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Abstract

Developmental biology focuses on unraveling the intricate mechanisms governing
cell differentiation, pattern establishment, and in fine morphogenesis. Brown algae,
with their unique evolutionary trajectory diverging from other multicellular lineages,
offer a distinctive perspective to uncover novel cellular and molecular mechanisms.
The exploration of brown algae developmental processes also holds ecological,
economical, and social significance. This thesis delves into the embryogenesis of
the brown alga Saccharina latissima, providing valuable insights into the regulation
of body plan establishment. In addition, this work details the importance of cellular
factors, the regulation of pattern development and its response to maternal
attachment. The first chapter of the present manuscript sheds light on the roles
played by cell wall and cytoskeleton in the establishment of body axes. More
precisely, | present that the sequential establishment of the axes is possibly linked
to the dynamics of the cell wall, and that the structured layers of cell wall
components, including alginates and fucans, exhibit specific spatiotemporal
organization during development. Notably, the study provides evidence of the
interplay between cytoskeletal elements (filamentous actin), and cell wall
composition. The second chapter then explores the role of the maternal tissue in
early development of Saccharina latissima, revealing the significance of the
attachment between the embryo and maternal tissues. The removal of the stalk
indeed results in altered developmental patterns, highlighting the influence of
maternal signals on the embryo. | also introduce the concept of a maternal unknown
message (MUM) that inhibits the transition to Phase Il, and present potential
candidates for being MUM. The last chapter establishes that the role of the cells of
the embryo differs during development. | demonstrate that the basal cell is required
for the correct patterning of the embryo while the apical cell is not. In conclusion,
these findings are discussed and integrated into an evo-devo approach, comparing
developmental processes across brown algal orders, plants and animals.
Additionally, | present a model that synthesizes the current knowledge on
Saccharina latissima embryogenesis. Finally, | address the need for further
investigations to better understand the maternal regulation in kelps and their

transcriptomic landscape in development.



Résumé
La biologie du développement a pour objectif de comprendre les mécanismes

régissant la différenciation cellulaire et la morphogenese. Les algues brunes, de par
leur trajectoire évolutive divergente des autres lignées multicellulaires, offrent une
possibilité de découvrir de nouveaux mécanismes cellulaires et moléculaires.
L'exploration des processus de développement des algues brunes revét également
une importance écologique, économique et sociale. Au cours de ma these je me
suis intéressé a I'embryogenese de l'algue brune Saccharina latissima, et plus
précisément aux mécanismes de régulation de I'établissement des plans de
croissance. Dans ce manuscrit, je détaille I'importance des facteurs cellulaires, de la
régulation du patron de développement et de sa réponse a I’attachement au tissu
maternel. Le chapitre | démontre d’une part que |'établissement séquentiel des axes
est possiblement lié a la dynamique de la paroi et du cytosquelette. D’autre part la
structure des couches de composants pariétaux (alginates et fucanes) présentent
une organisation spatiotemporelle spécifigue au cours du développement. Mes
résultats soutiennent notamment I’hypothese d’une interaction entre les filaments
d’actine et la composition de la paroi cellulaire. Dans le chapitre Il sont présentés le
role du tissu maternel dans le développement précoce de S.latissima, ainsi que
I'importance de I'attachement de I'embryon a ce tissu. Je montre en effet que la
suppression du “pédoncule” maternel entraine des altérations du patron de
développement de I'embryon. Par conséquent, j'introduis le concept d'un message
maternel non-identifié (MUM) qui empéche la transition précoce en Phase I, et
présente des candidats potentiels. Le chapitre Ill démontre que le rble des
différentes cellules de I'embryon differe au cours du développement. Plus
précisément, la cellule basale est nécessaire a la formation du plan d’organisation
de I’embryon, a I'inverse de la cellule apicale. En conclusion, je présente un modele
qui synthétise les connaissances actuelles sur I'embryogenése de S./atissima.
L’ensemble des résultats est intégré dans une perspective évolutive comparant les
processus de développement a travers les algues brunes, les plantes et les
animaux. Finalement, j'aborde des pistes de recherche future visant a élucider la
régulation maternelle, et ainsi comprendre les changements transcriptomiques au

cours du développement.



Acknowledgments

| would like to first thank the members of my jury: Chikako Nagasato, Kenny
Bogaert, Alex McDougall, Charlotte Kirchhelle, and Philippe Andrey for agreeing to
read and evaluate the work done during my PhD.

| also want to thank the thesis committee members: Marianne Delarue, Agnes
Boutet, and Nathalie Dostatni for the helpful guidance they provided me during
these three years.

| would like to sincerely thank Bénédicte Charrier (Ben) without whom nothing would
have happened. Thank you for taking me under your wing and teaching me the
ways and know-how of science, the MMA way. | owe you the many chances that |
had to go to conferences and present my results. While we sometimes have
different opinions, | truly think our discussions and debates were fruitful for my
personal growth and that of our subject. | also want to thank all the members of the
MMA team. Bernard Billoud, for helping me with all the modifications on software
analysis to ease the long hours of segmentation and for answering all my questions
on statistical matters. Giannis, | owe you a lot for what | learned and experienced in
Roscoff, both in the lab and socially. It was a great pleasure to share an office,
engage in discussions on how to tackle the understanding of Saccharina, share
space on the lab benches, and occasionally throw dice together on Sunday
afternoons. Sabine, je t’adresse un grand merci pour I'aide immense que tu m’as
apportée et les discussions qui ont permis de rendre un peu plus agréables ces
longs moments passés sous la hote que demandait le maintien de la collection de
Saccharine.

| want to express my gratitude to the interns | had the chance to tutor: Yoann,
Roman, Thomas, Tanweer, and Tanguy. | am glad that our paths crossed and that |
had the opportunity to introduce you guys to the world of Saccharina. Yoann,
Roman, Thomas, and Tanweer, | also want to thank you for your assistance with
BAM labeling, microdissection, microfluidics, and phytohormone response. It was a
pleasure to work with all four of you. Tanguy, as the newest member and soon to be
the only PhD student of the MMA team, you are making new history in Lyon! | wish
you a fantastic three years ahead.

| also want to extend my gratitude to the individuals | had the privilege to
collaborate with. Sophie Le Panse for her extensive TEM work, diligently searching
for plasmodesmata in progressively younger organisms. | must express my
appreciation to Stéphanie Duterte for her warm welcome at the MRIC platform in
Rennes and her assistance in navigating the intricacies of "death-starring" embryos.
| want to thank Nino Lalbli and Rafaele Attia for the invaluable expertise they
provided me regarding microfluidics. Additionally, | am grateful to Nathalie Desban
for her advice on improving immunolabeling on moving embryos and to Marina
Linardi¢ for inspiring the idea of dissecting embryos using microinjection needles.
Lastly, | warmly thank Dan for his tremendous effort and support in helping me
complete the life cycle of Saccharina.



| also want to sincerely thank Stéphane Egée and Mirjam Czjzek for all the efforts
you have spent in supporting me during my PhD, as well as for the engaging
discussions we had on science and career pursuits.

| want to express how enjoyable it was to share an office with Aurélien Baud and
Lisa Mazéas during our PhD journey, evolving from novice students to fully-fledged
scientists. Working alongside friends and caring for each other was a great
experience. What a great many laughs over our shared memes.

Of these almost for years spend in Roscoff, not all of my time was spent in the lab. |
have moments | hold dear in my memory of the time spend with so many friends.
The Roskoloc shared with Jukka and Greg (and Tima when | could see her) felt like
my home and second family during the year we spent together. | hope you guys are
enjoying life in Iceland!

| also want to express how much fun it was to spend time with many of my friends
over these years in Roscoff. | fear | might forget someone if | try to name individuals,
but you all need to know that you were fantastic to hang out with and brought so
much joy into my life!

| also want to thank my long-time friends from our “frog-faced” conversation for
always offering an ear at any time of the day (or night).

J’aimerais également chaleureusement remercier ma famille pour leur soutien sans
faille pendant toutes ces années de these, leurs conseils avisés ainsi que pour tout
leur amour. Ca compte beaucoup, merci a vous

Finally, | want to thank you especially, Louison. Thank you for your wisdom, care,
and patience, but also for helping me be a better person. | feel blessed to have met
you, and to be able to spend my time with you (hopefully, soon more than the past 4
months). Life without you would be at least half as enjoyable.



