the tip; Fig. 4.3B, orange), split rhizoid (the rhizoid was split in two; Fig. 4.3B,
grey) and branched (the rhizoid started to branch identically to holdfast formation
process; Fig. 4.3B, yellow). The control did not present any aberrant phenotypes,
whereas all three treatments showed a fraction of each of the 4 phenotypes to a
different extent. When actin was disrupted via latrunculin B, 60% of the embryos
had a normal looking rhizoid (shorter, but normal), 20% had a wider and thicker

rhizoid and another 16% had a rhizoid that split in two. The remaining 4% presented
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a branching phenotype. In the microtubule disrupting treatments, the wide and split
rhizoids were mostly not present (5% combined), but the majority of embryos
showed either normal rhizoid (nocodazole 90%, oryzalin 58%) or a branched one
(nocodazole 9%, oryzalin 38%) (Fig. 4.3A).
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Figure 4.2. Growth of F. serratus embryo during cytoskeleton disruption. (A)
Increase in embryo length and the growth rate (B) over a course of 5 days when
treated with actin (latrunculin B) and microtubule (nocodazole, oryzalin) disrupting
agents. (C) All treatments result in significantly shorter embryos 72h after fertilisation
(AF) (n=100/treatment, ANOVA on ranks; p-value for all treatments compared to
control <0.001).
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Figure 4.3. F. serratus embryo phenotypes observed when treated with
cytoskeleton disrupting agents. (A, B blue) In control treatment embryos elongate
normally (rarely an aberrant phenotype is observed). Wider rhizoids (A, B orange)
and split rhizoids (A, B grey) are a result of mainly actin disruption, but also present
when the microtubule skeleton is affected (D). The branched rhizoid (potential
holdfast formation, B yellow) is mainly present in embryos treated with microtubule
disrupting agents, specifically oryzalin. n (control)= 93 , n (latrunculin B)= 109, n
(nocodazole)= 109, n (oryzalin) = 82; numbers represent a cumulative result of 3
independent biological replicates.
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4.4.1.2. Microtubule disruption affects initial cell division

It is known that the microtubules are important in the formation of cell plates
in plants and algae (Bisgrove et al., 2003; Peters and Kropf, 2010) and that inhibiting
the genes related to them affects the cell division position (Farnham et al., 2013). In
order to confirm these data and explore them further, 8 hours after fertilisation the
embryos were moved to a medium containing 100 nM nocodazole, 100 nM oryzalin
or ASW + DMSO (control). The effects on the formation of the first cell division were
observed after 24h (Fig. 4.4A). Since the zygotes require actin to polarize their axis
and they would not be able to form a rhizoid if put into a medium with actin
depolymerizing agent (Quatrano, 1973), this experiment was not conducted using
latrunculin B treatment. Similar to the data available from the literature, the zygotes
treated with microtubule depolymerizing agents had aberrant first cell division
planes. The control treatment had 7% of aberrant cells while nocodazole and
oryzalin had 40% and 30%, respectively. A significantly higher number of undivided
zygotes was observed as well (control 10%, nocodazole 40%, and oryzalin 20%)
(Fig. 4.4B). When the first cell division was formed, the average angle between the
axis elongation and that division in the control treatment was around 90°. However,
in the aberrant embryos, for both treatments, this angle was reduced, being on

average around 50° (Fig. 4.4C).

As for previous observations in fucoid zygotes (Farnham et al., 2013; Hable
and Kropf, 2005), these results show that by disrupting the actin or microtubule
cytoskeleton in young embryos, their growth is reduced significantly. These results
also suggest that cytoskeleton disruption affects the morphology of the rhizoids. This
might suggest that the cytoskeleton is not important solely in the rhizoid tip growth,
but also in the cell shape control and might influence potential cell fate decision

making.

4.4.2. Slower growth of embryos correlates with the increase of the rhizoid

cell wall stiffness when cytoskeleton is disrupted

It has been shown that the cytoskeleton serves as the delivery route to

deposit vesicles into the tip of the tip-growing structures (Ketelaar and Emons, 2001;
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Miller et al., 1999). In plants, tip growth has been associated with changes in the
cell wall biochemistry; pectin distribution is correlated with the occurrence of growth
and
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Figure 4.4. Effects of early microtubule disruption on first cell division
positioning. (A) Calcofluor White staining of 24h old F. serratus embryo cell walls
and first cell division in control treatment and when treated with nocodazole or
oryzalin 8h after fertilisation. (B) Graph showing distribution of division types
(control, aberrant or no division) in control and microtubule disrupting treatments.
(C) Graph representing average angles of the axis of growth and the first cell division
position. First cell division of embryos in control treatment is close to perpendicular
to the growth axis; nocodazole and oryzalin treated embryos have on average
smaller angle between the cell division 50°. *angle calculation for a normal embryo,
** angle calculation for an aberrant embryo. n(control)= 9, n(nocodazole)= 10,
n(oryzalin)= 11.
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elongation (Chebli et al., 2012). In order to explore whether the cytoskeleton-related
embryo length reduction could be linked to the changes in wall stiffness, the cell wall
mechanics of the Fucus embryos were tested using atomic force microscopy. Since
the rhizoid is actively growing 72 hours after fertilisation, the imaging and analysis

was done for this structure specifically at this time.

Atomic force microscopy (AFM) was used to examine the elasticity of the
embryo rhizoid using an AFM cantilever mounted with a 10nm diameter tip. | created
100 x 100 um? elasticity maps for each of the rhizoids investigated. A Hertzian model
was used to fit the indentation data, which enabled determination of the apparent

Young’'s modulus (Ea).

The results here show that the Eain all treatments was higher than in the
control (Fig. 4.5). The embryos treated with latrunculin B showed the highest effect
of wall stiffness increase with an average of 8.9 =+ 0.69 MPa. Likewise, nocodazole
and oryzalin treated embryos had significantly stiffer rhizoids with an average
Young’s modulus of 6.55 + 0.82 MPa (nocodazole) and 6.61 £ 0.53 MPa (oryzalin).
Control Ea was 4.2 £ 0.28 MPa. Stiffer wall, a higher Ea, are correlated with the
shorter rhizoids observed in the growth analysis for all of the pharmacological

tfreatments.

4.4.3. Cytoskeleton disruption in F. serratus embryos results in decrease in

specific alginate and sulphated fucan epitopes in the rhizoid

As described in the introduction to this dissertation (Chapter 1), cell wall
mechanics in plants relates to the underlying biochemistry (Chebli et al., 2012,
Peaucelle et al., 2011). In order to determine whether the biochemistry in the brown
algal cell walls relates to the observed changes in stiffness, | performed
immunolocalisation on 72 hour old embryos using antibodies raised against specific
epitopes of alginate (BAM6, BAM7 and BAM10) and sulphated fucans (BAMS3,
BAM4) (Torode et al., 2015; Torode et al., 2016). The alginate epitopes vary based
on their ability to cross-link with calcium ions which should make the cell walls stiffer
(higher Ea): BAM6 binds to an epitope rich in mannuronic acid (M-blocks, softer
material), BAM7 binds to a mix of mannuronic and guluronic acid (MG-blocks) and
BAM10 binds to a guluronic acid rich epitope (G-blocks, mechanically stiffer
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material). BAM4 and BAMS3 antibody bind to sulphated fucan/fucoidan preparations
(Torode et al., 2015); BAM4 binds to a sulphate-containing epitope in cell wall
fucoidan, whereas BAM3 binds to an epitope that might contain sulphated groups,

but its structure is less clear (Torode et al., 2015).
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Figure 4.5. Cytoskeleton disruption affects the cell wall’s apparent Young’s
modulus. Apparent Young’s modulus values of 72h AF embryos treated with
latrunculin B, nocodazole and oryzalin with representative heat maps of the
measured rhizoid tip area. Heat maps are a 64x64 pixel square covering a
100x100um area (n= 27(control), 28 (latrunculin B), 30 (nocodazole), 31(oryzalin)).
ANOVA on ranks; p-values: LatB<0.001, nocodazole=0.003, oryzalin=0.037.G —
glass, M — mucilage, R — rhizoid.

In this experiment, the latrunculin B treatment showed the most significant
change in cell wall biochemistry; BAM10 (Fig. 4.6A) as well as BAM7 (Fig. 4.6B)
showed a decreased fluorescence signal suggesting less of the G-rich and MG-rich
epitopes present in the alginate. A significantly reduced fluorescence signal was
observed for BAM10 (Fig. 4.6A) in the nocodazole treatment and for BAM7 in the
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oryzalin treatment (Fig. 4.6B). The M-rich epitopes (BAM6; Fig. 4.6C), although
present in low amounts, did not show a significant decrease or increase when the
embryos were treated with the cytoskeleton disrupting agents. The sulphated
epitope detected by the BAM4 antibody was also not affected by these treatments
(Fig. 4.6E), with the only difference observed was in the latrunculin B treatment,

suggesting a reduced amount of BAM3 binding epitope (Fig. 4.6D).

In conclusion, these data suggest that there is less G-rich and MG-rich
alginate present in the treated embryo rhizoids that have the highest disruption of
actin. In addition, when actin cytoskeleton integrity is affected, the presence of a
fucoidan epitope is decreased as well. Actin is known to be involved in vesicle
trafficking and it is also known that the cell wall material is being deposited via its
filaments. The alginate is produced as a chain of mannuronic acid residues, which
are then enzymatically converted into their epimerised state — guluronic acid (Haug
and Larsen, 1969). The reduction in these epitopes could suggest that mainly actin,
but also microtubules, have a role in the delivery of enzymes and cell wall

polysaccharides.
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Figure 4.6. Average signal fluorescence for 3 alginate and 2 sulphated fucans
epitopes in the rhizoid tip of 72 hour old F. serratus embryo cell wall after
cytoskeleton disruption treatments. (A) Guluronate-rich epitope (BAM10) shows
a significant decrease in fluorescence signal in latrunculin B and nocodazole
treatment (n= 12 ctrl, 21 LatB, 9 noco, 13 ory. ANOVA on ranks; p-values: LatB
<0.001, Nocodazole=0.008) while the mixed mannuronate and guluronate epitope
(BAM7) signal (B) decreases significantly in latrunculin B and oryzalin treatment (n=
8 ctrl, 16 LatB, 12 noco, 12 ory. ANOVA on ranks; p-values: LatB<0.001,
oryzalin=0.004). (C) Mannuronate-rich epitope (BAMB6) is not significantly affected
(n= 12 ctrl, 16 LatB, 9 noco, 15 ory) as well as the epitopes for sulphated fucans
(BAM3 and 4; D, E, n (BAM3) = 28 ctrl, 25 LatB, 9 noco, 23 ory; n (BAM4) = 21 ctrl,
15 LatB, 18 noco, 19 ory), with the only exception of latrunculin B treatment
immunolabelled with BAM3 antibody (ANOVA on ranks; p-value= LatB 0.013).
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4.4.4. Enzymatic degradation of alginate in the growing embryo cell wall

results in shorter rhizoids and decrease in mannuronic acid rich epitopes

The majority of algal cell wall is composed of polysaccharides alginate and
sulphated fucans. Alginate lyase can degrade alginate by 3-elimination of glycosidic
bonds and produce unsaturated oligosaccharides with double bonds at the non-
reducing end (Zhu and Yin, 2015). Types of alginate lyases are distinguished
depending on their cleaving site; e.g. ones with preference towards poly-M or
towards poly-G linkages (Lundqvist et al., 2012; Thomas et al., 2013). Given the
hypothesis that the biochemistry of the cell wall could relate to its mechanics, | tested
what effect the degradation of alginate had on embryo growth, mechanics and
overall biochemistry. For this purpose | used a commercially available poly-M lyase
(Sigma Aldrich, USA).

| used two different concentrations to test its effect on embryo growth. Twenty
four hours after incubation in ASW, 0.5 units (U) mL* and 2U mL™ of alginate lyase
were added to the medium. The initial 24 hours without the treatment was done to
allow the embryos to polarise, form rhizoids and start growing. The results here
showed that when treated with 0.5 U mL no significant difference was noticed.
However, applying 2U mL* of alginate lyase resulted in highly significant reduction
in embryo length when observed 48 hours after fertilisation (24h after treatment
application, control 244.12 + 2.77 um, treatment 166.507 + 2.08 um, n=150, p-
value< 0.001; Fig. 4.7A).

Furthermore, to test whether there are any differences in the mechanics of
the cell walls when treated with alginate lyase, the embryos were tested using AFM
(see Materials and Methods for details). The results show there were no significant
differences in the apparent Young's Modulus between the two treatments. The
control treatment had an apparent Young’s Modulus of 3.6 £ 0.12 MPa (n=48) and
the alginate lyase treatment (2U mLt) was slightly higher, 4.6 + 0.61 MPa (n=38, p-
value= 0.416; Fig. 4.7B).
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Figure 4.7. Effect of M-alginate lyase treatment on F. serratus embryo growth,
cell wall stiffness and biochemistry. (A) Embryo length 48h after fertilisation and
treatment with alginate lyase; significantly reduced embryo length is seen when

applying 2 U mL* of enzyme (n= 150, ANOVA on ranks;

p-value<0.001) (B)

Apparent Young’s modulus of the control and treated embryos with corresponding
stiffness heat maps (64x64, 100x100um); there is not a significant change in rhizoid
stiffness between the two conditions (n= 48 control, 38 treated embryos, Mann-
Whitney test; p-value=0.416). (C) Alginate lyase treatment significantly reduces the
fluorescence signal of mannuronate-rich epitope in the rhizoid tip (BAMG6; n= 18
control, 8 treatment, Mann-Whitney test; p-value=0.004).
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In addition, | performed an immunolocalisation experiment to determine the
underlying changes in biochemistry that might have been affected due to the
enzymatic activity of alginate lyase. The BAM6 antibody showed a significantly
reduced fluorescence signal in the treatment in comparison to the control which
suggests that M-block rich epitope was less present. The other alginate and
sulphated fucan related antibodies did not show any significant difference between
the two treatments (Fig. 4.7C).

These data suggest that using the poly-M alginate lyase reduced the amount
of M-rich epitopes. Taking into account that the enzyme used had a preference
towards degrading the mannuronic acid linkages within the alginate chain, this result
is expected. However, although affecting the embryo growth, alginate lyase
treatment did not affect the rhizoid cell wall mechanics. This could suggest that in
particular the M-block alginate does not contribute to the mechanics of the F.

serratus embryo cell wall.