Table of contents

1 - Introduction 8
I/ Body plan organization during the development of multicellular organisms-9
A) The evolution and diversity of body plans in eukaryotes.......ccccccvvevvieiiieeieevieeneeeneen, 9
B) Establishing the primary axes of multicellular organisms .........cccccoeeiciieeeeeeiiieiinns 11
C) Polarity in different MOdelS ......ccoooeiiiiiiiee e 15
[l/ Parental effects =-=-=====mmmemmmm oo e 18
A) Parental transcriptomic heredity ........ ..o 18
B) Additional support is provided by parental extra-embryonic tissue. .......ccccceeeuueee 21
[1l/ Early embryogenesis of brown algae--------------------=——-ccmmmce e 23
A) Brown algae are evolutionary divergent pluricellular organisms.............................. 23
B) Brown algal MOAEIS..........ueeiiieiiee et e e e e e e nnnes 26
C) Cell Wall in land plants and brown algae .........cceuevieeiiiiieieen e 27
D) Functions of the eukaryotic cytoskeleton ... 32
E) Describing the developmental phases of Saccharina latissima..........cccccceeeiiiinnes 33
2 - Aim of the study 39
3 - Chapter | 41

The early, elongated embryo of the brown alga Saccharina is surrounded by a
corset of alginates that depend on cortical actin filaments.

4 - Chapter |l 67
MUM, a maternal unknown message, inhibits early establishment of the medio-

lateral axis in the embryo of the kelp Saccharina latissima

5 - Chapter I 113
The cell fate of basal and apical cells in Saccharina embryos is different and variable
over time
6 - General Discussion 141
Establishment of the first axes involves the cytoskeleton and the cell wall ........................ 142

Connection to maternal tissue is required for establishment of the embryo body plans....145

How MUM signal delays transition from Phase [ to Phase Il...........oooooiiieiiiiiiieeeeeen 147
NAtUIe OFf MUM ... e e e e e e e e e s nn e e e e e e e e e s nnnnreeeeeeeas 149
An evo-devo approach: Shared developmental process in brown algae................c........... 151
ConClusion aNd PErSPECHIVES ......euiiiiii ittt e e e e e e e e e e e e e e nnnnneees 153
7 - References 157
8 - Annexes 174




Annexe 1: Targeted Laser Ablation in the Embryo of Saccharina latissima

Annexe 2: Growth and Labelling of Cell Wall Components of the Brown Alga Ectocarpus in
Microfluidic Chips

Annexe 3: Cultivation and Imaging of S. latissima Embryo Monolayered Cell Sheets Inside
Microfluidic Devices

Annexe 4: List of publications.

Annexe 5: List of oral communications and poster in congress and workshops.



1 - Introduction



I/ Body plan organization during the development of multicellular organisms

The formation of body shapes, or morphogenesis, relies on highly controlled
processes in multicellular organisms. It constitutes the fundamentals of
developmental biology and elaborates on a profoundly interesting subject, since
similar shapes can be observed in very distant lineages (e.g., moss, fungi, and
algae).

A) The evolution and diversity of body plans in eukaryotes

Body plans are a set of morphological features describing the body shape and
structure of a given species (Woodger, 1945). Five developmental processes are
pivotal in governing the formation of all developmental body plans (Niklas, 2000): 1)
Synchronization of cyto- and karyokinesis; 2) Cellular adhesion during divisions; 3)
Continuity of cytoplasm; 4) Differentiation between determinate ("closed") and
indeterminate ("open") growth in terms of size; 5) Number and spatial orientation of
planes of cell division. Combining these fundamental processes results in the
emergence of four most elemental body organizations: the unicellular, colonial,
siphonous, and multicellular (Figure 1A). While they are unicellular, protists also
present axes that structure the organization of their body. In fact, the unicellular cell
plan is the most ancient as it was considered for LUCA (Last Universal Common
Ancestor) and LECA (Last Eukaryotic Common Ancestor) (Weiss et al., 2016;
O’Malley et al., 2019; Niklas and Tiffney, 2022). When cells group within a shared
extracellular matrix but lack symplastic junctions they form a colonial body (Niklas
and Kutschera, 2009). Siphonous organisms exhibit a tubular cell capable of
branching and fusing in diverse patterns, giving rise to a wide array of forms
(Verbruggen et al., 2009). Finally, the multicellular body plan is categorized by
adjacent cells connected by symplasmic junctions such as plasmodesmata in
plants and algae (Franceschi et al., 1993; Aaziz et al., 2001; Terauchi et al., 2015;
Kim et al., 2022), septal pores in fungi (Shen et al., 2014), and gap junctions in
animals (Shimizu and Stopfer, 2013). Multicellular organisms exhibit one of four
fundamental modes of growth in space, namely unbranched filaments, branched
filaments, interweaving filaments, and the parenchymatous body plan (Niklas and
Kutschera, 2009, Figure 1B). Parenchymatous body plan involves the division of

cells in three spatial dimensions and allows the formation of specialized tissues.
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Figure 1: Diversity of body plans in eukaryotes and growth mode of multicellular
organisms.

The taxa shown here are not phylogenetically closely related and are used only to illustrate
key innovations. The standard model for a unicellular-to-multicellular transition involves a
colonial body plan intermediate, a unicellular bottleneck, and an export of fitness from the
cellular to the multicellular level of organization.

A) Various body organizations have evolved, namely: unicellular, colonial, siphonous, and
multicellular organisms.

B) Different multicellular organizations are described: filamentous unbranched, filamentous
branched, filamentous interwoven, filamentous.
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Complex multicellularity has evolved multiple times independently in eukaryotes
(Cock et al.,, 2010; Baldauf et al., 2013; Niklas and Newman, 2020; Figure 2).
Multicellular architectures require the consistent regulation of cell division planes up
to the third spatial dimension (3D) to produce structured mature organisms. All of
these developmental processes highlight the diversity of morphological processes
that organisms undergo to form the main axes that organize their body plan. While
embryo geometry and tissue arrangement dynamics can greatly vary from species
to species, multicellular eukaryotes present similarities in how the basic geometries
are established (Kalinka and Tomancak, 2012). Understanding the similarities and
dissimilarities in multicellular development provides a valuable evo-devo
perspective. In most multicellular organisms, the body plans can be distilled from
one to three body axes (Anlas and Trivedi, 2021). In creating the 3D structure of a
multicellular organism, the first step is to set up a primary axis. This axis defines the
direction of growth but is not necessarily polarized. After this, most organisms go on
to establish further levels of organization and can develop secondary and tertiary
axes. In all organisms, axes can be defined based on the presence of molecular
gradients within the embryo (Friml et al., 2003; Shahbazi et al., 2019; Simsek and
Ozbudak, 2022) or by morphological asymmetries (Barthélémy and Caraglio,
2007; Martinez et al., 2016; Deline et al., 2018).

B) Establishing the primary axes of multicellular organisms

The development of walled organisms is mostly defined by morphological
asymmetries, a feature shared among fungi (Horio and Oakley, 2005), brown algae
(Le Bail et al., 2008), and many land plant species, including the plant model
Arabidopsis (Jeong et al., 2016), rice (Sato et al., 2010), mosses (Sakakibara et al.,
2010), and liverworts (Shimamura, 2016).

11
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Adapted from Baldauf et al., 2013, a consensus phylogeny of eukaryotes. The tree shown is
an updated version of a previously published consensus phylogeny. Filled stars indicate
multicellular groups.
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The model plant Arabidopsis thaliana's embryo illustrates a development where the
primary axis, named the apical-basal axis, is established through the asymmetric
division of the zygote, resulting in a small apical daughter cell and a larger basal
daughter cell with a central vacuole (Mansfield and Briarty, 1991). The apical cell
generates a spherical proembryo through tangential divisions, forming the
secondary axis known as the radial axis (JUrgens 2001), creating an outer
protoderm layer and a mass of inner cells (Mansfield and Briarty, 1991). Meanwhile,
the basal daughter cell continues to divide horizontally, forming a filamentous
suspensor that connects the proembryo to maternal tissues. In the development of
seed plants, the apical daughter cell always contributes to at least a part of the
embryo, while the basal daughter cell mainly gives rise to extra-embryonic tissues
(Wang et al., 2020). Later in development, at the transition stage, the embryo shifts
from radial patterning to bilateral patterning, presenting three distinct body axes at
the torpedo stage (Lau et al., 2012).

The example described above shares some striking morphological similarities with
the early development of the brown algae Fucus (Bisgrove and Kropf, 2007).
Similarly to plants, the first division is unequal and asymmetrical, generating a large
thallus cell and a narrow rhizoid cell (Quatrano, 1978; Bouget et al.,, 1998). This
forms the apical-basal axis, which is the primary axis of the embryo. Then, much
like in Arabidopsis, during the following stages, elongation is localized only at the
rhizoid pole, while the thallus pole establishes a radial axis through both transverse
(perpendicular to the primary axis) and longitudinal (parallel to the primary axis)
anticlinal divisions (Kropf et al., 1999). The thallus further becomes a
parenchymatous tissue, forming a tertiary axis and establishing bilateral symmetry.
Later in development, the basal part of the embryo, the rhizoid cells, form the
holdfast while the thallus develops a three-dimensional blade and stipe, which
persist to the adult stage of Fucus. However, unlike Arabidopsis, embryos of
Fucales start from a spherical homogeneous cell and grow freely outside of the
parent organism. In another order of brown algae, the Dictyotales, the zygote
undergoes a similar primary axis establishment process, with the exception that the
unfertilized egg is not homogeneous but already pre-polarized (Bogaert et al., 2017).
The establishment of the primary axis of both Fucales and Dictyotales has been

segmented into different serial steps of a process called "axis selection" (Bogaert et
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al., 2023). Initially, axis polarization is determined upon fertilization. However, the
polarity established is flexible and can be reoriented in response to an
environmental cue (e.g., polarized light). The primary axis is permanently established
after completion of the "axis formation" (or "axis amplification”) step followed by the
"axis fixation” step. Afterward, the thallus pole divides through transverse anticlinal
divisions, resulting in the elongation of the embryo along the initial axis.

The secondary axis of Dictyotales is established later in development, where the
apical half of the embryo widens to develop into a band-shaped thallus, while its
lower part generates the rhizome formed of various lateral branches growing
horizontally (Fritsch, 1945).

In filamentous organisms, the emergence of a new branch forms a new axis.
Additionally, branched filamentous organisms can support the emergence of
multiple local repeated polarity axes to form lateral or apical branches (Coudert et
al., 2019).

Contrary to walled organisms, metazoans are able to execute cell movement and
migration. Animal development studies have mostly focused on genomic and
molecular gradients to understand how axes are established (Anlas and Trivedi,
2021). Metazoans display diverse body plans characterized by various axes. Some
organisms present specified axes upon oogenesis or fertilization. This is the case for
hexapods’ eggs that are already asymmetrical and present an inherent antero-
posterior (A-P) and in some cases a dorso-ventral axis (D-V) even before fertilization
(Chipman, 2015). Similarly, most nematodes’ zygotes present an antero-posterior
axis with distinct distribution of PAR proteins (GeBele et al., 2020). In fact, in many
metazoan embryos, a primary axis is defined from oogenesis or the first cleavages
following fertilization (Goldstein and Freeman, 1997). These axes are completed
later in development with the establishment of additional axes such as proximo-
distal (P-D) (Beaven et al.,, 2022). However, for other metazoans, such as
vertebrates, although the previous axes established up to the blastula partially
correlate, they do not always align with the final body plan axes (Valentine, 2004;
Willmore, 2012). Unlike walled organisms, animal cells are capable of movement
inside the tissue (Yamada et al., 2010). As such, to establish their final body plans,

some metazoan embryos rely on cell migration and cell sorting, such as invagination
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of cell layers and folding in the embryo through a process called gastrulation
(Bénazéraf and Pourquié, 2013). All metazoans share genes like Wnt/B-catenin and
T-box genes (Kraus et al., 2016; Bagaeva et al.,, 2020). These genes have been
shown to play a role in establishing primary axes (Technau and Scholz, 2003;
Swalla, 2006; Petersen and Reddien, 2009; Turner et al., 2017) and symmetry-
breaking events (Loh et al., 2016). They influence sorting, adhesion, and movements
of cells during gastrulation (Latinki¢ et al., 1997; Arnold et al., 2000; Vonica and
Gumbiner, 2002; Turner et al., 2014; Pauklin and Vallier, 2015). In vertebrates,
uncommitted cells can organize a complete embryonic axis through BMP and Nodal
signaling (Xu et al., 2014; Torres-Paz and Retaux, 2021). Following antero-posterior
or oral-aboral axis specification, developmental differences increase between the
metazoan phylum as embryos of different species establish additional axes
increasing the complexity of body organization in the mature organism (Martindale
and Hejnol, 2009). However, complementary studies have also tried to elucidate the
role of cell regulatory networks to understand the assembly of multicellular
ensembles beyond the effect of the genome (Gorfinkiel and Arias, 2021; Steventon
et al., 2021).

Additionally, while axes can theoretically be decoupled from polarity, most of the
time, axis initiation requires symmetry breaking and the establishment of local
polarity in the egg or embryo in order to break the symmetries and form the first

axis.

C) Polarity in different models

The large-scale asymmetries observed in multicellular organisms are often tied to
initial cellular-scale asymmetries (Li et al., 2010). Most embryos originate from a
round cell and need cell symmetry-breaking to establish the axes of the body plans
of the adult organism. This initial step is dependent on intrinsic or extrinsic factors
(Jan and Jan, 1998). There are two main ways for cells to acquire distinct identities
(Bisgrove and Kropf, 2007; Sunchu and Cabernard, 2020): 1) Intrinsic, or cell-
autonomous determination, where developmental determinants are differentially
partitioned between daughter cells during the division process (Figure 3A). As a

result, each daughter cell inherits a different set of cytoplasmic instructions that
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guide it toward a unique developmental fate. An example of such mechanisms can
be observed in the Caenorhabditis elegans zygote, where PAR segregation plays a
crucial role in controlling the fates of the daughter cells (Noatynska and Gotta,
2012). 2) Extrinsic, or non-cell-autonomous determination, in which each cell
receives unique positional cues either from neighboring cells or from the
environment (Figure 3B). An example of this is found in the root and shoot of
Arabidopsis thaliana (Rishmawi et al., 2014; Fuchs and Lohmann, 2020). Here,
asymmetric cell division places daughter cells from the RAM (Root Apical Meristem)
or SAM (Shoot Apical Meristem) in different external contexts. Signals from
neighboring cells guide these daughter cells to distinct fates. In Fucus,
environmental cues such as the polarized vector of light result in germination on the
opposite direction of the perceived signal, inducing the formation of a rhizoid pole
(Bisgrove and Kropf, 2007; Bogaert et al., 2015). Local deposition of cell fate-
determining factors, and cell wall loosening combined with realignment of the
mitotic apparatus is followed by the first asymmetric cell division (Kropf et al., 1988;
Shaw and Quatrano, 1996; Quatrano and Show, 1997).

Diverse factors contributing to asymmetric divisions through one or a combination
of these mechanisms have been described in brown algae. They range from
asymmetrical distribution of RNA, lipids, sugars, organelles, polarized ionic
gradients, mechanical stress, or light perception (Bogaert et al., 2023). This list is far
from exhaustive and only aims to represent the diversity of initial factors involved in
cell asymmetry. In early development, parental effects play a crucial role in laying
the foundation for these mechanisms within the embryo. In the case of Fucus, the
Ca2+ gradient oriented by sperm entry is one of the first cues to establish the
primary axis and the first asymmetrical division. However, additional environmental
cues, such as light or gravity, can modify the orientation axis of the embryo. In the
case of Saccharina, the initially spherical egg is polarized by the maternally inherited
flagella (Klochkova et al., 2019). After fertilization, the embryo elongates, and the

elongation axis follows the polarity axis initially inputted.
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A Intrinsic mechanisms determine cell fate

@DDP®D

B Extrinsic signals from neighboring cells regulate cell fate
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Figure 3: Asymetric cell divisions generate diverse cell types.

From Bisgrove and Kropf, 2007, these schemes aim to illustrate the two main ways of how
asymmetric cell division can create distinct fates:

A) In C.elegans: Developmental determinants (gray shading) are segregated to one end of
the zygote. When cytokinesis occurs, the daughter cells each inherit cytoplasm that is
qualitatively different.