4.45. F. serratus embryos have shorter rhizoids and stiffer cell walls when

depleted of a calcium source in the seawater medium

Gel properties of alginate have been known to change in the presence of
calcium ions; because of their conformation, guluronic acid residues have the
potential to crosslink with Ca2* and create ‘egg-box’ linkages which results in a stiffer
gel material (Grant et al., 1973). Calcium is known to be important in Fucus embryo
polarisation as well as tip growth in pollen tubes and other tip growing structures
(Jackson and Heath, 1989; Jackson and Heath, 1993; Kropf and Quatrano, 1987;
Malh6ai and Trewavasb, 1935; Roberts et al., 1994; Steinhorst and Kudla, 2013).
In order to understand how and if exogenous calcium has an effect on the cell wall
properties, | tested the effect of calcium removal, chelation or depletion on the F.

serratus embryos.

Removing the source of calcium from the seawater medium resulted in
embryo growth reduction and death 72 hours after fertilisation (48 hours after
calcium removal), both in the form of CaClz or just the calcium ions (Ca?*) (Fig.
4.8A). EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid) is
a known chelator of calcium ions and has been used before to reduce the amount
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of calcium ions in the seawater medium (Love et al., 1997; Robinson, 1996). To test
its effect on the growing embryos, | applied 3 concentrations of EGTA (100 uM, 1
mM, and 10 mM) in the seawater medium 24 hours after zygote fertilisation and
looked at the effects 24 hours after. There were no significant differences in any of
the treatments in comparison to control (Fig. 4.8B). These results suggest that
removing the calcium completely is too detrimental for the Fucus embryos and
chelating calcium, at these concentrations, does not show a significant effect. Even
though the chosen concentrations of EGTA matched the ones used in the previous

research, it might be that in this study they were too low to show an effect.

To create a more gradual experiment to test the effect of calcium depletion
on embryo growth and cell wall properties, | prepared a series of 4 seawater
mediums with reduced concentrations of calcium in the form of CaClz; 9mM
(control), 6mM, 3mM, 1mM. The embryos were grown in control seawater (see
Materials and Methods for details on seawater composition) for 24 hours after which

they were moved into the prepared treatments.

The results show that the 72 hour old embryo length significantly decreased
in treatments of 3mM and 1mM CaClz (Fig. 4.9A; control 298.13 + 3.15, 3mM
treatment 266.05 = 4.03, 1mM treatment 264.09 * 4.47, p-value<0.001). Having
observed a change in phenotypes, | continued to do further testing to explore the
effects of lower amounts of calcium ions on cell wall properties. The atomic force
microscopy was performed on 72 hours old embryo rhizoids and the results show a
significant increase in apparent Young’s modulus in the calcium depleted treatment
(ImM) in comparison to the control (Fig. 4.9B). Interestingly, the AFM data revealed
an intriguing morphology of the rhizoid and accompanying mucilage in the 1mM
CaClz treatment. Looking at the rhizoid height maps obtained by the AFM
indentation data, the control treatment clearly showed the separation between the
rhizoid (higher; Fig. 4.10A, B, orange arrowheads) and the mucilage around it. This
separation was lost when looking at the height maps of the treated embryo rhizoids,
where the transverse height profile appeared continuous (Fig. 4.10A, C). This
observation was consistent in all samples and only in this particular experiment.
Furthermore, the cell wall immunolocalisations were performed to test the effect of

calcium reduction on cell wall biochemistry. The data showed an increase in a
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sulphated fucan epitope bound with BAM4 antibody. There was no significant
change in any other epitope between the two tested treatments (Fig. 4.9C).

In conclusion, these results show that calcium depletion leads to slower
growth and increased stiffness in the embryo rhizoid. Similarly to cytoskeleton
disruption results, these data suggest a correlative relationship between the rhizoid
length and increase in stiffness.
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Figure 4.8. The effect on calcium removal and chelation on the embryo length
48 and 72 hours after fertilisation. (A) Final embryo length 72 hours after
fertilisation in home-made artificial seawater (ASW), commercially available artificial
seawater (Tropic Marin), without the source of calcium in the form of CaCl. or Ca?*.
There is a significant effect on embryo growth in both calcium treatments (ANOVA
on ranks; p-value<0.001). n (treatment)=50. (B) Chelation of Ca?* ions with EGTA
did not significantly (ANOVA on ranks) affect the length of 2 day old F. serratus
embryos. n (treatment)=30.
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Figure 4.9. Effect of calcium chloride depletion on F. serratus embryo growth,
cell wall stiffness and biochemistry. (A) Final length of 72h old embryos in
treatments with reduced source of calcium (CaCl2); under 3mM a significant
decrease in length is observed. n(treatment)=50 (25x2 replicates, ANOVA on ranks;
p<0.001) (B) A significant increase (Mann-Whitney test; p=0.002) in apparent
Young’s Modulus is observed in treatment with reduced amount of calcium in the
medium and an increased amount of mucilage covering the embryo rhizoid.
n(control)=22, n(treatment)=24. (C) Alginate (green bars) and sulphated fucans
(blue bars) epitopes fluorescence signal is not significantly different between the two
treatments with the exception of BAM4 antibody (sulphated fucan, Mann-Whitney
test; p-value=0.02). n (control BAM10)=25, n(lmM BAM10)= 16, n (control
BAM7)=19, n(ImM BAM7)= 13, n (control BAM6)=15, n(ImM BAM®6)= 16, n (control
BAMS3)=25, n(ImM BAMS3)= 26, n (control BAM4)=25, n(1ImM BAM4)= 14.
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Figure 4.10. Modification of mucilage appearance outside the F. serratus
rhizoid in reduced calcium treatment. (A) Graph representing height lines from
one side to the other side of the embryo rhizoid and the accompanying mucilage. In
control treatment (B, orange line) overall height is lower and there is a clear
distinction between the mucilage and the rhizoid (red arrowheads) whereas in 1mM
treatment (C, blue line) this distinction is not seen.
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4. 5. Discussion

45.1. Actin is a driver of Fucus rhizoid elongation and can influence tip

morphology

Actin filaments have long been hypothesized to transport vesicles to the
elongating rhizoid tip since actin inhibitors disrupt transport of vesicles and arrest tip
growth (Hable et al., 2003; Quatrano, 1973). In the experiments, | have observed a
slower, almost abolished growth of the embryo rhizoid when treated with latrunculin
B. The lack of complete growth cessation might be due to the low concentrations of
latrunculin B used where some actin filaments might still have been polymerising

and active.

An interesting rhizoid phenotype was observed upon latrunculin B treatment
- tip swelling and widening. This phenomena has been reported in other tip growing
structures. After application of cytochalasin, another actin inhibitor, on fungal
hyphae, swelling of the apex was observed, as well as changes in the cell wall
ultrastructure in Neurospora crassa (Allen et al., 1980), Gibertella persicaria (Grove
and Sweigard, 1980) and Uromyces appendiculatus (Tucker et al., 1986). The
swelling of hyphae was linked to the potential role of actin as a reinforcement to the
cell wall during tip elongation (Gupta and Heath, 1997; Heath et al., 2003; Jackson
and Heath, 1990). In pollen tubes, similar phenomena were observed; after
application of cytochalasin or latrunculin B, the apical part of the growing tip started
swelling (Geitmann et al., 2000; Gu et al., 2005; Ketelaar et al., 2003).

In their review, Geitmann and Emons (2000) present 4 hypotheses about the
role of actin arrays in the tip growth in plants and fungi. The first one relates to the
work in fungi in which the arrangement of actin arrays has been proposed to have
a stress bearing function together with the cell wall. By investigating the effect of
actin caps in cell bursting, together with the pharmacological approach, they
concluded that actin and cell wall might work together to determine the stability of
the tip-growing apex (Gupta and Heath, 1997; Heath et al., 2003; Jackson and
Heath, 1990). Another hypothesis comes from the postulation of Harold et al. (1995)

that the apical actin configuration drives the cell elongation, similarly to pseudopods
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in animal cells. The most likely hypothesis, based on the authors, would be the
‘spatial and temporal vesicle fusion’ which represents actin as a pathway to
delivering the vesicles to the exact place of exocytosis, the apical tip. The fourth
hypothesis is also not excluded from the potential real scenario and it talks about
the actin mesh as a filter — as it goes closer to the tip, it becomes finer and does not
allow the bigger organelles to penetrate, but rather just the smaller ones such as

vesicles.

In fucoid embryos, actin was found to localise in the elongating rhizoid (Kropf
et al., 1989b). Alessa and Kropf (1999) used fluorescent phalloidin injection to
visualise the actin within the fucoid zygote; fluorescent conjugates with phalloidin
are used as F-actin stains. The results showed that F-actin organizes into cortical
patches localised at the rhizoid pole which, after germination, transform into a ring-
like structure that is located in the sub-apical zone of the elongating tip. The function
of these rings is not yet completely understood, but it has been hypothesized that
they are involved in tip reinforcement of the rhizoid (Alessa and Kropf, 1999). In
pollen tubes, actin bundles in the shank of the tube transport organelles and vesicles
to the subapical region where exocytosis takes place. This subapical region has
shorter and thinner actin cables that gather into a dynamic structure referred to as
an actin band (Cheung and Wu, 2008). The F-actin ‘ring’ might have a similar role
in fucoid systems as it does in pollen tubes. This hypothesis is supported by the
FRAP data here, which suggests that the exocytosis is probably happening at the
sides of the rhizoid rather than the very tip (Chapter 3). Furthermore, in Fucus,
vesicles have been found to localise in the area of the germinating rhizoid when
probed with the vital stain FM4-64 (Belanger and Quatrano, 2000). These data,
together with swelling tip observations found here, suggest that the same
mechanism might be involved in fucoid tips. Due to disruption of the actin filaments,
the targeted pathway of normal vesicle transport has been abolished, leading to
their wider distribution and wider rhizoids, suggesting the third hypothesis from

Geitmann and Emons (2000) might be true in this case.

In addition, | have observed another phenotype in the latrunculin B treated
embryos, the split of the rhizoid. This is the first such observation in fucoid system

to our knowledge when treated with an actin depolymerising agent. A similar
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phenotype was observed when treated with an auxin transport inhibitor NPA,
probably through altering the accurate auxin localisation (Basu et al., 2002). A
similar phenotype has been observed in fugal hyphae, where, besides the wider tip
diameter, tip branching/split was visible (Ketelaar et al., 2012). It is still unknown
how this phenomenon occurs, but it could relate back to the observations of the
wider tip. If the third hypothesis from Geitmann and Emons (2000) were true for this
system, one could expect the wider distribution of vesicles along the rhizoid (not just
the tip). This would lead to the wider distribution of cell wall components such as F2
fucoidans, whose localisation is known to be important in the rhizoid pole
polarisation (Quatrano and Shaw, 1997). The wider deposition of these fucans along
the wall would result in creating enough ‘signal’ to create multiple branching points.
Widening the rhizoid would allow greater space for potentially more individual tips
to form. A high definition time lapse experiment elucidating the connection between
the widening area and the number of branches forming might give more information

about this process.

4.5.2. Intact microtubules are required for normal rhizoid elongation and

development

In fucoid zygotes microtubules have been shown to be important in the
formation of cell plates (Bisgrove et al., 2003; Peters and Kropf, 2010). Their
disruption via pharmacological agents or knock-down of tubulin genes has a severe
effect on positioning of the first asymmetrical cell division, resulting in aberrant
morphologies (Farnham et al., 2013). However, microtubules have not been shown
to be involved in the zygote germination or rhizoid growth (Brawley and Quatrano,
1979; Kropf et al., 1990). Likewise, the role of microtubules in pollen tube growth
remains debatable. Recent evidence suggests their role in sustaining tip growth
through controlling actin-independent exocytosis and endocytosis happening at the
tip (Idilli et al., 2013). When subjected to oryzalin and nocodazole, the rhizoid of the
Fucus embryo showed slow growth compared to that observed in control treatment.
These data suggest a role in the rhizoid elongation process. Besides centrosomal
microtubules which are present in zygotes, a cortical array has also been visualized
when Fucus embryos were microinjected with fluorescently labelled tubulin

(Correlou et al., 2005). These cortical microtubules are randomly positioned around
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the cell in the polarising zygote, but then preferentially localize to the rhizoid pole
and become denser when zygotes germinate. They seem not to be connected to
the centrosomes. The role of these cortical microtubules is unknown, but my
observations suggest that they might have a role in rhizoid tip morphology and

elongation, as has been speculated (Bisgrove, 2007).

Another role for microtubules is in cell plate positioning during cytokinesis.
My results show that the cell plate in both microtubule disrupting treatments is
misplaced and positioned on average at 50 degrees, or not present at all. These
observations are in line with the previous reports done in fucoid zygotes (Bisgrove
et al., 2003; Farnham et al., 2013; Kropf et al., 1990).

Microtubules are also known to be important in regulating the stability of
apical growth in root hairs and treatments with either microtubule stabilising agents
or depolymerising agents may result in multiple growth points (Bibikova et al., 1999).
These multiple growing points have been observed in other reports as well, such as
in caulonemal and protonemal cells of mosses and a marine coenocyte Bryopsis
plumosa when subjected to colchicine or oryzalin (Mizukami and Wada, 1983;
Schmiedel and Schnepf, 1980; Schwuchow et al., 1990). It is suggested that due to
the similar effects across different lineages, microtubules might have a common
feature, that of maintaining growth to a single point. After the first asymmetrical cell
division in fucoid brown algae, two cell types are created — a rhizoid and a thallus
cell. The latter give rise to the main body of the algae, while the former creates the
stipe and the holdfast. The holdfast is formed early in development; in my
experiments this occurred around day 10. It is a crucial developmental feature that
anchors the whole algae to the substrate. My observations suggest that due to the
effect of the microtubule disrupting agents, this transition from the rhizoid to the
holdfast is happening faster than normal. It might be that the formation of holdfast
is intrinsically regulated by microtubule depolymerisation in that area, allowing

multiple branches to form.
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4.5.3. The rhizoid cell wall stiffness changes upon cytoskeleton disruption,

and is generally correlated with decreased growth

In walled cells, the cell wall must yield to allow for cell elongation. Based on
this one might predict that slower growing cells might have a less yielding wall. After
treating the Fucus embryos with either actin or microtubule disrupting agents that
reduced elongation, a significant increase in the apparent Young’s Modulus was
observed in the rhizoid cell walls. The only experimental data that observed a similar
phenomenon relates to pollen tubes: Zerzour, Kroeger and Geitmann (2009) found
that the cytochalasin D-induced apical swelling showed a significantly higher
stiffness than the normal growing apex. After removal of the agent, the growth
continued. The authors reported that the initiation of this growth was preceded by a
local reduction in stiffness at the location of the following outgrowth, suggesting a

relationship between cell wall mechanics and outgrowth.