B) In A.thaliana: A cortical/endodermal initial cell divides to produce a daughter cell. When
the daughter divides, the cell plate is laid down parallel with the longitudinal axis of the root,
placing the two new cells in different cell files. Signals from neighboring cells then direct the
adoption of either a cortical or an endodermal fate.
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11/ Parental effects

In multicellular organisms, parents play a significant role in shaping the development
of their embryos. They contribute to embryonic development through various
signals, encompassing both genetic and non-genetic factors. Geneticists and
evolutionary biologists have long recognized that parental phenotypes can directly
impact the phenotype of their offspring (Dickerson, 1947; Cheverud, 1984).
Maternal effects have been described as the causal influence of the maternal
genotype or phenotype on the offspring phenotype (Wolf and Wade, 2009). A
parallel concept, known as paternal effects, describes similar mechanisms in
which paternal factors impact the development of the progeny (Rando, 2012; Crean
and Bonduriansky, 2014). Maternal genes (or paternal) encode factors (e.g.,
protein, RNA) that are present in the oocyte (or sperm) and required for embryonic
development (Marlow, 2010; Immler, 2018). In oogamous species, where there is a
significant difference in size between male and female gametes, it has been
proposed that the maternal contribution is likely more substantial, as it contributes
to a larger part of the initial body of the embryo (Breton and Stewart, 2015).

The environment experienced by the mother can affect the offspring in various
ways. For example, it can alter the quality of unfertilized eggs or influence the
availability of nutrients for the developing embryo (Marshall and Uller, 2007; Li et al.,
2021). This complexity adds to the challenge of deciphering how parental effects

actually regulate embryogenesis.

A) Parental transcriptomic heredity

In animals, early embryogenesis relies on maternal RNAs stored in the unfertilized
egg cell (Tadros and Lipshitz, 2009). A two-step transition occurs in animal systems.
For several cell cycles, maternal RNAs regulate post-transcriptionally the
development of the embryo while the zygote genome remains silent (Wang et al.,
2020). In vertebrates, three maternal pathways interact to determine dorso-ventral
patterning at the blastula stage, involving Wnt/B-catenin, Wnt/Ca++, and BMP-
mediated signaling (Pelegri, 2003). In the nematode C. elegans, the PAR genes
involved in polarity regulation and the establishment of early body plans are

maternally inherited (Bowerman et al., 1997; Robertson and Lin, 2015). This initial
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step dependent on maternal RNAs is followed by zygotic genome activation. This
crucial shift is described as maternal to zygotic transition (MTZ) (Lee et al., 2014;

Vastenhouw et al., 2019, Figure 4).
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Figure 4 : The maternal-to-zygotic transition (MZT) in different metazoans.
From Vastenhouw et al., 2019, Schematics depicting embryo MTZ in different species of
metazoans. Red curves depict the evolution of maternal transcripts; red gradients represent
the timing of the multiple phases of transcript degradation. Blue curve depicts transcription
from the zygotic genome; blue gradient represents a gradual increase in the number of
genes transcribed during ZGA. Developmental stages are shown for each organism.
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In contrast, it was initially believed that no such transition occurs in plant embryos
because some genes were transcribed de novo immediately after fertilization
(Kawashima and Berger, 2014). However, it has been observed that de novo
transcripts only gradually become predominant (Anderson et al., 2017; Shen et al.,
2017; Zhao et al., 2019). Thus, zygote genome activation (ZGA) is a process that is
still considered under parental control (Baroux and Grossniklaus, 2015). Numerous
MRNA transcripts inherited from either the mother (maternal genes) or the father
(paternal genes) have been found to impact embryogenesis in both plants and
animals.

For example, in Brassicaceae, both parents influence embryo development (Ueda
and Berger, 2019; Figure 5). The gene SHORT SUSPENSOR (SSP), which encodes
a membrane-associated pseudokinase, has its mRNA inherited from the sperm
(Bayer et al., 2009). SSP translation activates the YODA MAPK kinase that is
necessary for the first asymmetric division. Maternal contributions are crucial for the
activation of the YODA MAPK cascade (Zhang et al., 2017). Downstream MAP
kinases MPK3/6 phosphorylate the transcription factor WRKY2 in the presence of
maternally-derived factors HOMEODOMAIN GLABROUS11/12 (HDG11/12) (Ueda et
al., 2017). In the basal land plant species Marchantia polymorpha and the uni-algal
Chlamydomonas reinhardtii, the BELL/KNOX transcriptional regulators, which
involve a two-component system of maternal and paternal factors, initiate zygote

genome activation (ZGA) (Hisanaga et al., 2021).
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Figure 5: SSP - HDG11/12 pathway and parent attributed pathway in A. thaliana.
Adapted from Ueda and Berger, 2019. (Top) Pathway of activation of WOX8. WRKY2
originates from both parents. The paternally-derived SSP triggers the YDA MAP kinase
cascade, which in turn phosphorylates WRKY2, activating it. The activated WRKY2, along
with the maternally inherited HDG11/12, directly binds to the promoter of WOX8 and
initiates its transcription de novo in the zygote. (Bottom) WOX8 contributes to cell
elongation and nuclear migration by acting on the cytoskeleton. This is partially responsible
for the initial asymmetric division.

B) Additional support is provided by parental extra-embryonic
tissue.

Many multicellular organisms develop in partial or direct contact with cells of one of
the parent organisms, most commonly the mother. In such cases, in addition to the
development of the embryo itself, contact with extra-embryonic tissue provides
signaling and mechanical cues. In many species, external input (e.g., mechanical) is
actually strictly required for morphogenesis (Li et al., 2008; Sheng and Foley, 2012;
Christodoulou et al.,, 2019). It was functionally demonstrated that coordinated
adherence of the insect blastoderm to the vitelline envelope, a structure or shell
surrounding the developing embryo, influences tissue movement dynamics during
gastrulation (Milnster et al., 2019), further highlighting the importance of embryonic-
extraembryonic interactions in early patterning processes. Conversely, in
metazoans, including Nematostella, Xenopus, zebrafish, mouse, and human,

isolated groups of embryonic stem cells harbor the capacity to self-organize into a
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rudimentary body plan with at least a primary axis independently from any extra-
embryonic tissue (Anlas and Trivedi, 2021). Thus, while development relies partially
on the extracellular matrix (ECM) and inherited parental genetic material, embryo
cells in animals exhibit a degree of self-sufficiency to establish the primary axis
away from external factors. In the context of plants, the suspensor, except for the
uppermost cell, is considered extra-embryonic and serves to connect the embryo to
the maternal seed tissue (Wang et al.,, 2020). Interestingly, 3D growth of plant
embryos can be initiated by auxin produced in the extra-embryonic cells and PIN-7
mediated response in the apical cell of the embryo (Yoshida et al., 2014; Robert et
al., 2018; Karami et al., 2023). In fact, once the suspensor differentiation is initiated
in the basal cell, the suspensor itself seems to become a source of auxin (Robert et
al., 2015).

Figure 6: Kelp forests form one of the richest biotopes.

Kelp forests harbor a rich biodiversity. Different types of kelp forests exist, ranging from the
towering underwater forest of Macrocystis (top) to the covering canopy of Digitata (bottom).
Brown algae additionally present a major interest as a cultivated crop for food, feed, and
industry (right).
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l1l/ Early embryogenesis of brown algae

A) Brown algae are evolutionary divergent pluricellular organisms

Brown algae (or Phaeophyceae) have major ecological relevance. Underwater kelp
forests are one of the biotopes harboring the richest diversity (Pifieiro-Corbeira et
al., 2022; Eger et al., 2023; Figure 6). Kelps, or Laminariales, are among the largest
marine organisms to exist (Cribb, 1954). They thrive mostly in temperate and cold
waters or in deep waters of some tropical locations (Muth et al., 2019; Assis et al.,
2020; Figure 7). Moreover, they present great economic interests for food, feed, and
industry (nutritional value, gels, biofuel, medicinal, and other usages) (Barbier et al.,
2019; Lahteenmaéki-Uutela et al., 2021). Brown algae belong to the Stramenopiles, a
supergroup of Eukaryotes that belongs to the TSAR (Telonemia, Stramenopiles,
Alveolates, Rhizaria) lineage (Burki et al., 2007; Strassert et al., 2019; Burki et al.,
2020). Brown algae diverged and evolved independently from the other lineages for
more than a billion years (Kawai et al., 2015; Figure 2). Brown algae evolved as
multicellular organisms around 250 million years ago (Silberfeld et al., 2010),
relatively recently compared to other groups of multicellular organisms (King et al.,
2008). There are over 2100 species of brown algae described and classified in 21
orders (Reviers et al., 2007; Guiry and Guiry, 2023; Figure 8). Possibly due to their
recent acquisition of multicellularity, brown algae display a vast diversity of body
plans and life cycles (Charrier et al., 2012; Bogaert et al., 2013; Heesch et al., 2021).
Molecular studies have shown that brown algae consist of two main clades resulting
from an early divergence event (Bringloe et al., 2020). First, a large clade of four
orders known as SSDO (coined from Sphacelariales, Syringodermatales,
Dictyotales, and Onslowiales). Second, a more extensive large radiation of all other
brown algae referred to as the brown algal crown radiation (BACR) (de Reviers and
Rousseau, 1999). The last common ancestor of all BACR has been presented as a
heteromorphic photosynthetic organism with intercalary pseudo-parenchymatous
growth (Silberfeld et al., 2010).
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Figure 7: Geographic repartition of brown algae in global waters

A) Biogeographic subdivisions of marine biodiversity. From Bringloe et al., 2020. Dark blue
= Arctic; light blue = cold-temperate; pink = warm-temperate; red = tropical. B) Global
dataset of marine forest species of brown macroalgae. Adapted from Assis et al., 2020.
Included orders: Fucales, Laminariales, and Tilopteridales. Red and gray circles depict raw
and corrected data, respectively.
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Figure 8: Phylogeny of the brown algal orders.