The change in stiffness could be caused by different processes: it can either
relate to changes in cell wall properties (biochemistry), wall thickness, changes in
turgor pressure, geometry or a combination of these. In my experiment there was a
change of shape in a fraction of the embryos (wider swollen rhizoid tips), so this
change in stiffness might relate to the change in geometry. However, the AFM
analysis was done on randomly chosen embryos (some of which did not present the
swollen tip), so the geometry parameter might not be the reason for the stiffness
increase. In addition, turgor pressure was thought to be constant since the medium
was fresh with a constant osmolarity. From this, | suggest that the change in the cell
wall stiffness comes directly from the changes in the cell wall biochemistry and/or
wall thickness. In fungal hyphae, it has been suggested that the cytoskeleton acts
as a direct mechanical reinforcement to the cell wall (Jackson and Heath, 1990).
They have experimentally proven that the actin cap on the tip of the growing hypha
serves as an additional prevention mechanism from cellular bursting. Here the actin
cap, when disrupted, loses its ability to reinforce the apex, meaning the apex gets
softer and more likely to burst. However, this hypothesis contradicts my

observations, where, upon disrupting actin, | observe an increase in stiffness.
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In brown algae, cellulose deposition was found to correlate with the direction
of actin filaments (Karyophyllis et al., 2000; Katsaros et al., 2006), with the absence
of cortical microtubules. On the contrary, correlation between microtubules and
cellulose microfibril orientation has been observed in Arabidopsis epidermal cells
(Paredez, 2006) as well as in most other cases, but not without exceptions
(Himmelspach et al., 2003). Despite actin being suggested as the main driver of
cellulose deposition due to lack of cortical microtubules, a relatively recent discovery
has shown that microtubules are present in the fucoid zygote (Correlou et al., 2005).
The discovery of these cortical microtubules and the observation of their
reorientation parallel to the growth axis, suggests that they might play a role in cell

wall formation after all.

A pharmacological study in Pelvetia showed interesting results on cell wall
deposition in germinating zygotes. When treating the germinating embryos with
latrunculin B, the zygotes stopped germinating and developed stronger walls, as
suggested based on a lysis assay. Furthermore, birefringent walls started
developing in the apex, suggesting cellulose deposition. This process was not
present in the control treatments. Ultrastructural investigation also showed that the
cell walls of the treated rhizoids had a 2-3 fold increase in thickness in comparison
to the controls (Bisgrove and Kropf, 2001). Their findings were similar to my
observations — the embryos treated with latrunculin B developed significantly stiffer
(stronger) cell walls. This inhibition of elongation could probably be attributed to the
disruption of the secretory pathway. However, as in Pelvetia zygotes, it might be the
case that the cellulose deposition is continued in the latrunculin B treatment which
would result in a stiffer cell wall. However, the data from Bisgrove and Kropf (2001)
also show that the disruption of microtubules with oryzalin does not show a
significant effect on the rhizoid cell wall strength with no data presented on the wall
ultrastructure. My observations show a significant increase in cellular stiffness,
suggesting microtubules are as well contributing to the change in wall mechanics.
Possibly due to less difference in apparent Young’s modulus than latrunculin B
treatment, this could have been missed in their lysis assay, which would be less

sensitive than a nano-indentation method.
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There are a few conclusions that can be drawn from this: firstly, the data
presented here together with the previous observations suggest that cellulose is
being deposited in the absence of actin filaments. The hypothesis that suggests that
actin is connected to cellulose deposition in brown algae might not be completely
accurate, or at least not accurate for all the species within. These data suggest the
microtubules might have a role in cellulose deposition, or there is an alternative way
which remains undetermined. Secondly, when disrupting the microtubules an
increase in cellular stiffness was observed. This observation again raises the
question whether microtubules have a role in cellulose deposition. In these
experiments, | used a very low concentration of oryzalin and nocodazole to prevent
death of the embryo. This, as a result, might mean that some of the microtubules
were able to polymerize and still could deposit cellulose into the cell wall. However,
it is difficult to make firm conclusions based on these data and more research would

be required in order to elucidate this in detail.

The increase in cellular stiffness due to cytoskeleton disruption in a
phenomenon that has not been extensively explored in the past to our knowledge,
in brown algal cell walls nor other tip growing structures. The research here
represents an initial effort to understand the interplay between mechanics and

cytoskeleton on a cellular level.

4.5.4. Detectable alginate and sulphated fucan biochemistry upon

cytoskeleton disruption do not correlate with change in wall mechanics

The change in cellular stiffness is known to be linked to cell wall biochemistry
modification in plants. Pectin can be de-esterified via an enzymatic reaction and this
process can result in the formation of cross-links with positively charged calcium
ions and change the mechanical properties of the wall and therefore the cell/tissue
growth (Braybrook and Peaucelle, 2013; Chebli et al., 2012; Peaucelle et al., 2011,
Zerzour et al., 2009).

Algal cell walls are both similar to and different from those of plants. The
pectin analogue in brown algae — alginate, can act mechanically similarly to what is
observed in pectin gels. With 4 guluronic acid residues in two alginate chains (2x2)

a crosslinking event can occur with a calcium ion and form an ‘egg-box’ junction
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(Grant et al., 1973). Therefore, alginate gels with higher G content can form stronger
gels (Draget et al., 1994). Bisgrove and Kropf (2001) have also suggested that
sulphated compounds play a role in strengthening the apical wall of the elongating
rhizoid. Hypothesizing that these cell wall components might control the wall
mechanics in brown algae, | investigated whether the observed changes in
mechanics correlated with the change in relevant alginate and sulphated fucan

epitopes.

In this study 5 antibodies were used: 3 directed towards alginate and 2
towards sulphated fucans. Alginate chain is produced in the form of mannuronic acid
residues (mechanically softer gel), which can be then converted to their epimerised
state — guluronic acid (mechanically stiffer gel), via activity of a group of enzymes
called mannuronan—C5 epimerases. A family of 31 of these genes has been found
in Ectocarpus genome from which one has been found to have a functional
enzymatic activity to date (Cock et al., 2010; Fischl et al., 2016). BAM6, BAM7 and
BAM antibodies bind to M-rich, MG-rich and G rich epitopes, respectively. BAM3
and BAM4 antibodies have been raised against two sulphated fucan epitopes and
bind to a highly sulphated and a less sulphated fucan chain (Torode et al., 2015;
Torode et al., 2016).

My data suggest that, upon cytoskeletal disruption, the majority of these
epitopes seem to be less present. As discussed in Chapter 2, it is difficult to make
comparative conclusions between multiple antibodies, unless a specific binding
region is known. In the case of monoclonal antibodies used in this study, their exact
binding sites are still not completely revealed. However, comparisons of a single
antibody in different environment (treatments) can still be made. When treated with
latrunculin B, both BAM7 and BAM10 showed a significantly lower fluorescence in
comparison to control. The BAM6 did not show such an effect. Its fluorescence was
very low in the control as well and the insignificance of the results obtained could be
due to the inability to detect such low concentrations of the epitope. It could be that

this epitope is not present at the tip of the rhizoid.

Alginate is deposited to the cell wall by cytoplasmic vesicles fusing with the
plasma membrane (Quatrano and Stevens, 1976). These vesicles are assumed to

be targeted to the particular areas via the actin network which serves as a “guidance
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highway” (Hable and Kropf, 1998). The proof for this comes from pharmacological
treatments where, upon treatment with cytochalasin B and D, vesicles are not
transported to the cortex, but remain in the perinuclear region of F. distichus zygotes
(Brawley and Quatrano, 1979). The inability to transport the vesicles to the cell wall
in the region of interest (our case, the rhizoid tip) correlates with the data collected
from this study. BAM7, BAM10 and BAM3 all show reduction in fluorescence,
indicating less MG- and G-rich areas of alginate as well as a sulphated fucan.
However, the results could not be correlated with the observed change in increased
rhizoid cellular stiffness. Several conclusions can be made from this: firstly, the
epitopes detected by the antibodies might not be linked to the stretches of alginate
which can be linked with wall mechanics, such as already calcium cross-linked
alginate. Secondly, alginate and sulphated fucans might not be the main
contributors to the wall mechanics, but another component might be taking over.
Cellulose could be a potential player, as described above.

4.5.5. Exogenous calcium depletion decreases elongation and affects the

wall mechanics

The formation of a polar axis in the fucoid embryos has been associated with
the appearance of an electrical current that flows inwards at the site where the future
rhizoid will form (Nuccitelli, 1978). Calcium is a part of this inward driving current
and this process creates a gradient inside the zygote (Robinson and Jaffe, 1975).
This gradient is then thought to be responsible for stimulating the F-actin assembly
which is also necessary for germination to happen. Another important aspect of
calcium is linked to the cell wall and the mechanical properties of alginate
component. In the presence of calcium, guluronic acid within alginate can crosslink
with the ions and make the walls stiffer (Draget et al., 1994; Grant et al., 1973),

potentially reducing the elasticity and the ability of the wall to expand.

In order to study the role of Ca?* in rhizoid growth, | investigated the effects
of reducing Ca?* uptake by decreasing the amount of extracellular Ca?*. Lower
amount of calcium in the medium would result in less influx and potentially less
amount of calcium that could be targeted to the cell wall. A similar approach was

taken in previous studies to investigate the localisation of calcium in the polarising
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and germinating fucoid zygotes by using chlorotetracycline. They have proven that
these calcium reducing treatments do affect the overall calcium influx from the

surrounding medium (Kropf and Quatrano, 1987).

My results from the growth analysis show that external Ca?* is important for
tip growth which is in line with previous studies showing a reduction in elongation
when reducing the amount of calcium in the medium to 1mM (Kropf and Quatrano,
1987). When depleted from the external calcium source, the embryos showed a
significantly higher apparent Young’s modulus than the control indicating a potential
increase in calcium-guluronic acid crosslinking. This contradicts the hypothesis that
with the reduced amount of calcium, less crosslinking would take place. Firstly, a
lower amount of extracellular calcium would result in less calcium uptake and lower
amounts that could potentially end up in the cell wall. This would prevent the
crosslinking to occur and the walls would not get stiffer. Secondly, it might be
expected that the calcium store in the cell wall would be taken into the cytosol for
other calcium driven processes such as different signalling pathways, but also tip
growth. Intracellular calcium is suggested to be involved in vesicle fusion with the
membrane at the apical tip, but also in regulating microfilaments that direct vesicles
to the tip (Brawley and Robinson, 1985; Picton and Steer, 1982). However, in this
case an increase in stiffness is still observed. Although the possibility that the
calcium stays within the cell wall and still creates cross-linkages with alginate might
be true, there might be another mechanism involved. As discussed above, other
components might be involved in regulating mechanics of the wall. A possible
candidate is cellulose microfibrils. As an embryo grows, new layers are deposited
at a certain speed. However, when the growth is slower, with the cellulose being
continuously deposited, this could affect the final mechanics observed in the cell
wall. The third major component of the cell wall are the sulphated fucans, and they
might have a role in wall strengthening as has been suggested (Bisgrove and Kropf,
2001), although their role needs to still be elucidated. The immunolocalisation data
showed that the abundance of none of the alginate epitopes were affected by the
reduction of extracellular calcium ions. However, an increase in a sulphated fucan
epitope (BAM4) was observed. In Ectocarpus subulatus, change in salinity affects
the BAM4 sulphated epitope (Torode et al., 2015) suggesting that BAM4 might be
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involved in the osmotic regulation. Due to the loss of ions from the medium due to

CaClz removal, BAM4 might adjust to the changes due to osmotic change.

Another interesting phenomenon was observed when imaging the embryo
rhizoid in the low amounts of extracellular calcium — an increased amount of external
mucilage. Following fertilisation, fucoid embryos deposit a sticky polyphenolic and
acidic carbohydrate adhesive which keeps them immobilised and allows them to
adhere to the substrate (Hable and Kropf, 1998). These data suggest that lower
amounts of calcium in the medium results in a wider distribution of the mucilage
which completely covers the embryo rhizoid. It has been suggested that sulphated
fucan F2 is important in the zygote adhesion to the substrate during the early
development in fucoid zygotes. In the absence of extracellular SO4?" (zygotes were
grown in a medium in which sulphate was replaced by methionine; met-embryos),
embryos were not able to adhere to the substrate suggesting that a sulphated F2
was required for adhesion (Crayton et al., 1974). The increased fluorescence of the
BAM4 antibody might also be linked to an increased amount of mucilage produced,
since the signal was present throughout the rhizoid, not just localised to the sides
or the tip (as seen in alginate immunolocalisations). The increase of this particular
epitope could also be connected to the observed change in stiffness. Two
possibilities can be explored: that a sulphated fucan has a direct role in mechanical
properties of the wall or that the increase in stiffness occurred due to increased

amount of mucilage produced associated with the increased BAM4 signal.

4.5.6. Enzymatic removal of mannuronic acids does not show an effect on

cell wall properties

Alginate lyases are a family of enzymes which catalyse the degradation of
alginate by a B-elimination mechanism, targeting the glycosidic 1-4 O linkage
between monomers. Although all lyases have the same action, they can have
different preferences for the glycosidic bond connecting M and G monomers.
Depending on the cleaving specificity, they break down different parts of the alginate
chain. M-lyases cleave M-MM motifs (Lundqvist et al., 2012), whereas G-lyases
cleave the G-GG motifs (Thomas et al., 2013). Alginate lyase has been extensively

used as a component in an enzymatic cocktail to obtain protoplasts from brown
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algae (Boyen et al., 1990; Ducreux and Kloareg, 1988; Kloareg and Quatrano,
1987a; Kloareg and Quatrano, 1987b; Rusig et al., 1994; Sawabe et al., 1993). |
have used a commercially available M-lyase on growing embryos to try to degrade
a part of the alginate within the wall to check for potential effects on growth and cell
wall properties. An initial concentration screen was performed to detect an ideal
concentration which would have an effect on growth without effecting the viability.
The results show that using 2U mL* of alginate lyase has a significant effect on

embryo rhizoid elongation, decreasing it.