From Bringloe et al., 2020, Phylogeny of the brown algal orders based on 12 markers. In
brackets are the numbers of species within each order according to AlgaeBase (Guiry and
Guiry, 2023). CAP: common ancestor of Phaeophyceae; SSDO: Sphacelariales,
Syringodermatales, Dictyotales, Onslowiales clade; BACR: brown algal crown radiation.

Due to their independent evolution, other commonly studied model organisms in the
realms of plants, animals, fungi, or other algae offer only limited relevance to
understand developmental processes in brown algae (Coelho and Cock, 2020).
Additionally, it is crucial to challenge much of the existing knowledge from other
organisms when studying Phaeophyceae. As a result of this divergent evolutionary
trajectory, they display many novel cellular and molecular mechanisms. To cite a
few, they present distinctive cell wall structures (Deniaud-Bouét et al., 2017;
Charrier et al., 2019), new storage polysaccharides (e.g., laminarin) (Myklestad and
Granum, 2009), or different pigments involved in photosynthesis (Anderson et al.,
1978; Bichel, 2019).

Despite these differences at the molecular level, brown algae adhere to similar
mechanical sets of rules involved in growth. The combination of these two features-
i) the diversity at the molecular level and ii) the adherence to the same mechanical

rules as all organisms on earth—makes brown algae particularly interesting to study.
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B) Brown algal models

Four main model orders have shaped brown algal studies (Coelho and Cock, 2020).
The Fucales order, including species like Sargassum or Fucus, while it may take
several years to complete its life cycle, has been an important part of brown algae
research, particularly in growth and development (Hurd, 1920; Novotny and Forman,
1975). Studies in Fucus have provided great insights into apical-basal pattern
formation (Bouget et al., 1998), polarization, and axis formation (Bogaert et al.,
2015).

Dictyota has recently emerged as a new experimental model for studying early
embryogenesis in brown algae (Bogaert et al., 2016). It offers practical advantages
compared to Fucus, such as a two-month short life cycle or tunable sporogenesis
release (Bogaert et al.,, 2013). Research on Dictyota dichotoma has provided
insights into cell polarization processes and the potential role of auxins in brown
algae.

A relatively simple, filamentous morphology and a small genome have made
Ectocarpus a valuable model (Charrier et al., 2008; Coelho et al., 2020). Ectocarpus
has been used as a model to answer a broad range of biological questions, but the
model organism has gained significant attention due to the development of genomic
and genetic tools. These include the assembly of the complete genome sequence
(Cock et al., 2010) and the exploration of various molecular tools, such as RNAI
methodology (Macaisne et al., 2017), tiling arrays (Cormier et al., 2017), CRISPR-
Cas9 genome editing (Badis et al., 2021), and genetic maps (Heesch et al., 2010;
Avia et al., 2017). Ectocarpus has been instrumental in understanding biological
processes in brown algae such as life cycle regulation (Coelho et al., 2011), sex
determination (Ahmed et al., 2014), auxin metabolism (Le Bail et al., 2010), and
filamentous development (Le Bail et al., 2008; Rabillé et al., 2019).

Increasing interest is being brought to the use of Laminariales as biological models
(Zhang et al., 2016). The initial focus was set on Saccharina in order to develop
tools and resources for cultivated crop species, analogous to the use of maize or
rice as model terrestrial crop species (Zhang et al., 2017). Saccharina has been
cultivated for decades, and breeding strategies have been applied to produce high-

yield varieties. Genomic resources, including genetic maps (Zhang et al., 2015), the
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complete genome sequence (Ye et al., 2015), and CRISPR-Cas9 genome editing
(Shen et al., 2023), have been developed, supporting selective breeding efforts.
Recently, Saccharina is becoming also a model for developmental biology. A
detailed description of its developmental phases and its growth in thickness has
been published (Theodorou and Charrier, 2023). Depending on regional availability,
the focus is currently on two species: Saccharina latissima in the Atlantic, and
Saccharina japonica in the Pacific (WoRMS, 2023).

C) Cell Wall in land plants and brown algae

Land plants, fungi, and algae cells polarize, grow, and divide while being encased in
a rigid external frame that is the cell wall. The growth of plant cells is explained by
Lockhart's biophysical theory, which involves water uptake (turgor pressure
increase) and cell wall yielding (Lockhart, 1965). Cell wall yielding includes the
rearrangement of existing wall polymers through stretching and the deposition of
new wall material (Takahashi et al., 2006). This process results in cell expansion, and
wall extensibility plays a key role in cell growth (Cosgrove, 2016). The evolution of
multicellularity has often coincided with the emergence of an extracellular matrix
(ECM) (Kloareg et al., 2021). Similarly to land plants, the ECM in brown algae
exhibits a layered structure, with ultrastructural variability observed in different cell
types (Mazéas et al., 2023). Additionally, the thickness of the ECM can vary, with
some cells having thicker outer walls and thinner inner walls, while others have
ECMs of more similar thickness (Mariani et al., 1985; Evans and Holligan, 1972). In
both plants and brown algae, the basic cell wall structure includes rigid fibrous
elements embedded in a gel-like matrix. While both are analogous, the composition
of the polysaccharides matrix differs (Cosgrove, 2005; Charrier et al., 2019; Figure
9). In plants, the matrix includes hemicellulose and pectin. Pectin acts as an array in
which the network of hemicellulose (cellulose-binding polysaccharides) and

cellulose microfibrils are embedded (Pederson et al., 2023).
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Figure 9: Comparison of cell wall from brown algae and land plants.

In land plants, the cell wall is mainly composed of cellulose microfibrils, hemicellulose
chains, and pectin gel networks (A). The cell wall of brown algae remains less well known. It
is composed mainly of two components: FCSPs (fucose-containing sulfated
polysaccharides) crosslinked with protein and cellulose microfilaments, and alginates
networks (B). However, unlike in land plants, cellulose microfilaments are much less
abundant as they represent less than 8% of the cell wall dry weight (Charrier et al., 2019).
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Brown algae possess an ECM, which is less characterized compared to animals,
fungi, and terrestrial plants. Polysaccharides in brown algae are not template-
encoded and depend on complex metabolic and trafficking processes (Hoffman et
al., 2021). The main polysaccharides in brown algae are made of alginates forming a
gel matrix analogous to pectin in plants that interlock fucose-containing sulfated
polysaccharides (FCSPs) (Michel et al., 2010; Birkemeyer et al., 2020). The term
FCSPs is collectively employed to encompass both fucans and fucoidans. The
proportion of matrix or microfibrii ECM components varies between plants and
brown algae. Typically, plant cell walls consist of 15-40% cellulose, 30-50% pectin,
and 20-30% hemicellulose (Cosgrove and Jarvis, 2012). In contrast, in brown algae,
the constituents are distributed as 40% alginates, 40% FCSPs, and less than 10%
cellulose (Charrier et al., 2019). Alginates are linear polymers composed of (3-D-
mannuronic acid (M) and a-L-guluronic acid (G) (Linardic, 2018). They exhibit
different structural organizations based on the arrangement of these monomers
(Figure 10A). This arrangement results in various linkages, including M-M, M-G, and
G-G. In vitro, a more compact form of alginate is created by G-G linkages, while M-
M linkages produce a flatter structure. M-G linkages fall in between these two states
in terms of structural assemblage (March et al., 2008). These differences in linkage
structures lead to variations in the physical properties of the alginate matrix.
Specifically, M-G blocks are more flexible compared to M-M blocks, which are in
turn also more flexible than G-G blocks (Smidsrad et al., 1973; Morch et al., 2008).
In both brown algae and plants, the degree of alginate epimerization and pectin
esterification can lead to cross-linking, affecting the rigidity of the cell wall.
Interaction of alginate chains with calcium ions (Ca2+) results in cross-linking of G in
“egg box” junctions, further increasing G-rich alginates' mechanical stiffness (Zhang
et al., 2020).
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Figure 10: Key structures and composition of both FCSPs and alginates

Examples of typical alginates and FCSP motifs are shown. Structure of Alginates A) Fucans

B) and other FCSPs C). Adapted from Mazéas et al., 2023.
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In addition to alginates, brown algae contain FCSPs, which also vary in structure
and composition (Figure 10B). Fucans are characterized by their high degree of
sulfation and feature a backbone structure primarily composed of sulfated L-fucose
residues (Mazéas et al., 2023). These fucans may also exhibit various types of
additional branches. On the other hand, fucoidans are a group of polysaccharides
known for their structural heterogeneity (Hervé et al., 2016). They consist of diverse
backbone structures and may display various branches. Brown algal cell walls also
contain significant amounts of proteins, with high diversity (over 900 proteins
secreted) (Karyophyllis et al., 2000; West et al., 2021). Various genes involved in cell
wall synthesis, composition, and degradation were found in the genome of brown
algae and are likely to help tune cell wall structure and properties in response to
physiological requirements (Nyval et al., 2003). Yet, only a few enzymes have been
experimentally validated. Among them, two known algal MC5Es and an alginate
lyase have been validated (Inoue et al., 2018). In S. japonica, a recombinant
epimerase (SjC5-VI) has been shown to epimerize M to G alternatively (Inoue et al.,
2016). In Ectocarpus sp., MEP13-C5 is believed to epimerize M-M regions, although
its precise function remains unclear (Fischl et al., 2016). MC5Es have been reported

to be secreted and directly embedded in the cell wall (Terauchi et al., 2017).

The synthesis of FCSPs likely occurs in the Golgi apparatus (Evans and Callow,
1978). During cytokinesis, Golgi vesicles deliver FCSPs to the site of division.
Conversely, the region of synthesis of alginates has not been characterized yet.
Antibodies indicate the presence of alginates quite late during the formation of the
new cell wall during cytokinesis, inside specific osmiophilic vesicles located very
close to the newly formed membrane (Nagasato et al., 2010; Yonamine et al., 2021).
As such, it has been proposed that alginates, similarly to cellulose, are synthesized

directly at the membrane (Katsaros et al., 2013).
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D) Functions of the eukaryotic cytoskeleton

The eukaryotic cytoskeleton is a complex and dynamic network of protein filaments
that play a pivotal role in maintaining morphogenesis, cell shape, facilitating
intracellular transport, and orchestrating various cellular processes (Wasteneys and
Zhang, 2004; Katsaros et al., 2006; Hohmann and Dehghani, 2019; He et al., 2020;
Ho-Plagaro et al., 2022). It comprises three main components: microtubules (MTs),
actin filaments (AFs), and intermediate filaments (IFs) (Fletcher and Mullins, 2010).
These elements collaborate to ensure structural integrity and functional versatility
within the cell. MTs and AFs are polar structures that exhibit dynamic instability, as
they can rapidly grow and depolymerize. |IFs are apolar, less stiff, and relatively
stable components of the cytoskeleton. The organization and functions of the
cytoskeleton in various organisms, including animals, plants, and brown algae,
reveal interesting differences. In animals, MTs are recognized for their pivotal role in
mitosis and intracellular transport, serving as tracks for motor proteins like dynein
and kinesin. Additionally, a network of cortical AFs functions in concert with myosin,
enabling cellular contractility and generating the forces necessary for cell shape
changes (Chugh and Paluch, 2018). IFs provide mechanical support and stability to
cells and tissues. In land plants, the MT cytoskeleton is instead organized cortically.
The MT network is crucial for perceiving mechanical cues and regulating cell shape
and growth direction (Besson and Dumais, 2011; Livanos and Midiller, 2019). This is
achieved through a mechanical feedback loop (Sampathkumar, 2020; Trinh et al.,
2021; Schneider et al., 2022), wherein cortical MTs often align perpendicular to the
main growth axis and along the axis of maximal tensile stress (Williamson, 1990;
Landrein and Hamant, 2013; Hamant et al., 2019; Chebli et al., 2021). These MTs
guide cellulose synthase complexes, contributing to the orientation of CMFs and
thereby impacting the physical attributes of the cell wall (Baskin et al., 2004;
Paredez et al., 2006; Sampathkumar et al., 2019). While less common, AFs have
also been reported to be present cortically in plant cells, within specific structures
such as guard cell or pollen tube (Li et al., 2019; Xu and Huang, 2020). In contrast,
in brown algal cells, there is a lack of cortical MTs (Katsaros and Galactis, 1992;
Motomura, 1994). Instead, much like animals, brown algal cells bear a well-

organized cytoskeleton of AFs, including cortical, perinuclear, and endoplasmic
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arrays, and possess centriole-bearing centrosomes that serve as microtubule-
organizing centers (Katsaros et al., 2006). These centrosomes play a pivotal role in
determining the cytokinetic plane after mitosis (Nagasato and Motomura, 2002). In
addition, the MTs in brown algae contribute to the establishment of cell polarity,
involving changes in the position of the nucleus and potentially influencing cell wall
composition (Katsaros et al., 1983; Varvarigos et al., 2005). This organization plays a
role in the formation of polar growth patterns and cell wall morphogenesis similar to
what is observed in the pollen tube of plants (Karyophyllis et al., 2000; Rabillé et al.,
2019; Xu and Huang, 2020). The interaction of MTs with AF arrays has been
described in animals (Rodriguez et al., 2003) and plants (Takeuchi et al., 2016). It
has been proposed that MTs, being associated with the permanent centrosomes,
also have interactions with AFs in brown algae (Goode et al., 2000; Gundersen,
2002). In brown algae, similar to the cortical MT of land plants, the cortical actin
network has been observed to perceive wall structure in cells, and similar
mechanisms with plant cells (e.g., perception of tensile stress, mediation of wall
composition) have been theorized and shown to some extent (Karyophyllis et al.,
2000; Theodorou, 2023; Panteris and Pappas, 2023).

E) Describing the developmental phases of Saccharina latissima

Despite exhibiting a much lower level of morphological complexity than plants and
animals, brown algae, and especially kelp (Laminariales), develop very large bodies,
whose organization is based on the establishment of structuring spatial axes. Yet,
there is still limited knowledge about the developmental control, cell division activity,
and orientation during the formation of 3D body plans in these organisms. The
embryo of Saccharina begins as a monostromatic structure but eventually
undergoes transformation into a complex parenchymatous thallus. Moreover, its
embryo remains connected to the maternal structure during this time. Notably,
Saccharina provides a unique system for studying the formation of body plans
because it sequentially transitions from 1D to 2D and finally to 3D growth after
approximately 15 days post-fertilization (Theodorou and Charrier, 2023). Despite
this, the overall morphology of the embryo remains relatively unchanged until the

juvenile stage.
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Figure 11: Life cycle of Saccharina latissima.

S. latissima presents an alternating life cycle (Vish et al., 2019). Large mature sori produce
spores (n) by meiosis in their sporangia (2n). The spores are then liberated into moving
water when environmental conditions are favorable (Augyte et al., 2019). Spores then
germinate into either male or female gametophytes and grow mainly on sand, rock, or other
algae (Klockova et al., 2019). Sexual dimorphism is observed between the male and female
gametophytes, as the male presents smaller cells and more branches than the female.
Some cells of the female gametophyte will form the oogonium structure from which the egg
will be released. In the meantime, the male antherozoids mature and release gametes. After
fertilization, the egg remains attached to the female gametophyte. The embryo develops in
6 months into a mature sporophyte.
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The gametophyte initiates its growth after the release and germination of the
zoospore from the fertile sporophyte (LUning and Dring, 1975; Figure 11). During this
phase, the first cell of the gametophyte, referred to as the "primary cell," begins to
form. In the following days, the gametophyte grows vegetatively as a branched
filamentous thallus (Cosson et al., 1976). In the case of the female gametophyte,
this phase is characterized by a substantial increase in the diameter of the primary
cell, often doubling or tripling in size. Conversely, in male gametophytes, this phase
is accompanied by limited cell division and a smaller increase in cell size (LUning,
1981). Notably, this growth phase is not light-dependent, as it occurs under various
spectral ranges or darkness. When exposed to blue light or near-ultraviolet light
conditions, gametophytes form oogonia (female reproductive structures) or
antheridia (male reproductive structures). In contrast, in the absence of this light
spectrum, filamentous growth is favored (Lining and Dring, 1972). Following the
development of oogonia, lamoxirene, a sexual pheromone, is produced upon egg
release from the oogonium (Llning and Mdiller, 1978; Maier and Mdller, 1981; Maier
et al., 2001). This substance serves the dual purpose of triggering and attracting the
release of spermatozoids (Lining and Midller, 1979). When the mature female
gametophyte is ready for egg release, a distinctive bulging of the cell occurs, which
marks the future opening site of the oogonium. The process of egg release then
begins (LUning, 1981). Within seconds, the protoplasmic content leaves the
oogonium, corresponding to the egg released (Figure 12). The egg remains attached
to the oogonium through its flagella (Klochkova et al., 2019). In male gametophytes,
a similar release mechanism is initiated by the sexual pheromone, leading to a
transversal rupture along the antheridium cap, and ejection of spermatozoids (Maier
and Mdller, 1981). Within a few minutes, the first freed spermatozoids reach the egg

using motility oriented by chemotaxis.
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Figure 12: Gamete release in Saccharina latissima.