Immunolocalisation data show that there was a significant fluorescence
decrease in an alginate antibody — BAM6. This antibody binds to a mannuronic acid
rich epitope and its fluorescence decrease is in line with the action of the lyase used,
which cleaves M-MM motifs. However, degrading alginate did not have an effect on
the rhizoid mechanics, the wall stiffness resembled the one observed in the control.
The effect of an exogenous alginate lyase is not known when applied to living
embryos since the only studies performed were the ones that were looking to obtain
their protoplasts. In these cases, higher concentrations were used (~6U mL;
Kloareg and Quatrano, 1987b). One hypothesis why the growth was reduced and
mechanics was not changed could be due to the growth cessation because there
was less wall material (no M-blocked alginate or just fragmented alginate chain)
which would prevent further tip expansion. Another hypothesis might suggest that,
although the embryos appeared alive, this lyase had a detrimental effect on the
embryos. Furthermore, the absence of M-blocked alginate could suggest that there
is less of it to be epimerised into G-blocked alginate which could then form egg-box
crosslinks with calcium ions. In addition, the immunolocalisation data obtained when
disrupting cytoskeleton show that mannuronic rich areas were not affected, while
stiffness increased. There are two sets of experimental data presented here that
lead to reduction in embryo length, but have a different effect on wall properties: a
stiffness increase with no BAM6 epitope change and a no change in stiffness with
a reduction in BAMG6 epitope. These data suggest that M-blocked alginate might play
arole in rhizoid elongation, but seems not to be involved in regulating the mechanics

of the cell wall.
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However, finer methods would need to be developed to investigate this in
more detail, such as modulating alginate in a specific manner; e.g. using
mannuronan C5 epimerises which, depending on each enzyme, have very specific
cleavage sites. The epimerises that localise in the tip region could be overexpressed
and their effect on wall properties could be investigated. Currently there is
experimental proof of several functional bacterial and one brown algal epimerases
(Fischl et al., 2016; Hartmann et al., 2002a; Hartmann et al., 2002b; Hgidal et al.,
1999). To date, no alginate lyases have been found in brown algal genomes (Cock
et al., 2010; Michel et al., 2010; Ye et al., 2015) and it is suggested that brown algae
might have evolved novel mechanisms in alginate modification or their epimerises
might have a dual action, acting both as an epimerase and a lyase, similarly to
bacterial AlgE7 (Ertesvag et al., 1999). However, specific molecular tools need to

be developed for brown algae before these questions could be answered.

4.5.7. Possible role of cell wall properties in growth

This chapter represents the first efforts to try to elucidate the involvement of
wall properties during embryo growth and development. It suggests that the cell
cytoskeleton has a direct influence in controlling cellular stiffness. The direct
inhibition of the cytoskeleton led to decreased growth and increased cellular
stiffness of the actively growing rhizoid. This process might be possibly driven via
reducing the targeted deposition of vesicles (alginate and sulphated fucans) to the
active sites of growth (tip), which would decrease the amount of wall material
needed for normal elongation. The accompanying increase in stiffness could be
linked to the continuous deposition of cellulose, which does not require vesicular
transport but is deposited directly to the cell wall via cellulose synthases (Peng and
Jaffe, 1976). Splicing the mannuronic acid residues from the wall affects the rhizoid
elongation, but not the stiffness, which suggests that the mannuronic acid might be
involved in the elongation, but does not influence mechanical properties of walls
alone. Furthermore, reduction of calcium in the medium (and its following reduced
influx) resulted in slower growth and additional excretion of mucilage adhesive
around the rhizoid. Reduced growth might come as a consequence of reduced
calcium concentration at the tip, which is shown to be important for tip growth. The

cellular stiffness was found to be significantly higher in the treated embryos. The
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increased stiffness without an effect on amounts of alginate epitopes can suggest
that the detectable alginate might not be directly linked in mechanical changes. This
treatment resulted in increased production of extracellular mucilage and an increase
in sulphated fucan epitope suggestion a connection between the two. The increase
in stiffness could also be a consequence of a thicker layer of mucilage around the
wall. A sulphated fucan might also be directly involved in the mechanical properties,
however, this was not observed when stiffness increased during cytoskeleton

disruption.

Alginate, as an algal analogue to plant pectin, does not seem to be involved
in wall mechanical properties as is observed in plants. However, the very specific
epitope binding of three antibodies used here might not be appropriate; probing
alginate parts, which could be directly linked to changes in mechanical properties
(such as already calcium cross-linked alginate), could give us a better
understanding. Sulphated fucans have been shown to be linked to the extracellular
adhesive, however, no clear role of their direct link with mechanical changes was
evident. Exploring the cellulose component could elucidate whether it is involved in
modifying mechanical properties, as the third major component of the brown algal

cell wall.
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Chapter 5. General discussion

The main questions in developmental biology relate to the mechanisms
underlying cell differentiation, patterning and ultimately morphogenesis on an
organism level. These questions have been addressed many times in the past in
multicellular organisms, mostly focusing on either animal or plant systems. Brown
algae are another, independently evolved, group of multicellular organisms worthy
of study (Charrier et al., 2012). Their evolutionary distance from walled organisms
such as land plants opens an interesting discussion about shared origins or
convergent features, which these two groups developed to counter similar physical
constraints on morphogenesis. The plant and brown algal systems developed a cell
wall, which restricted the ways they could build their bodies and resulted in many
position-dependent developmental cues relying on intercellular communication. The
presence of a cell wall also restricts the physical mechanisms by which
morphogenesis can occur — cell walls must yield to allow growth. The insights on
cell wall behaviour during brown algal development in this thesis are discussed

below and the future directions, questions and suggestions are addressed.

5.1. The universal role for cell walls — what can we

conclude so far?

Cell wall and turgor-driven body expansion represents the key physical
mechanism for morphogenesis in walled organisms. This thesis reflects on this
basic structural fact by addressing questions about the cell wall’s role during brown
algal morphogenesis. How does one start to address such a fundamental question
within a large group of organisms such as brown algae? Brown algae are an
extremely diverse group when it comes to their morphologies and modes of building
their bodies. In this thesis, the focus was given to two different morphogenetic
processes in brown algal development, quite different from each other, hoping to
gain insight on developmental rules and patterns involved in their shape formation.

These two processes are apical patterning in S. muticum and embryo development
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in F. serratus. Major conclusions obtained from these two systems are discussed

below.

The central aim behind this thesis was to understand some of the roles of cell
wall in brown algal development, with a hypothesis that its properties have to be
changed in order for growth to occur. Firstly, this would involve wall loosening, which
would be proxied by a decrease in stiffness. Secondly, any decrease in stiffness
would be connected to biochemical changes within the wall itself. The main
candidate chosen for investigation was alginate. The reasoning behind this lies in
two previous scientific discoveries: the mechanical role of its analogue in plants —
pectin (Chebli et al., 2012; Peaucelle et al., 2011), and a correlation between the

flexibility of brown algal tissues with alginate composition (Draget et al., 1994).

When examining the wall properties during F. serratus embryo growth, there
seemed to be a correlation between growth and wall stiffness: the growing rhizoid
had softer walls and the non-growing thallus had stiffer walls. The alginate
antibodies available in this study (BAM6, 7 and 10) indicated a specific patterning
of alginate that could be correlated with part of the observed mechanical properties;
BAM10 antibody (G-rich, potentially stiffer) could be found in the stiffer region of the
embryo, the thallus. In the apex of S. muticum the outgrowth of new buds did not
seem to be correlated with local changes in mechanics or linked to specific alginate
modifications in the cell walls. How do these observations relate to the initial
hypothesis? The results presented in this thesis, on one hand, suggest that wall
mechanical properties correlate with active growth (embryo). On the other hand, the

apical growth with bud outgrowth does not support this hypothesis.

Why these two growth processes might not share the same mechanisms
remains debatable. One must be aware that the two developmental processes
observed are quite different from each other developmentally. The Fucus embryo
represents a system that starts off as a single cell and, through distinct growth
mechanisms, develops its shape. Here we can distinguish two types of growth —
diffuse (cell division and cell enlargement; thallus) and tip growth (polar elongation
of a single cell; rhizoid). On the other hand, S. muticum apex represents a more
complex system. There is an apical cell that has a meristematic role; the constant

divisions here result in multiple cells placed within different tissues. An interesting
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feature here, besides the spiral branching pattern, is the appearance of each of the
forming and growing branches. My observations indicate that the formation of each
of these buds is controlled by an apical cell, which serves as a local ‘meristem’ to
produce each branch. This could suggest that perhaps the inability to detect the
local softening of the cell wall is not due to different mechanisms of cell wall-
accompanied growth between the apex and embryo, but rather a different mode of
growth. While in the fucoid embryo there is a clear enlargement of individual cells,
it is likely that the branch growth relies on cell division produced by the meristematic

apical cell from each branch, and not cell enlargement.

5.2. Apex patterning in brown algae

The mechanism behind apical branching pattern in S. muticum seems to be
quite distinct from what can be observed in plant systems; auxin transport and
accumulation, as well as cell wall properties, do not seem to be correlating with the
new branch outgrowth. Since every newly forming branch has its own meristematic
apical cell (Critchley, 1983b), exploring how this cell forms in a spatio-temporal
manner would be the first step towards understanding the pattern formation in the
spiral phyllotaxis of Sargassum. The indication of Sargassum apex as a self-
organising structure (ablation of the central apical cell and re-initiation of spiral
pattern and growth; Chapter 2) suggests that its morphogenetic complexity is indeed
intriguing. The ability to self-organise might suggest that a fine spatial control of
growth processes in Sargassum apex is taking place and local cues are regulating
it. Although there is no indication of auxin being responsible for pattern formation in
my results, its possible role in pattern formation cannot be ruled out completely. In
plants, auxin accumulation in the newly forming bud has an effect on the cell walls
of multiple cells by modifying their properties (Braybrook and Peaucelle, 2013).
Since Sargassum buds each have only one cell that might be controlling the
outgrowth, the auxin (or a different phytohormone) effect might be very local,
accumulating solely in that one cell or a small number of cells around it. If present,
the phytohormone might not act in the same way observed in plants; it might be

responsible for positioning the new meristematic bud apical cell, but not changing
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the wall properties of the affected cells. Having a positional cue (through
phytohormone accumulation) without wall modification would fit into current
observations, where no change in stiffness of biochemistry could be correlated with

the new outgrowth.

To test this hypothesis, serial sections through each of the bud apical cells
would need to be done, followed by immunolocalisation using anti-IAA antibodies
used in this study. It might be that auxin is not playing the role of a positional cue;
this opens up a variety of possibilities about the identity of a potential ‘cue’
compound. Recently, a technique that can measure the spatio-temporal distribution
of biomolecules in plant tissues and sectioned material has started to be used in
many areas of plant research (Boughton et al., 2016), mass spectrometry imaging.
Potentially this method could be applied here, to determine whether spatial
distribution of any of the detected metabolites correspond to the spatial pattern of
new branch formation. Besides being produced inside the organism, auxin might be
coming to the alga externally, through a symbiotic relationship with bacteria. This
relationship has been already investigated in diatoms, a sister clade to brown algae
(Amin et al., 2015). It would be interesting to explore this possibility in a brown
macroalga such as S. muticum. The potential interactions could be explored via
transcriptomic and targeted metabolite analyses in both the host (Sargassum) and

bacteria, when cultured axenically and co-cultured.

Since no mechanical changes are observed in the apex that correlate with
new branch outgrowth, it is likely that cell divisions are responsible for forming the
branch, and little or no cell expansion is happening. A detailed temporal map of

divisions occurring in the apical region will give indications if this is the case.

Not all ‘complex’ brown algae have the same branching pattern. In most
cases they exhibit dichotomous branching patterns (e.g. Fucus sp.; Moss, 1967).
However, the apices of these branches have apical cells themselves, similarly to
Sargassum. To explore the mechanism of branching, other species could be used
to address several questions. In cases where the apical cell is thought not to divide
asymmetrically to create another daughter apical cell (e.g. Fucus sp.; similar to
observations here), the hypothesis of positional information through a

phytohormone accumulation could be tested. In addition, another system with a
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spiral phyllotaxis could be used in combination with S. muticum to investigate their
similarities in development. An ideal candidate would be Cystoseira sp., which,

similarly to Sargassum exhibits a spiral branching pattern (Church, 1920).

In plant systems, the studies on phyllotactic pattern have produced an
immense amount of data on the mechanisms controlling this process. Modelling and
experimental approaches incorporating complex interactions between wall
mechanics, meristem size, phytohormone transport and gene regulation (reviewed
in Braybrook and Kuhlemeier, 2010) have managed to explain all of the phyllotactic
patterns observed in plants. Although there are still a lot of questions and
uncertainties regarding the phyllotactic processes in brown algae, they most likely
have a different approach to building their bodies. However, there is a lot to learn
from the vast knowledge available from plant systems, and applying similar
strategies to answering morphogenesis questions in brown algae (e.g.
computational modelling of growth, gene expression analysis) might be a good first

step into understanding the basis of creating complex morphogenetic features.

Patterns formed in nature are not a random trait, but rather an optimised
process, with origins embedded in mathematical laws. The most interesting
examples of pattern formation are related to the Fibonacci series and the golden
ratio of 1.618. The golden ratio be found everywhere in nature and space, from
humans (face features, body and limb ratios and finger bones), animals (spiral shells
of molluscs such as Nautilus), DNA molecule, stellar constellations, plant and algal
leaf organisation. The presence of a golden ratio in the meristem of S. muticum is
very intriguing, but far from being rare. Although the mechanisms of its spiral branch
formation remains to be explored, the existence of this type of pattern in the brown

lineage as well, suggests a fundamental role of spirals in all of nature.

5.3. Mechanisms of cell growth

There are two quite distinct modes of growth observed in algae and plants:
diffuse growth and tip growth. Diffuse growth refers to the expansion of cells over

the whole cell surface, which could be isotropic (same in all directions) or anisotropic
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(different in different directions). In tip growth, however, the cellular expansion is
located in the apex of the elongated cell (Kropf et al., 1998). The process of growth
occurs by local insertion of plasma membrane and wall material at the apical growth
site (Steer and Steer, 1989). Tip growth represents a valuable system to explore

how the wall regulates polar elongation on a single cell level.

In brown algae, tip growth is present in several species: in the filamentous
algal bodies such as that found in Ectocarpus (Le Bail et al., 2008b), but also in
rhizoids of fucoid embryos (explored here). The incorporation of new wall material
at the tip, which drives growth, happens through the process of exocytosis. FRAP
experiments can be performed to track the dynamics of exocytosis and have been
applied in plant systems for this purpose (Bove et al., 2008; Zonia and Munnik,
2008). The results here are indicative that the exocytosis is happening faster at the
sides of the rhizoid, rather than the tip itself, similarly to what has been observed in
plant pollen tubes (Zonia and Munnik, 2008). Although in need of further
optimisation and more detailed temporal dynamics experiments, it is suggested that
tip growth in these two very divergent systems might have convergently developed
the same mechanism of membrane and wall deposition. Future experiments aimed
at understanding the interplay between exocytosis and endocytosis would have to
include FRAP experiments in cases where the vesicle deposition is defective due to
delivering machinery (e.g. actin filaments; as a continuation of the experiments
performed in Chapter 4 of this thesis). In addition, live actin staining with a combined
FM4-64 and FM1-43 pulse chase might indicate the spatial correlation of these two

events.

The wall in tip growing systems such as pollen tubes has been shown to have
a stiffness gradient with the softest part at the very tip (Chebli et al., 2012; Geitmann
and Parre, 2004; Zerzour et al., 2009). These studies suggest that the change in
stiffness might be related to the underlying chemistry that is observed. However, the
stiffness gradient can also be explained purely on a geometrical basis (Vogler et al.,
2013). As the surface of the pollen tube is being indented, the angle of tilt between
the indentation direction and the surface is gradually increasing, since the tip has a
shape of a hemisphere. The lower values that are observed at the pollen tube tip

can be expected, since the force measured comes only from the direction of
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indentation, which is modified in this case, due to an increased tilt angle. The data
here failed to detect these very fine changes in mechanical properties along the
rhizoid cell, suggesting that either there is a different mechanism of controlling polar
elongations than pure regulation of wall properties or that these changes were
missed due to caution taken during analysis (the measurements at the very apex
were avoided during analysis due to the geometry issue discussed above).

Interestingly, wall mechanics and biochemistry could be modified when
disrupting the major driver of tip growth, the cytoskeleton. The change in the
mechanical properties when cytoskeleton is disrupted suggests the direct role of
wall components in this process. Available alginate and sulphated fucan epitopes
did not seem to be correlated with these changes, however, potential candidates
have been suggested (cellulose microfibrils; see Chapter 4). A particular case when
higher stiffness was not observed with slower growth was alginate disruption. The
lack of stiffness increase does suggest that alginate acts as an important component

in wall integrity and its destruction leads to overall destruction of wall compactness.

As mentioned above, mechanical modifications are most likely linked to the
changes within the wall itself. Investigating wall thickness and cellulose (as the next
candidate) using transmission electron microscopy represents the next step into
revealing the mechanical contribution of brown algal cell walls during tip growth.
Since actin and microtubules have been found to be guiding the vesicles and
cellulose during wall deposition (Baskin, 2005; Katsaros et al., 2002), investigating
their orientation whilst disturbed could provide useful information on how the

deposition can be linked to observed phenotypes (Chapter 4).

As previously mentioned, two types of cellular growth are found in brown
algae: tip and diffuse growth. Whilst a polar deposition of material drives tip growth,
mechanisms controlling diffuse growth rely more on overall wall changes in a cell
(Kropf et al., 1998). To gain a more accurate picture of how cellular growth occurs
in brown algal species, both types of growth would have to be considered. Exhibiting
both types of growth, a fucoid embryo thallus (after day 7, when elongation starts

happening) could be a good system to explore these processes.
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5.4. Application of new tools and methods to explore

brown algal development

5.4.1. Exploring wall properties in brown algae

This thesis represents the first investigation of brown algal embryogenesis
combining cell wall mechanics and biochemistry, and the second to explore the
possibilities of using atomic force microscopy as a tool in brown algal research
(Tesson and Charrier, 2014). The characterisation of mechanical properties is
important when trying to address the questions of cell growth and enlargement in a
walled organism since the wall must deform to allow growth. The data presented
here support the importance of cell walls and their mechanical properties in
morphogenesis; the cell walls are softer where active growth is taking place
(Chapter 3). This thesis has shown that atomic force microscopy is efficient and can
be used in brown algal research, on a single cell level or tissue level (embryo rhizoid
tip cell and shoot apex). Although the approach has many advantages (ability to
image in water and ability of embryos to adhere to the substrate) of this method,
some difficulties do occur. The naturally produced mucilage on the outside of the
cells/tissues can come in the way of imaging, by adhering to the cantilever and
modifying the resulting measurements. An adequate preparation (thorough rinsing)
and methodology (determining right indentation forces) should be enough to
overcome this issue. In addition, the mechanical behaviour of cell walls is not purely
elastic, but rather shows characteristics of a viscoelastic material. In order to fully
understand the mechanical properties of brown algal cell walls, viscoelastic

behaviour needs to be taken into account in the future as well.

The advances of detecting spatial distribution of wall components, alginate
and sulphated fucans (Torode et al., 2015; Torode et al.,, 2016), has allowed
understanding of the relationship between wall mechanics and the potential
accompanying biochemical modifications. A portion of the data presented in this
thesis is suggestive of that relationship; an alginate epitope rich in guluronic acid is
present in stiffer areas, whereas a sulphated fucan is present in the softer areas.
Taking into account the biological role in adhesion of the latter component (Crayton

et al., 1974), it is difficult to conclude that its spatial distribution contributes to wall
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properties, instead of just a role in embryo adhesion to the substrate. The underlying
biochemical changes that might be affecting the mechanical properties of the wall
need to be examined in detail, possibly by characterising the exact epitopes of
already existing antibodies or developing new ones in addition. Furthermore, mass
spectrometry is a powerful method for identification and structural information on
compounds present in complex mixtures such as cell walls (Bauer, 2012; Pettolino
et al., 2012). It is known that the cell wall determines cell fates in fucoid zygotes
(Berger et al., 1994); physical dissection of rhizoid and thallus cells and the
corresponding walls would allow us to distinguish their differential composition as

well.

5.4.2. Molecular mechanisms of wall modification linked to morphogenesis

Potential analogues to plant/bacterial genes involved in biosynthetic
pathways of alginate, sulphated fucans and cellulose have been explored in
Ectocarpus siliculosus, currently the only brown alga with a sequenced genome
(Cock et al., 2010; Michel et al., 2010). The major molecular focus in my project was
given to exploring the characterisation and expression of mannuronan C5
epimerase genes in several developmental stages (7h AF, 24h AF, 72h AF and 10d
AF) during F. serratus embryogenesis. The preliminary results suggest that several
epimerase genes are actively expressed and their expression levels vary during
embryogenesis, suggesting there might be different epimerisation patterns needed
during different embryo life stages. One of the limitations in exploring the diversity
of these genes in F. serratus relates to the selection strategy: all of the candidate
genes for MC5Es in F. serratus have been selected based on the Ectocarpus MC5E
sequence homology, which is a quite distant evolutionary clade (different orders).
Nevertheless, the preliminary data presented in this thesis as well as ongoing work
provide the first step to the molecular basis of embryogenesis in a fucoid alga.

A more in depth approach needs to be taken to investigate the molecular
mechanisms underlying growth in brown algae. Sequencing of the transcriptome in
this study in F. serratus serves as a good basis to explore distinct molecular
mechanisms in more depth. The short-term future steps for this involve examining

the transcriptome into more detail and validating all the preliminary cell wall-related
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gene expression analysis presented in this thesis. In addition, to be able to conclude
where these genes are expressed (rhizoid or thallus) and what their role might be,
an in situ hybridization assay would be of great importance. In situ hybridization
experiments have been shown to be possible in Fucus systems (Bouget et al.,
1995b). Pinpointing the location of transcription in growing fucoid embryos could
provide even more details about control of cell expansion in these different growth
regimes (since there are two different modes of growth during embryogenesis; tip
vs. diffuse). Furthermore, the possibility of gene knock-down or knock-out via RNA
interference (Farnham et al., 2013) or CRISPR-Cas9 genome editing in the future,
could serve as an additional method to investigate how certain aspects of
embryogenesis are controlled. Looking at the transcriptional level provides a lot of
information about the amount of each specific gene transcript in a cell or a tissue.
However, many post-transcriptional changes can occur before the mRNA is
transcribed into a functional protein. These changes need to be taken into
consideration when discussing data originating from a transcriptomics experiments.
Although a transcriptomic approach is powerful on its own, performing a proteomic

analysis in combination would be of high importance for these studies as well.

Transferring the knowledge into other brown algal models is of high
importance due to several disadvantages of fucoid embryos, such as reproductive
seasonality and inability to close the life cycle in vitro. Ectocarpus siliculosus has
been shown to serve as a good model in brown algal research since its general
biology has been well investigated and its genome has been sequenced and
annotated (Charrier et al., 2008; Cock et al., 2010). Ectocarpus has been already
used to explore different aspects of brown algal biology and several mutant lines
have been established and analysed (Charrier et al., 2008; Coelho et al., 2011; Le
Bail et al., 2010; Le Bail et al., 2011; Peters et al., 2008). Investigating mutants (and
transformants in the future, once the stable transformation protocols are developed)
that have developmental defects, could provide a further great understanding about

the role of cell walls in morphogenesis.

Recently, another brown algal model has arisen, Dictyota dichotoma
(Bogaert, 2015). D. dichotoma, unlike Ectocarpus, has a multi-layered body and its

embryogenesis, although distinct, resembles fucoid systems. Several publications
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have shown that Dictyota could be a great system when exploring several aspects
of brown algal development, at this stage mostly related to early polarisation
processes (Bogaert et al., 2016; Bogaert et al., 2017a; Bogaert et al., 2017b).
Interestingly, several aspects of Dictyota development are similar to fucoid
development, such as rhizoid outgrowth at the dark side of the cell and sulphated
fucan accumulation at the future rhizoid spot (TBO staining). Since both this study
and the study in Dictyota have performed an early embryogenesis transcriptomics
approach (Bogaert et al., 2017b), a comparative analysis of cellular mechanisms in
the early developmental stages would be quite interesting to explore. One of the
aspects could involve exploring the common patterns during first asymmetrical cell

division and the rhizoid growth.

An interesting question in developmental biology relates to exploring how
similar developmental patterns are during early development (embryogenesis)
between different species of a particular group. A stage in development which
reflects the highest conservation in development is called a phylotypic stage. A
recent study in plants and previous studies in animals have shown that embryos
appear different in very early stages and late stages of development, with high
similarities during mid-embryogenesis (Domazet-LoSo and Tautz, 2010; Kalinka et
al., 2010; Quint et al., 2012). This pattern is known as the embryonic “hourglass”.
No phylotypic stage has yet been explored in algal systems. With the transcriptomic
information originating from this study (a developmental time series of the Fucus
embryo), it would be intriguing to explore the possibility of phylotypic stage in a group

of brown algae.

5.5. Fundamental research leading to industry

applications

The interest in brown algae has increased in recent years due to their
industrial potential; as a source for food and feed industry, as well as the source of
‘high end’ products such as pharmaceuticals. Some of their bioactivities have been
mentioned in the introduction of this thesis (Chapter 1). A significant amount of
industrially targeted compounds are found in cell walls (alginate, sulphated fucans,
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cellulose and phlorotannins). Regardless of a high number of compounds with
potential interest for industry, the limitations to obtaining them are quite high.
Macroalgal cultivation is not yet so advanced to support the market demand due to
their slow growth, but also necessary knowledge behind their development. The key
to revolutionising brown algae as a source for industrial use, requires coming back
to step one - research. A great effort has been made recently to establish a consortia
of both research-related and industry-related groups, in order to create a
knowledge-transferring bridge between them (Charrier et al., 2017). One of the
goals of this initiative is to help answer questions on brown algal fertilisation,
development and growth. The outcomes of this research could then be translated

into better, more productive and cost-effective large scale brown algal production.

The aspect that is somewhat more related to the research presented here, is
focused on extracting components of cell walls for industry. Possibly the most
interesting components derived from brown algal cell walls are sulphated fucans
and phlorotannins. These compounds have been found to have very specific
medicinal use in fighting bacterial and viral infections (e.g. food-borne pathogenic
bacteria and HIV virus), inflammations as well as a potential chemopreventive effect
in treating cancer (Artan et al., 2008; Kong et al., 2009; Nagayama et al., 2002).
Finding more algal species with new or a higher production of already existing
compounds that can be used in medicine is of high value and importance.
Furthermore, developing molecular tools to modulate the production (e.g. increase
expression) of such molecules is another approach worth exploring in the future.

5.6. Conclusion

This thesis explored the potential mechanisms behind brown algal
development in two systems, Sargassum muticum and Fucus serratus. The striking
similarity in apical patterning between the S. muticum apex and a plant apex led to
exploring the potential common or different mechanisms in this process (Chapter
2). As the cell walls are responsible for controlling the growth in walled organisms,
their role was explored in more detail during F. serratus embryogenesis (Chapter 3)

using atomic force microscopy, immunolocalisation and transcriptome sequencing.
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Tip elongation and the changes in cell wall properties in fucoid embryos were further
explored by manipulating the known players responsible for driving this type of
growth (Chapter 4).

The recent interest to study brown algae has allowed the rebirth of the field
that had become neglected. Brown algae are a group of diverse organisms that have
an enormous potential for novel applications, both for industrial uses, as well as
scientific discoveries. A deeper exploration of different biological aspects in this
interesting group (development, population genetics and ecology) in the future, will
allow better understanding of how the processes they have acquired during
evolution relate to other groups on the evolutionary tree of life.
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Appendices

Appendix 1. List of available antibodies against brown algal sulphated fucans

and alginate. BAM1-4 target sulphated fucan epitopes, BAM6-11 target alginate

epitopes.
Antibody Epitope
BAM1 non-sulphated epitope that is present on a sulphated glycan
§ specific to sulphated fucan/fucoidan preparations, with no
= BAM2 clear epitope
o
<
o
= specific to sulphated fucan/fucoidan preparations, with no
3 BAM3 clear epitope
BAM4 sulphated epitope
BAM6 M-rich epitope
BAM7 MG-rich epitope
BAM8 MG-rich epitope
BAM9 MG-rich epitope
O
I BAM10 G-rich epitope
5
<
BAM11 epitope of 7 G residues
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Appendix 2. Effect of different indentation settings on the embryo rhizoid

stiffness. Apparent Young’s modulus maps (100 x 100 pm) of embryo rhizoids in
artificial seawater (A) and artificial seawater with mannitol (B) under different
indentation forces. The lack of one image in A originates from the data corruption

that was detected post imaging. RSP — relative setpoint, SP — setpoint.
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Appendix 3. BLAST analysis of the Ectocarpus siliculosus mannuronan C-5

epimerases (MC5Es) against the F. vesiculosus transcriptome data. The

protein sequences from a family of MC5Es in E. siliculosus were aligned with BLAST
against a known database of F. vesiculosus transcriptome (Martins et al., 2013).
The BLAST resulted in obtaining 7 different corresponding reads (column 2; 4
unique reads depicted in different colours).