From Lining 1981, photographs of gametophytes cultured in a 16:8 light-dark regime. Figs
4-9 present the development from zoospore (Fig. 4) to mature gametophyte (Fig. 9). t =0
(Fig. 4); t= day 1 (Fig. 5); t= day 3 (Fig. 6); t= day 4 (Fig. 7); t= day 5 (Fig. 8); t= day 7 (Fig. 9).
Figs 10-21 and Figs 22-30 present two series documenting egg release in successive
stages, t = 4 min before the start of egg release (Figs 10, 22); t = 0 s start of egg release;
(Figs 11, 23); t= 5 s (Figs 12, 24); t= 10 s (Figs 13, 25); t= 20 s (Figs 14, 26); t= 30 s (Figs 15,
27); t= 45 s (Figs 16, 28); t= 2 min (Figs 17, 29); t= 3 min (Figs 18, 30); t = 7 min (Fig. 19); t =
18 min (Fig. 20); t = 40 min (Fig. 21). Figs 31-33 present successive stages of the release of
spermatozoids, artificially induced by adding medium from a culture with released eggs.
Fig. 34 shows an egg surrounded by spermatozoids. Scale (for all photographs) represents
20 pm.

36



The early embryogenesis of Saccharina has been recently divided into three main
steps (Theodorou and Charrier, 2023) (Figure 13). Phase | initiates the establishment
of the primary growth axis, characterized by the initial elongation of the zygote.
Although there are instances of eggs undergoing partial elongation in the absence
of fertilization, such cases are relatively uncommon, and elongation appears to be
induced by fertilization in most cases. During this phase, the embryo grows mainly
in one dimension (1D: x-axis) and undergoes a series of transverse anticlinal cell
divisions perpendicular to the growth axis, reinforcing the embryo's anisotropic
shape. The second growth axis is initiated by the first longitudinal anticlinal cell
divisions parallel to the x-axis, transitioning the embryo into Phase Il and allowing it
to grow along a medio-lateral axis. For about 14-16 days, the embryo keeps
developing in two dimensions only (2D: x/y axes) until it reaches about 1000 cells
through a succession of both longitudinal anticlinal and transverse anticlinal
divisions. As a result, it remains a monolayer cell sheet known as the monostroma.
The cells in this phase are still considered 'undifferentiated' due to their cuboid
shape, relatively low mitotic activity, and symmetrical division pattern. Emergence of
rhizoids at the basal pole often occurs in this step. Finally, the transition to Phase llI
occurs when mature Phase Il embryos initiate tilting of the cell division plane in the
z-axis, leading to the embryo growing in three dimensions (3D: x/y/z axes) and
thickening. These periclinal cell divisions are parallel to the largest surface of the
embryo lamina and are perpendicular to the earlier anticlinal divisions. The detailed
understanding of these three steps is essential for unraveling the complexities of 3D

tissue formation in brown algae embryogenesis.
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Figure 13: Developmental phases of Saccharina

From Theodorou and Charrier, 2023. Top: Bright-field images from developing embryos.
Bottom: Schematics indicate the addition of division planes and growth axes. Phase I: (A)
Zygote polarization and first unequal division (arrow) 24 hours after zygote polarization
(azp). (B) A series of anticlinal divisions (arrows) (60 hours azp). (C) Simplified depiction of
cell division during Phase | showing the transverse anticlinal cell division plane and the
apico-basal axis (arrow) (x-axis, in blue). Phase II: (D) First longitudinal divisions, 132 hours
azp. (E) Advanced stage, 240 hours azp. (F) Last stage of Phase Il 324 hours azp. (G)
Longitudinal anticlinal (green) along with transverse (blue) divisions, forming a monostroma
made of cells aligned in rows and columns (grid). Presence of a secondary growth axis is
indicated (y-axis, green arrow). Phase Ill: (H) First periclinal divisions at the base of the
embryo 16 days azp (white box). (I) Further periclinal divisions and addition of cell layers
(dark brown region) along the x-axis, 20 days azp. (J) Polystroma during Phase lll. Periclinal
cell divisions (red) establish a third growth axis (z-axis, arrow) in the developing embryo.
Axial system indicated in the lower left corner. Scale bars: 10 ym (A,B); 15 pm (D); 25 pm
(E); 70 pm (F); 90 pm (H); 300 pm (I). Representative images from 20 specimens. We
designate as the x-axis the first growth axis, then the y- and z- are the second and third
growth axes, respectively. Panels D, E, and H show z-projections through Stack focuser on
FIJI.
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2 - Aim of the study
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The evolutionary position of brown algae, being distant from other multicellular
organisms, while still following sets of related developmental rules, positions them
as an excellent comparative model for gaining insights into the fundamental
requirements of multicellular organisms during their development. Among the clade
of Pheophyceae, only a limited number of brown algae exhibit developmental
processes that maintain a partial connection with the maternal organism. Notably,
the Desmarestiales, Sporochnales, Chordales, and Laminariales are four taxonomic
groups in which embryonic development occurs in association with maternal cells
(Sauvageau, 1918; Kanda, 1938; Fritsch 1954). This unique feature makes brown
algae valuable models for investigating the potential impact of maternal regulation
on development. The sequential establishment of each body axis makes Saccharina
a powerful model organism for understanding the regulation and fundamental steps
involved in acquiring a 3D body plan. As a result, my PhD project aimed to
comprehensively study the establishment of both longitudinal and lateral axes in the
kelp Saccharina latissima and to identify the underlying determinants. In the
following manuscript, | aimed to present a detailed scenario elucidating how kelp
embryos acquire and sustain their body plans during the early embryogenetic
phases. | addressed the following questions: How do intracellular components
contribute to the establishment of body axes? Do other factors determine the

formation of these axes? How are the body axes regulated?

Throughout this manuscript, | present some answers to these questions. First, |
studied the potential role of the cell wall and cytoskeleton in establishing growth
axes. Then, building upon prior observations in the literature, | further explore the
impact of embryo attachment to maternal tissue. Finally, | examine the role of
individual embryonic cells at the onset of embryogenesis in subsequent embryo
development.

By harnessing the distinctive phylogenetic position of Saccharina in the tree of life, |
aim to draw conclusions that contribute to a deeper understanding of the

fundamental principles governing the establishment of body axes.
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3 - Chapter |

The early, elongated embryo of the
brown alga Saccharina is
surrounded by a corset of alginates
that depend on cortical actin
filaments.
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Abstract:

This chapter highlights the distribution of cell wall compounds and the localization
of actin filaments (AFs) during the development of Saccharina latissima.
Immunolabeling of cell wall polysaccharides, staining of AFs, and the use of AFs
depolymerizing drugs enabled the description of a spatio-temporal pattern of these
different cellular factors during the main embryogenesis steps, and elaboration of a

model of their potential role in the establishment of the embryo longitudinal axis.