E. siliculosus epimerase ID | F. vesiculosus transcriptome read ID

MEP7 SRR575725.241546.2 MS_VSBGEO2FO0TBO
MEPS8 SRR575725.241546.2 MS_VSBGEO2FOTBO
MEPG6 SRR575725.241546.2 MS_VSBGEO2F0TBO
MEP12 SRR575725.241546.2 MS_VSBGEO2FOTBO
MEPS5 SRR575725.241546.2 MS_VSBGEO2FO0TBO
MEP9 SRR575725.241546.2 MS_VSBGEO2FO0TBO
MEP16 SRR575725.241546.2 MS_VSBGEO2FO0TBO
MEP17 SRR575725.241546.2 MS_VSBGEO2FO0TBO
MEP4 SRR575725.241546.2 MS_VSBGEO2FOTBO
MEP7 SRR575725.244229.2 VS_VSBGEO02FMO033
MEP4 SRR575725.244229.2 VS_VSBGEO02FMO033
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MEP14 SRR575725.244229.2 VS_VSBGEO02FM033
MEPS8 SRR575725.244229.2 VS_VSBGE02FMO033
MEP2 SRR575725.244229.2 VS_VSBGE02FMO033
MEPG6 SRR575725.244229.2 VS_VSBGEO02FM033
MEP12 SRR575725.244229.2 VS_VSBGE02FM033
MEP5 SRR575725.244229.2 VS_VSBGEO02FMO033
MEP9 SRR575725.244229.2 VS_VSBGE02FMO033
MEP20 SRR575725.244229.2 VS_VSBGEO02FMO033
MEP22 SRR575725.244229.2 VS_VSBGEO02FMO033
MEP16 SRR575725.244229.2 VS_VSBGE02FMO033
MEP11 SRR575725.244229.2 VS_VSBGEO02FMO033
MEP17 SRR575725.244229.2 VS_VSBGEO02FMO033
MEP15 SRR575725.244229.2 VS_VSBGE02FMO033
MEP18 SRR575725.244229.2 VS_VSBGEO02FM033
MEP23 SRR575725.244229.2 VS_VSBGE02FMO033
MEP21 SRR575725.244229.2 VS_VSBGE02FMO033
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MEP3 SRR575725.244229.2 VS_VSBGE02FM033
MEP25 SRR575725.244229.2 VS_VSBGE02FM033
MEP1 SRR575725.253007.2 FS_VSBGEO1EXOXP
MEP13 SRR575725.253007.2 FS_VSBGEO1EXOXP
MEP4 SRR575725.253007.2 FS_VSBGEO1EXOXP

MEP27 C-terminal

SRR575725.253453.2 MN_VSBGEO1BWBBD

MEP7 SRR575725.28278.2 VN_VSBGEO21IPX7
MEP8 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP2 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP6 SRR575725.28278.2 VN_VSBGEO21IPX7
MEP5 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP9 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP22 SRR575725.28278.2 VN_VSBGEO21IPX7
MEP16 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP11 SRR575725.28278.2 VN_VSBGEO21IPX7
MEP17 SRR575725.28278.2 VN_VSBGEO21IPX7
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MEP15 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP10 SRR575725.28278.2 VN_VSBGEO021IPX7
MEP21 SRR575725.28278.2 VN_VSBGEO021IPX7
MEP25 SRR575725.28278.2 VN_VSBGEOQ021IPX7
MEP4 SRR575725.28278.2 VN_VSBGEO21IPX7
MEP13 SRR575725.32281.2 FS_VSBGEQ02IGC9G
MEP17 SRR575725.56536.2 FN_VSBGE02GWL5E
MEP26 X

MEP27 central

MEP28

MEP24
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Appendix 4. Sequences corresponding to the MC5E gene fragments amplified

from F. serratus embryos. Sequenced PCR fragments showed 4 unique

nucleotide sequences detected in the F. serratus embryos out of 7 reads initially
aligned to the F. vesiculosus transcriptome (Martins et al., 2013).

>SRR575725.241546.2 MS_VSBGEO2FOTBO

GATGGTCGTTCTTACATCAGCGCCGTGTCGGAGGTGTTGATCGAGGGCATGC
TGGGCTGCGAGGGCACCGCGAAGAATGAGATGGGCGAGGCTCGAATGGAC
GTGGTCAAGTCGGAGATCGCCTACATCGGGTACAAGGACAGCGAGAGCTAC
GGCCTGACCTGGAAGGTCCGAGGCTTCTGCAAGGACAAAGCAACCCGGAGA
TCTTCGACTACGTTGGTGTCTATGGGAACATCTACGACTCCCATCTTCACCAC
CTGAACTTCGCCGTCTACACGTACGGTCATCAGGGCGAGACTGGCNCCGTAA
NAAGTCCATCCAACTCCGGATACGGATTCGACCCTCACGATGACTCGGACTA
TCCTCACCATCCACGACAACGAAGTCTGGGACAACCACTGGCACGGGATTAT
CGCCTCCAAGCGATGC

>SRR575725.28278.2 VN_VSBGEO21IPX7

TACGACCAAGATGAGAGCGATGGTCGTTCTTACATCAGCGCCGTGTCGGAGG
TGTTGATCGAGGGCATGCTGGGCTGCGAGGGCACCGCGAAGAATGAGATGG
GGCGAGGCTCGAATGGACGTGGTCAAGTCGGAGATCGCCTACATCGGGTAC
AAGGACAGCGAGAGCTACGGCCTGACCTGGAAGGTCCGAGGCTTCTGCAAG
GCAAAAAGCAACCCGGAGATCTTCGACTACGTTGGTGTCTATGGGAACATCT
ACGACTCCCATCTTCACCACCTGAACTTCGCCGTCTACACGTACGGTCATCA
GGCGGAGACTGGCGCCGTAACAAGTCCACTCCAACTCCGGATACGGATTCG
ACCCTCACGATGACTCGGACTATCTCACCATCCACGACAACCGAAGTCCTGG
GACAACCACTGGCACGGGATTATCGCCTCCAAGCGATGCAACAACGTTTCCA
TCCAGAACATG

>SRR575725.244229.2 VS_VSBGEO02FMO033

TGGTTGTCTTGCACGAGGTTGTTGATCCAAACCCCTCCGATGTGGCCAAAAC
TGTACATACCGTACCACATGTGGTGGATGTTGCAGTTTATGATGTTGCCCCTG
ACATTCACACTGTCGAACAAATCGAGGTTGCTAAGGTCCAAGCAAAGCCCGC
GAACCTTCCACGAGAGTCCATACGACTCAGTGGCATAGTATCCCATGAAGCC
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CAACTCGCTGTCCTCCATGTCCATGCGGCACTCGCCCATATTGTTCTTAGCCA
AGCCCTCGCAGGTCTCATCCTCGTCAACGTTCTCGCTGACGCAGGATATGTA
GGAGCGCGGCGTAGATCCGTCACTATCGATGCCGAGGTCGACCGGLCCCCTC
GATATCCTCGTCCCAGCTCTGAATCTTTGTTTTATAGATGTCGATGTTTCCTCC
GTGGCCCATTACGAAGTGCATGTTCG

>SRR575725.56536.2 FN_VSBGEO02GWL5E

CTTGAAATCCGCGCCCATGGAGGTGACCTCGACATCAGCTACATCCAGATCT
TTTCTTGGGACTTGCTGGCTGGGACGTACGATGTCAACACTGACGACGGCAG
AAGTTTCCTAAGCGCAATCACCGAGAAGATCACAGGACGCATCGAGGACACG
TGCCCCGACGACCCCGTTGATGAAAACGACGATCCGGATTACAGCAACGGC
AGCGCCAAGGAGGACATGGGGAATGCTCGAATGGACATCTTCCGCTCCGAG
ATCGCATACCTTGGGTACGATGCATCGGAGTCGTATGGCATCTCCTACAAGG
CTCGCGGACTGTGCAAGGACCTAAGTAACCTCGACATCTACGACGACGACAA
CGGGCTTAACG

TCGTGAAGGTGTTGTCGTGGATATCAGCGTCGAAAGATTCCAGGATGGCCAG
ACCTGCGTCCTGCATGTCATATACCACGTTGTCGTAAATCTCGCAGCTAATCC
GAGCTGCGATGGAGGAAGATTCCCGCAGCCTGAGCACCACCGTCGTAGACC
TCGTTTTCGTATATTTTGAGGTTGTTGCAGCGCTTGGACGCGATGATACCATG
ATTAACGTTGTCGTAGACTTCGTTG

TTTCGTGAAGGTGTTGTCGTGGATATCAGCGTCGAAAGATTACCAGGATGGC
CAGACCCTGCGTCCTGCATGTCATATACCACGTTGTCGTAAATCTCGCAGCTA
ATCCGAGCTGCGATGGAGGAAGATTCCCGCAGCCTGAGCACCACCGTCGTA
GACCTCGTTTTCGTATATTTTGAGGTTGTTGCAGCGCTTGGACGCGATGATAC
CATGATTAACGTTGTCGTAGACTTCGTTG

GATCCGGATTACAGCAACGGCAGCGCCAAGGAGGACATGGGGAATGCTCGA
ATGGACATCTTCCGCTCCGAGATCGCATACCTTGGGTACGATGCATCGGAGT
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CGTATGGCATCTCCTACAAGGCTCGCGGACTGTGCAAGGACCTAAGTAACCT
CGACATCTACGACGACGACAACGGGCTGGACTACGGAGTTTCCGGAGACAT
TTACCGATCCGAAATCCACCATAACTGGTTCGGGCACTACTCGTGGGGACAC
GACGGGGGCAAGTGGCAGTACAACGAGGTCCACGACAACGTCGGCTACGG
C

Appendix 5. Primer sequences used to amplify the mannuronan C-5

epimerases (MC5ESs) regions for RT-PCR (and future gPCR experiments). The

sequences were designed in the software Primer3 (http://bioinfo.ut.ee/primer3-
0.4.0/), with a length 100-150 bp and Tm 58-60°C.

Gene name Forward primer name Reverse primer name

MC5E_241546 | GGCTTCTGCAAGGACAAAAG CAGGTGGTGAAGATGGGAGT

MC5E_243453 | AGTAGTGCCCGAACCAGTTG CATCTACGACGACGACAACG

MC5E_244229 | GCGATTCTCCTTGTCAACTCA CAACTTCGCCCCAATACG

MC5E_32281 CTGCGGTGGAGGAAGATG ATGGTATCATCGCGTCGAA
EFalpha TGCCGGTGATCATGTTCTTG AAGTTCGAGAAGGAGGCCG
TUB GGATCCACTTCATGCTCACG CCATGTACTTCCCGTGCCTA

Appendix 6. List of candidate ‘Trinity genes’ from F. serratus de novo

transcriptome assembly encoding mannuronan C5 epimerases. BLAST

analysis was performed on a protein level where known Ectocarpus MC5Es were
aligned against the predicted proteins from the transcriptome. Percentage of identity
relates to the portion of the query sequence (E. siliculosus MC5E sequence) and
the alignment length represents the number of codons in the query sequence that
align to the predicted proteins of the transcriptome. E-value shows the significance
level of the alignment.

Trinity gene ID % identity alignment length e-value
TRINITY_DN35335 ¢c2 g2 | 85.714 126 2.43E-76
TRINITY_DN34703_c0_gl1 | 79.825 114 3.07E-59
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(MC5E_32281) 78.696 230 1.23E-135
TRINITY_DN35211_c0_g1 | 78.333 120 2.59E-60
TRINITY_DN34703_c0_g2 | 77.186 263 4.00E-152
TRINITY_DN33964_c0_g1

(MC5E_241546) 75.824 364 0.00E+00
TRINITY_DN38517_c2_g1 | 73.636 220 6.63E-118
TRINITY_DN35335_c2_g3 | 72.093 215 1.29E-116
TRINITY_DN38177_c0_g2 | 70.701 314 6.49E-161
TRINITY_DN35335_c2_g1 | 70.345 290 2.17E-118
TRINITY_DN35335_c1_g1 | 70.222 225 4.08E-114
TRINITY_DN36843_c1_g1 | 69.853 136 4.06E-58
TRINITY_DN36696_c0_g1 | 67.634 448 0.00E+00
TRINITY_DN35084_c0_g4 | 67.236 702 0.00E+00
TRINITY_DN36843_c2_g1 | 61.814 474 0.00E+00
TRINITY_DN36843_c2_g3 | 61.37 365 2.34E-142
TRINITY_DN35664_c0_g1 | 61.29 403 2.80E-174
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(MC5E_244229) 59.498 279 1.16E-110

TRINITY_DN36825_c2_g1 | 57.556 311 2.09E-117

TRINITY_DN36528_c0_g3

) 55.346 318 1.77E-108

TRINITY_DN35355_c1_g1 | 53.961 467 3.95E-165

Appendix 7. Sequence alignment of mannuronan C5 epimerases. 31

epimerases from E. siliculosus and 21 candidate epimerases from F. serratus.

Although not a perfect alignment between all of the sequences, similarities are

found between amino acid 610 and 1020.
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DLDQCEDGAGTC---——-—— GCSGHSLISLCPOT--TSCYDSDGSYDLSLETTOAT TEVIIVGHYYOIRYSLSODPTIYACGPGFKYREGEDDDELSYETTYDGGTARYPSLEVIAPARELIPGOAFTAD
ELRSCGADTSDCKS- —PACGS5YYSLCORE--GGCHDSDGSYDYYYPTOV TYGDYYIK————Y¥TYHGLSGHDSGSSSTSGEEY--GACSDTFSYEQSESYATEGHPSLEATTPOSEL QRGEPF TAR
ELRS==HDSADATT===——=| GCGDEALASLC TREAAGYCSDSDGSYDYOIPEDAEAGKYSIK=——-IN---LADDDSYYACTOAFHY--TRPTGEDGLAILAGERSYSEYEVEARS-STYLEQGRAF TSR
FLHYCGEHSSHCSSHSDGSYSSCGESYYGLC TROD-GICYDSDGSYDYIVPADTPPGSYSYH———=YT-=--LDDTTVASCSSAFHY--TEPEG-————— -SAARRREGEPSLEYSS-LODLEIGGAF TAR
DIDPHGGHLLRRRLGLLHGHRRLGHDGRPPPLRORAPYY YRAHRYLROPYF fR---5RDRGRLHGLGROLRR--AHPGGR---RRROEARAKEYLAVEAPA-ASSLOPGDAF TAE

==-=YTPDTLAKGETYOIKHHYENGNGGSF GKF--DISLYQCDDAF CGOODCGELITEICDK———
==-=YTPDTLGYEEEYYIRHSYEDGNGGS0GRF--DIAL YECGDAF CGOODCGTFLOEICDH-

HKSCHLHSFLYTHTHTIILSLLKLDTGSS-
==STPTSPTPTTPTPTPDGSSGSCODGILAGDYCCYAECE TCGGSGCSSRH=-GLTGDECCTA-

=PSSGCHDAFGDYSHTYPDDL TPGDSYKIRYGLHGTOLYDCSSTFSIVEDIPIPSHEYYYP
=PGAGCHDGSGTYRHTYPAELPAGHGYKIRYGLHDSSLYDCSSTFSIIRTIPIPSHEYYYP
=KLYYEGSOOROSODLAEGGYPTRRORGLSKTHGRSAONAK THRDGOIDGEDQEDRDGDGD
~HIKAAGYSCGEAPCIYTODSPSPTDDONTPSPPSPSSSS5YSFAGCYYDSPORYLSGDSHH

==5--—-PTPA-—-———-- SSGGCO-GILOGDYCCSAECGTCGGSGCGSRA-GLTANECCTS— ~TIAAANYPCGSAPCYYDGDT-SPTPTTTTTTTSGSF TCDGYLKGDYCCSAGCYECGGRSGL
TGTTTTTTTYSTSGTSSYASTATSCGGYAKGAFCCHAGCGTCGGTGCGGRGEGCCTSDARES———————- LCSATGKSPCLHDCCGTCGGTGCGHRGEGCCTSDAALSLLSYTGKSPCLHDSASTATTIT
FSK

H———-- KSALIRLGYIALLGGKCDANGGGTEELDYENPGAYYLGETFYLAHESYGANYFDVELFTD

HPKYGOLGHYYYGGYYATHSSGFYSAOTPHHEIILPLYQFPYSDFQYERPHHEQL
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261 270 280 290 300 310 320 330 340 350 360 370 380 390
I I
HAYDHNGEGDEYNLDAGIGSAGDF YYNLY TCAG--GACGHGSCGTFYARLCGO-GCYDPGTGDYDYVYYPYDLEPGTFHLYVEELSE GGPSDCASFDYSANA
HLYDDGEGH-====-----GDGAFEYHLYECPD--GACTEGSCGEFYGALCOTGGL YDPGHGDYDYRLPATISPGKFKLOYKKTAEGIGED DDDDETA: SSCTESSFDVYSPSH
HYYDDGGGA- ~GGGTFEIHLNACGDE-GACENGGCGTFSTALCGDAGE YOPGTGDYDY TYPADAAYGEYKLEYYSA=======————= | DOTDY=====mmmm SSCTASSFLYYERAGG

HIYDDGAGE-: —AEGTFEVHLHFCOSESGDCDDGGCGTLAYSLCEDPGCYDPGTGDYDYYIPADLEEGOY TLEVINYEDOTSDCLEFAFDYYSGDDSASTLEPSHSPPPSSAPRSYATTYAPAG
HEYEGADGE - —==THGHFEYHLFSCADR--ACEADSCGTLYAELCGEAGCYDPGPGDYDYRIPADTTPGTFKLAT
EYHDYHENTF--YSESDDTSALY-—-ATSDTE--AERFRLLASSS556PRL——----ESYIKGODIVKISHKYDDGFGGSFARFHIOL. YYCGGGCEKHGHCGH
TYYDGGEGHLDGYGGDDDDASL TYEESLSYTA--GRRGLASSSSTSSDPOLYDEGT TAGFARANDTIHASHSF DDGLGRTFARFNIOL: YYCGGGCSITEDCGE
GRHRKGRELKSEECSHGY TGYOS5G6G5F CCPEECGECGRSGLENT=mmmmmmm = mmm e TLGAHLCCTSATESSGYLCEDSGERPC: TIIDSTSKLYEHHRP
SYNSYHTTAYCADFCEGSDYFGYQFGYECFCSSSGD======== TPDELGESEDCEHACSGDSSEICGGSYAIAYYEYSODDDTPTPY TPTPSGDGDYESYGC
SDRGGGL TGADCCTSDISHLCSYTGARPCIVDGDTS--PTPTPPTPTTTTTTTSGSF TCDGYLKGDYCCSAGCYECGGSGCSDRGGEL. TGADCCTSDISHL-C
DTTTDTTSGISYADATATSCOGYSKGAYCCHAGCGTCGGTGCGGRGEGCC TSDAALSLCSYTGKSPCLHDSATPATTTOIIDNTOTTT DTTGDTTSYASTATS
LYLPHLSVGYARAOKCSHGFPGIEKSGACCYSDCGTCGESGCSSRESGLTGODCCT---KNILKAGAPCSATGHAPCFLDGDS TPSKS: TPTESDGFYYEGCFH
HANYEDGSHARARDTGDATHGGROSSGKL TRKRYHAGGALL GAAALAYGLYYGLKD
S50CGGSAEPYDLCGKPAGCGDSKGDLHYYIPTSAGSGEHSTLL SLHDYPDYKGCTGPFIASEEEL AGPEGAYLDYFALDVEDAYITG: TEVTVENDYSDGEGS
HATYQAGATIAGSAIHENERRRCKGKINKPCLIYYG—-———-' YLY: CGTALATGLYYGLGA
HYSTSSYHTLGRLTFCYLLGSAHLGYTEGHSSYSKPSHGAANOEAKDNSSHGPSFRHYRGY TKSYDASHSRHLAOSGSTPSPYFF TASPTSETYTLELIT
HGYARADIYDSEL
LATTITGTPITATILHPHSGPHYYDHDLALYKTILHTFLHLGDDRADPSADEHDSL THICYYSTOYGORSEDEYHADIDAYE THFPGYCI TFFDEAPADITDEGG
391 400 410 420 430 440 450 460 470 480 490 500 510 520
I I
HLFRKSDOLSADIPYQLASLORRROTPSIYORPLYTLFFFLKGFERLROIDRFETTY: EDSLPRSSTACHKA
HSPKALRCYTLAALLGLATHADTATAATRLHPSSDS550D55505H- == mmmm e e DATAPTPYPANHYS
SYATPTPO ALYASPPPTOTLYESTLAPT—---HKTPA-—————-——————-' YATAGPILHSTYSPT TASPTT

~=-PTPARYNGGGGNSTHEGE TAPPTARTPSPEARTS5PT----AYTPAP-----LAETASTTIETEAPARTETEAPA-~
ETPY: DETPAPSPPPLPTFAPY----APTPAP-———-! e — TAAPVAAPYASS5S:

—=-=-AIETEAPHTYTEFPT
ETPY SSE: PV
TLSSYSPAGGPTPSPATTTLPPIPTTYATTSAPFYSAPTLTPTGGATSSAPSAGLTPIPTAGATTPAPSSTPIIIPTIGYTTHEPSPAGATTPAPSYARLIPIPTAGATTPAPSKATPTSKPASAAPYPA

YIKRLCER CPDSSGDELYYLPHPYTSYNYKIRYSTIEGYHRAASGCSPKFLITGAERPERNTPSPT-~

~==GYHHSED-RLYPRDP

IVYARLCER CPDSDGSEHYTLPHYYSSHHYKIRYSTSSRIRRPGSSCSPKFETRGKDRPLYSTPSPT- =YL YDSSDVSLYPRPP
KOELHAQDL TLPOAETAYHHLAGSGCGSGISGFKSDGEEICCYKGCGACGGSGCGATDGY TADDCCE - ~GHIESSGYLCEDTGE
FYDDSSDR YLSGDSHLS THSYHTARYCADFCEGS TYFGTEYAFECFCS55GDSPDELGERSHCDHT - ~-C5GDSSE-TCGGFHA
SYTGAAPC TYDGDTSPTPTTTTTTTSGSF TCDGYLKGDYCCSAGCGECGGSGCGDRGGGL TGADC -~ ~CTSDISH-LCSYTGA
CEGYASGY YCCHAGCGTCGGTGCGTRGDGCCASDAALSLCSATGHSPCLHETSSTSTTTTOTTTYT- =TYTTDTS-5GSYAST
DKPEPDRL FSY¥TTHDDHT TELCANECKGYAFFGLANGR--EAGCGTCGGTGCSORPGLTDSDCCI~ ~GKIEESGPLCSYTGK
D5S5TDRTL -1TGOSDPHSLGCFADTSDGRYHEADL TDORHTPDHCHAYCEDLGYYYYAYOUSIECHC - ~APETTTADELAYHGL
TAGRFDIE LYSGAGCSGSRYADICGKTHSAGDLIGCPOTAGDYDYYIPTOIHSGE Y SIKYGYFGAT-~ —=-=5PSGCSP-YFSYYAT
STGHSHDO | YGOAEDPHSLGCF IDERFSRYHPYYTYDEEL TPSICHOHCEERDYYYYA-LOUGKECH CGPEDYELDOY
ESSHTPAP YLFATLKPSGTSTODDAPSPATASASPTSTAYTSEPYTEPSHTPTPYFFATLAPSAAPT DGPASSELFTA
TTDSPR

HPPHLPCTY

AYLGYSES ESYGYSYKARGLCKTLENVDIFDDDODFPYYGAYAYYGDIYRSKIHHHHFGHYSYGHR—— ———GGKHID-——--| HOYY
HPTATGOL YERYHNYYYEKEFPDTEDPDLLADRSHTYTFNPGGGYDPAYFAFSGHPTYHSYENFYR-~ —==YHKHYGHPRTPSSYL
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I |
HYRRLGSTSTLLHTAYLYLVGLIGR-5IYACSEDERTASYRFHYASDRLYLEG-——---EG-CITPSAIYAEKLSSTHDSDHFLIPTHAL TKAGEE--SYAE
HHGHTAHSGSARAGLLLFLLLAGTRYATGSAGSIRL TECPADAPEATFSHTHDGDYLY VEG-— HGYDH--PPLTYHTYDGDE--SOTE
HIRLYCFSATLARAALATHYAIASGESSDSYSGSGDIEDTPSPHEP IPKPECHASHPYTYRYSST TGRLYYETAS—-5TRGGCYTIDATHEARGGG TDSGAKA-PLYAYDPDSGHI--SETT
KAARGILHISROOGLEHCLRSGSLATTSTFKRSHLAYGSLYLARAANTPSPHDATSKPECHSTHPISYRYSGT TARLYLESADN-STRGGCY TLGDIHTARAG----——KA-PLYAYDPYNHTI--SEEY
HEFRRKS-ATSSFGLALLGLLASTTPARAADTASPHDPISKPOCOSDIEYSIRYAGT TKRLYLESAD-GETRGGCATLGATIHESRAG
HELRRSA-A-——--LALYGLLARTSTARARDTPSPHEPTPKPOCOSDIAYSIRYAGT TRRLYLESADHGT TRGGCYTLGATIHESRAG

HELRRSA-A- LALYGLLARTSTARAADTPSPHEPIPKPDCOSDIAYSIRYAGT TARLYLESADNGT TRGGCY TLGATHESRAG----——KG-PLYAYDPDSGHY--STSA
SAPTSARREHTTPSPAAHIAFTAAPT —HLHHPAGNGTAFHGTOTPSPHTPIPKPECHSTAAYSIRYSATTGRLYLEAGYEGE-RGGCYTYEATHERRGGGT TTGAKA-PLYAYDPYSGEY--SOYI
HELRRSAA==———- LALYGLLARTSTARAADTPSPHEPTPKPDCDSDIAYSIRYAESTARLYLESADNGT TRGGCY TLGOTHESRAG—————-| KG-PLYAYDPDSGHY--5TSA
HOOSAGARORKGHHRASATTYLAFSATALATARATAHARAP--—ECEPLOLTAYHLTDYIRHSTTSDRHYLE--——---KEACYTLTDIHESR-- ~PAG-P¥YPFDDETGAL--AASA
HGSGGYATARARALGAYALAYAHAGRSASARET TSSSANTTSSAART TSDCTSHOLYHHNITOYIRHSHHSDRLYLE-- HGACYTLTDIYESRLDD-TG-HKG-PLYPFDETTLDI--50TY

NYRYEGGRPNGARAKKIVAYLYARRLGNTRSARATTYAT————--| HCPPHDLYNHNITDYIRHSTHSDRLYLE--——---HGACATHTDIYESRIOTY TGENKG-PYYPFDETTGGI--THHY
HTPPLGTYLFLTCGFSAYSGAAANTPIPKPICDSSKETSYRYSSTSKRIYLESID--G5RGGCASP THYHERLGD A5-PLFPLE: T
HTHTADDDDAKCSHGFYGYOSENICCHYDCGTCGG5ECRRRGKGLGARDCCRNY ISKNGALCSENLSAPCIHODY TGHTPDAE: GEGCF TITOLYNFR-LESDGSAKG-PIFHLDDSYHTYLNPKVL
HIDAEGD: GHGCFTLSOL YAHAGF YNNGHSKG-PYFYLDSHDRYDETATTT
HTTGHSKPHYHTSYYSSYWYSCHTRPIRAHVRPLYLSY SAHGRRPSYHOPLSF TYDAREDEETEGAL YTIEHASGORTELGCY TL TEHHOHLOSGPEGYPTD-LLYPYDPATGARITTAST
RSPTTAPSTHAPSYAYGEPGS5———================—| PGFPPTPYPOKEACDPARNLSTSYA-DDKNDGPHYTYAHASGLRHEAGCY TLTKYHNHLATAN--DYPEDLLSPYATATGA---TSGA
PAPTDALPTTTSDSSS55TGSETA GYPPTPYPARYECSSARVLTYSYTYAS-SGHPLYTIVHESGDRDEGGCATLTTLHEHLSTHPS-GYPSDLLYPADPESGYADYSOSA
L e M e Y e — GFPPTPYPDKYYCDDSAEL SFYYTLED-TKRPLYTYAHASGORSEAGCLTLTKLYDHLATEPA-DYPTGHLLTYDSTTETAYNGTTA

PTPTPSEATPTSKPSSARPYSTTPSPYASTTTSSDSEDTPGSPGTPPTPYPGKEECDPDAELEFYY TEEDGTHLALLTYTHASGORSENGCLTLTRIYEHLGTGPA-GYAGTLLYTYDPDTGYENPHYTD
PGTPPTPYPPRYTCOPARVYAFSYKLETSTLLPLITISHESEDRDEGGC THF SGLHEHVKAQDA-DYO-ELL YPADPTTGEAD-TTGE

DGPYPEEDLPSTPYEKPSDFPOHG-========—==--| EARYIPEQPACDTTYTPAIRYAGS TKRIYYEHSA--~ —~==ERGGCITLTDIHEE-------GEGKLPLYPFDASSHERYAS---
YTAPPYEDLPSEPYYLPTIHPOHG- —-EEHYAPEQPGCDSIDYPOVRYASTTARIYYEQR ~HRGGCF TLTETHES—— =G5R--PLYPLEPATHERYDY -~
APCIIDTSLLHGTLPHPSPSPIH TIPSSCHIDLPSIRFYDSTGSH- RIYYEGDGCYTHTDIYEALKAQEDYHGSKGYIGYLDSKGHLKSHPSRY
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1 1
FGHAKNSRGEARNDLINSEYHHLGYYGTEAYGY T-—--YKYRGFCADLS--—-——HEHIFETYNYRGDIRF SHLHHNHF GHYSYGHOD-GLHEYNLHHDNTAYGF DPHDDSDNLRIHHNYYYNNGHHGIL
DGARDDDAGEARLDLINSDYGYLGYOAAESYGLT-—--YKYRGYCTDES: —HPEYFORYNYRGDIRF SDTHHNHF GOYSYGHOD-GLHEYNTHRNSGY Y GF DPHDDSDNLRIHNNIYYENGHHGIL
EGTAKNEHGEARHDYYKSEIAYIGYKDSESYGL T-—--HKVRGFCKDKS: —HPEIFDYVGYYGNLYDSHLHHLHFAYY TYGHOG-GDHRRNKYHSHSGY GF DPHDDSDYL T THONEYHONHHHGIL
DGRAKSDHGEARNDIYDSENGYLGFLOSESYGLT-—--HKVRGFCTHKT- —HPEIFDEVHYYGHNLYGSDIHHHYYGY Y TF GHOO-GDHRHNTHRONTGYGF DPHDDSDY ITIHONYYYHHGYHGIL
EGHAKNTHGEARNDIENSEIGYLGFODSESYGLT-—--HKVRGFCKDKS: —HPEIFDDVHYYGHNHYDSDIHHLRFGLYTYGHOO-GDHRRNKHHDNSGY GF DPHDDSDFLTIHDNEYYNHGYHGIL
EGHAKNTHGEARNDIESSEIGYLGYHDSESYGLT-—--HKVRGFCEDKS: —HPEYFDDVHYYGNYYDSDIHHANFGLYTYGHOO-GDHRRNKHHDNSGY GF DPHDDSDFLTIHDNEYYNHGYHGIL
EGHAKNTHGEARNDIESSEIGYLGYHDSESYGLT-—--HKVRGFCEDKS: —HPEYFDDVHYYGNYYDSDIHHANFGLYTYGHOO-GDHRRNKHHDNSGY GF DPHDDSDFLTIHDNEYYNHGYHGIL
EGHAKNTHGEARNDIYHSENGYNGFHDSESYGLT-—--HKYRGFCKDKS- —HPEYFDOVYHYYGNIYDSELHHANFAYY TYGHQO-GDHRRNTYHSHSGY GYDPHDDSDFLTIHDNYYYDHHHHGIL
EGHAKNTHGEARNDIESSEIGYLGYHDSESYGLT----HKYRGFCEDKS- —HPEYFDDVYHYYGNYYDSDIHHANFGLYTYGHQO-GDHRRNKHHDNSGY GF DPHDDSDFLTIHDNEYYNHGYHGIL
YGHAKHDRGEARLDILDSEINHLGHYDAESYGIY----YKVRGYCHDGS: —HPEYFDDVEY TGDILRSHIHHLYFGHYSFGHOG-GDFSYNHYHDHAGY GF DPHDDSDYLTIHHHHYHOHGHHGI LT
DGTAKHDHGEARHDIIDSEYHHLGHYDSESYGIA-—--YKYRGFCKDLS: —HPELFDSVYSYTGDILGSDIHDNYFGHYSYGHOG-GHHSHHKHHHHIGY GF DPHDDSDY ITIHHHEYYHHGHHGIL
EGHATHDHGEARHDIIDSEINHLGHYESESYGIA-—--YKYRGFCHDLS: —HPELFETYGY TGDILGSHIHHLYFGHYSYGHOG-GHHS YHTYHDHYGYGF DPHDDSDY ¥ TISHHEYYHHGHHGI LT
YGSAKNDHGEARHDIENCEIAFLGYEERESHGIS-—--HKLRGYCHDKS: —HLOHYEGYGY YGHLLGSEYHDL YYGHYGYROSF-ALLSRHSYYNHEY Y GF DPHDDSYHITISHHDYYFHFHHGY L
YGOAONEHGECRHDIINSEIGYLGYFDSESYGLT----HKYRGFCKDLS: —HPDYFDTTHYYGHLIGSDIHHNYYGOYSYGHOG-GYHHNHOHHDHHOY GF DPHDDSDYLT——
C-=-AIHHHGECRHDIIDSEHGYLGYDASEAYGIT----HKVRGFCSDLS: —HPDYFDDYHY YGDHKGSDIHHHYYGHY SF GHOG-GYHTHHLHHDHHO Y GF DPHDDSDYLITAGHKYYHHYNHGIT
5GYAREDKGECRHDHYDSELGHHGYFASESYGIT-—--HKYRGFCEDHS: —HPEYFDOHYHYYGDITHCDIHHHMYGHY 5 YGHOG-GYHTOSLHHDHYY Y GF DPHDDSDYLTIRNHTYHHHKHHGIT
EGLAKHHHGECRHDHEDSELGFHGYAATESYGLS==-=HKYRGLCLDL SH-—-=-LD-LFDSYDYRGHIINCHIHHHMYGHYSF GHIG-GIHINHL YHDHHY Y GFDPHDDSDYLTIHH

—=511

DGYAOKERGYCRHDILDSEHGFLGFEESEAYGIS==-=HKYRGLCEDL SH-—--—A0TLFOSTRY YGDL HHSDIHHHKYGHY 5 Y GHL G-GYHTONHYHDHHY Y GFDPHDDSD YL TTOGHSCFHHGHHGI T
DGTAOHDHGECRHDIYDSTYAYFGYDETESYGI T-=-=HKYRGLCDDL SH-—---KOTLFOSYRYYGDHKNSDIYGHHYGHY 5 Y GHL G-GYHTONL HHDHHY Y GFDPHDDSD YL TISGHTCYHNHGHHGI T
DGAROKDHGECRHDIYDSELSYLGYDETEGYGIS——--HKYRGLCEDL SH-—-——ADALFODIRY YGDHSGSHIHHAKY GHYSF GHL G-GYHSONLHHNHHYY GFDPHDDSDYL TTOGHTYHNHGNHGI T

DGYAKKERGECRHDYIESTISYLGYEATESYGLS—
DGTAKTEHGEARHDYIDSEIGYLGYHESESYGLY -
NGTAKSEHGEARHDY IDSEIAFLGYYESESYGLT-
KGASDEYYGECRHDLIDSKHGYLGFDNSESYGLT-—--HKYRGYCDDES:

HKYRGLLTDLSH-
HKYRGFCIDKS:
HKYRGFCIDKS-

—OOTLFOSYRYYGDLADSDIYGLMYGHYSYGHL G-GHHTHNFHHDHHYY GFDPHDDSDYL TITGHTCYNHGDHGIT
—HLEYFOSYNYYGDIINSHIHHNYF GHYSYGOHG-GHHS YNKHHNHYE Y GF DPHDDSD YL T THGNDYHGHGNHGI T
—HLOYFOF YHYYGDHINSHIHDNYF GHYSYGHOG-GHHS YNKHHENYE Y GF DPHDDSDYLHIYGNOYHENGNHGIL
—HPEYFORTHYYGNIHGSELYENYYGHY TYGHOG-GYHTHHRYYDNHOYGF DPHDDSDYL T IANNKYYNHYNHGIL
EGHAKNEHGECRHDIINSEIAYLGYFOSESYGHT-—--HKVRGFCKDLS: —HPEYFELTHYYGDL TGSDIHHLYYGHYSYGHOG-GYHTHHKHHDHHO Y GF DPHDDSDYLTIAYHEYYHHVYHHGIL
SGRSHKERGECRHDIIDSTHGHHGHF DAESYGLT-—--HKVRGLCSDLS—-—-——HYEIHODHHY YGDIKGSELYGHYYGHYSYGHOG-GYHTONYHRDNIL Y GF DPHDDSDDLTIAGHTYYGHGHHGIL
DGHAYHHHGECRH YRGDIIDSHIYGHYYGHYSFGHDG-GIHTGHOHHDNAOYGFDPHDDSDHLETAYNTYHGHGHHGIL
5G6GSHKDHGTCRADIIDSTHGHNGYDASESYGL T-—--HKVRGLCKHLS—-—-——HLKLFDKRHYYGDIKHSDIYGHYYGHYSYGHEG-GYHTHHKHHDNY QY GF DPHDDSDHLY TAHNYYYHHGHHGIL
DGRSHOEHGECRHDIISSTHGHNGHF DAESYGLT-—--HKYRGACEIDPDTGYPYHHEIFEDHHYYGDILHSEIYGHYYGHYSYGHOG-GYHDSHINRDHIOYGF DPHDDSDDLTISHNIVYGHGHHGIL
EGSARTRATP: RS5TRYGHL G-GLHHGHLHHDHEMYGF DPHDDSDYL TIHNHLYHHHGKHGIT
EGOPKNDFGECRHDIINSENGYLGYFDSESYGLT-===HKYRGFCYDKS===-——HPEYFOTTHYYGDITGSDIHHAYYGHYSYGHOG-GYHTHHNKHHDHAQY GF DPHDDSDYLTIASHEYYGHYNHGIL
DGKAKHDEGECRHDIIHSEHGYHGFFDAESYGL T~ —HPDYFETTHYYGDIKHSHIHHHYYGHYSYGHOG-GYHTHHEHHDHHO Y GF DPHDDSDYLTIAHHKYYHHHHHGILT
THESRHDVHDSEIAYLGHEGDYHHDINHT-FGLY- —DLGIFORIGYYGSLTESSLHHNYIGAYCYGHKGSSYHRONEYYDHALYGINPODHSDHHTITGHY IHOHGHHGLE
YYTSRHDVEDSELSFLGHEGDYHHDIDSD-YGLL - —DLGIFDRYGYYGGLKRHSIHDNYIGAYCYGHKGDSHHTONELYDHYLHGHHPODHSDGHT ISENHYHDHGHHGIE
DGAASKDHGECRHDIIDSYHGHLGHLDSESYGL T~ —HPEYFDORTGYYGDIOGSEIYGHYYGHYSYGHOG-GYHTHNIHHDHIOYGF DPHDDSDDLTIANNEYYGHGHHGIT
DGHSONDFGECRHDIINSEHGYLGYHDSESYGL T~ —HPEYFDTTHYYGDINGSDIHHHYYGHYSYGHOG-GYHTONKHHDHHOY GF DPHDDSDYLTIARK
HGSAKEDHGHARHDIFRSEIAYLGYDASESYGIS—----YKARGLCKDLSHLDIYDODHGLD-YGYSGDIYRSHIHHNMF GHY SHGHDG-GKHOYNEYHDHIGY GF DPHDDSDHIKIIGHTYYHHGHHGIT
HGOAKKDHGHANHDIHRSEIGYLGYDGSEAYGIS—----YKARGLCKDHSHLDIFDDDHGLH-YGY TGDIYRSDLHHNMF GHY SHGHDG-GKHOYNTYHDHYGY GF DPHDDSDKLRIIGHEYYHHGHHGI -
TGEAKHHHGYARHDIYHSELAYLGHYHSESYGYS=-=-=YKARGLCK TLHHLDIFODDOPFO-YAYYGDIDNSKIHHNYF GHYSYGHOG-GKHTHHYYHONIGY GF DPHDDSDHLL TEGHEYYHHGHHGI T
YGHAKHDAGEARFDSDYEPRARPSAOHTRFFSLOTYARQOYRGFCYDL 5=-—-=—HEDLFORYHYRGHNIRF SDTHHNYF GHYTYGHOD-GLHEYNLHHEHAKY GF DPHDDSDHLRTHHHIYHONGDHGI T
SGSAKNTHGEARHDIDNSEHGYLGYKDSEAYGL T-—--HKYRGFCODKS- —HPEIFOYYNYYGNIYDSDIHHNYFGYYTYGHOO-GOHRRNEHHDNIEYGF DPHDDSDHLNIHDNTYYONGNHGIT
EGHAKNTHGEARHDTENSETGYL GFADSESYGL T-—--HKYRGFCKDKS: —HPEIFODYNYYGHHYDSDIHHLRFGLYTDGKIP-SLFYGHRSHG

HHIESSEIGYLGYHDSESYGL T——--HKYRGFFEGKS—-—-——NPEYF DEYNHHGHYYDSOTHHINF GLY TYGHOO-GDHRRHKHHONSGYGF OPHDDSDFL T THDHEY YNNG YHGILT

- —Y¥GFOPHDDSDNLRIHNNI¥YKHGNHGIT
DGARDDDAGEARHDLINSEYAYLGYOASESYGIS——--YKYRGYCTDES——-—— NPEYFDRYNYRGDIRF SDIHHNMF GAO--— —YGFOPHDDSDNLRIHNHIYYENGNHGIT
TDDAYVPTDDPYVPTDDPYYPTDDPYYPTO-- —DYDSESADETATCSDG- TEGI-DGHGYYCCPIGCGUCAGDGLGTAGSANGLGSESCCGGGEYKSLGLYCODTHERPCIIGSRPDTODYDSES
KDHTEVSFOEGRYYYATRYERTTPFAYPDL. —~HHDHATPONSALIYTGF TETTAEAQEYECLLAENKETFGYGFYTGYLDPPRERETATYYLDRLHSELDDPTITVESCDAPEPYTSACGSDG
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Appendices

Appendix 8. Table of transcript expression values for F. serratus embryo

developmental stages. R13, 14 and 15 represent three biological replicates.
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Appendices

Appendix 9. Expression graphs of constantly expressed candidate MC5E

Trinity genes. Graphs show Trinity genes with low probability of having a significant

differential expression during F. serratus embryo development. Indicated under the

Trinity gene name are the matching MC5E sequences described in Chapter 3.
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