Contribution:

The culture of Saccharina latissima organisms used for the study was shared
between myself and Roman Milstein, a Master 2 student whom | co-supervised for
6 months (January — June 2022). | adapted the protocol for cell wall immunolabeling
(BAMs) on Saccharina embryos from the protocol published for Ectocarpus in
(Rabillé et al., 2019). BAM labeling work was carried out by several members of our
team (myself, R. Milstein, A. Le Bail, and S. Chenivesse), while experiments using
cytoskeletal drugs were performed by myself and I. Theodorou (former PhD student
of the team). Images of actin filaments were acquired by myself and |. Theodorou. |
significantly contributed to the results, discussion, and writing presented in the

corresponding article.
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Introduction

Embryogenesis of brown algae is characterized by the establishment of different
body plans spread out over time. Unlike Fucus, whose 3D embryo is formed in three
cell divisions, other brown algae such as the parenchymatous kelp Saccharina
(Laminariales) and the filamentous polystichous alga Sphacelaria (Sphacelariales)
develop their body axes in sequential steps: first, a unidirectional tissue is formed,
which then divides perpendicularly to widen, and finally divides again in the third
dimension to thicken.

We have recently described in detail these three steps in the embryogenesis of
Saccharina, particularly focusing on the transition from 2D to 3D growth, which, in
this species, is accompanied by cell differentiation (Theodorou and Charrier, 2023).
Initially, after fertilization, the zygote elongates along an axis parallel to the maternal
stalk, which is the remaining envelope (cell wall) of the oogonium that stands on the
gametophyte filament. Through a series of transverse cell divisions, the zygote
generates a monodirectional stack of 8 cells still aligned with the stalk.

Subsequently, the cell division plan shifts by 90°, and this first longitudinal cell
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division initiates growth in the medio-lateral axis. After a series of alternating
transverse and longitudinal cell divisions, forming a monolayered lamina of ~ 1000
cells, the cell division orientation shifts again by 90° (Z-axis), leading to lamina
thickening and cell differentiation (Theodorou and Charrier, 2023).

This exceptional series of ordered shifts from 1D growth to 2D and then 3D
suggests that important positional cues must operate to guide cell division in such
controlled changes of orientation.

Therefore, in this paper, we mapped cell wall components of the embryo from the
egg stage to Phase Il. The cell wall of brown algae is composed mainly of alginates
and fucans embedding cellulose microfibrils present at a lower proportion (Charrier
et al., 2019; Deniaud-Bouét et al., 2017; Mazéas et al., 2022). Chains of alginates
are composed of different epimers, namely mannuronan acids (M) and guluronan
acids (G), usually mixed within the chains as M-M, M-G, or G-G blocks. We used
monoclonal antibodies that specifically recognize these blocks. To further
characterize the process that controls the specific organization of the cell wall, we
also labeled actin filaments (AFs). AFs play two major roles in brown algae. First, an
actin plate of AFs is formed at cytokinesis, and depleting it with drugs impairs the
completion of cytokinesis (Karyophyllis et al., 2000; Katsaros et al., 2003; Katsaros
et al., 2006). Secondly, in some brown algae belonging to the orders Fucales and
Sphacelariales, the accumulation of cell wall components was shown to depend on
the organization of the cytoskeleton (Hable, 2014; Hable and Kropf, 2005; Hable et
al., 2003; Hable et al., 2008; Henry et al., 1996; Katsaros et al., 2003; Muzzy and
Hable, 2013).

We then sought to correlate the mapping pattern of different cell wall
polysaccharides with the presence of AFs during Saccharina embryogenesis and to

assess whether these factors may play a role in establishing embryo growth axes.

Results

Alginates and fucans cell wall polysaccharides display different spatio-

temporal patterns during the embryogenesis of Saccharina latissima
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To map alginates and fucans in the embryo of Saccharina latissima, we used the
monoclonal antibodies produced by Torode et al. (2015; 2016). We observed that
while in eggs, the mannuronate-rich alginates (M-M blocks labeled with monoclonal
antibody BAMG6) were homogeneously displayed on the egg surface (Suppl. Fig. 1A,
left), in zygotes, they appeared to be present only in the flanks, with the apex and
base devoid of any signal (Fig. 1A). This localization was retained after the zygote
divided transversally. A corset of M-M rich alginates was observed at the 2-cell
stage and persisted until the 6-8 cell stage, leaving the tip and base of the embryos
unlabeled (Fig. 1B-G). Interestingly, this corset disappeared as the embryo switched
to Phase Il. As mannuronate-rich alginates disappeared progressively from the outer
cell wall of the embryos, only transverse cell walls were labeled at the end of Phase
(Fig. 1H-K) and transverse and longitudinal cell walls in Phase Il embryos (Fig. 1L-O)
and beyond (Suppl. Fig. 1A, right). It is noteworthy that in the cell walls within the
embryo lamina, the M-M-rich alginates accumulate in the innermost layer, so that
two distinct cell walls were observed at each boundary between two cells,
separated by a layer of cellulose microfibrils (Fig. 1P). This also seems to be the
case in zygotes (Suppl. Fig. 1A). This suggests that M-M rich alginates are present
in the most recent cell wall layers, in agreement with reports in Fucus embryos
(Yonamine et al., 2021).

In summary, M-M-rich alginates were found in all cells except in the apex of
embryos. From our experience, Saccharina zygotes and embryos do not grow
apically but by diffuse growth (not shown). Therefore, the absence of M-M-rich
alginates in this specific location raises puzzling questions about their role in
Saccharina embryogenesis.

The BAM7 antibody, which labels M-G-rich alginates (Torode et al., 2016), did not
display the same spatio-temporal pattern as the BAM6 antibody (Suppl. Fig. 1B). In
contrast to M-M-rich alginates, M-G-rich alginates covered the fertilized eggs and
zygotes homogeneously. After the zygote stage, M-G-rich alginates were no longer
detected in the external cell wall and accumulated only in the internal cell walls
(Suppl. Fig. 1B).
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Zygote 2-cell stage 3-cell stage
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7-cell stage
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Figure 1: Detection of mannuronate-rich alginates during the development of
Saccharina embryos. Zygote and embryos up to the >20-cell stages were labelled
with the monoclonal antibody BAMG6, specific for mannuronate-rich alginates.
B,E,H,J,L,M: Bright field image. D,G,K,M,O: epifluorescence of FITC-BAMG6
antibody (green signal). C,F: merge. A, H, | and P are confocal images. P is a zoom-
in of a Phase Il blade showing M-M-rich alginates in the innermost cell wall of each
cell (green: FITC; red: chloroplast autofluorescence; blue: Calcofluor; cyan: DAPI).

Scale bars = 10pm.
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However, in zygotes, as for BAM6, BAM7 epitopes were localized in a more internal
layer than the layer rich in cellulose. This feature was conserved at later stages in
the internal cell walls (Suppl. Fig. 1B).

Guluronate-rich alginates, labeled by monoclonal antibody BAM10 (Torode et al.,
2016), were detected on the surface of embryos from the egg stage to mature
Phase Il (Suppl. Fig. 1C, right). In comparison, these polysaccharides were barely
detected in internal walls, where the signal was much weaker than that of Calcofluor
White, which marks cellulose microfibrils (Suppl. Fig. 2C, blue channel).

A similar pattern was found for fucans, which are abundant components of cell
walls in most brown algae (Charrier et al., 2019). Using the monoclonal antibody
BAM4 (Torode et al., 2015), we observed that sulfated fucans uniformly cover the
surface of eggs, zygotes, and embryos until late Phase Il at least (Suppl. Fig. 1D).
No signal was detected in the internal cell walls of Phase Il embryos (Suppl. Fig.
1D). Interestingly, like G-G-rich alginates, sulfated fucans were detected more
externally than cellulose (nicely shown in, for example, the zygote in Suppl. Fig. 1C
and Phase | and Il embryos in Suppl. Fig. 1D).

In contrast to alginate and fucan matrix polysaccharides that seem to be present in
specific locations during the development of Saccharina embryos, cellulose labeled
with Calcofluor White appears to be distributed homogeneously in both the external

and all internal cell walls from the egg to the Phase Il stages (Suppl. Fig 1A-D).

Actin filaments are localized cortically in Phase | and Phase Il embryos

The actin filaments (AFs) were labeled with Rhodamine-phalloidin or Alexa488-
phalloidin in fixed embryos. In zygotes, a network of cortical AFs was observed all
around newly-formed zygotes (Fig. 2A,B), but this distribution seems to be
concentrated mainly on the flanks of elongated zygotes (Fig. 2C,D; yellow arrows).
At the cellular level, this cortical location was maintained in the cells of Phase |
embryos (Fig. 2E,F) and even more clearly in Phase I, as all the internal sides of the
cuboid cells that characterize Phase Il were homogeneously labeled (Fig. 2G-J). The
cortical localization of AFs is not specific to Saccharina embryos as it has been
observed in many brown algal cells, particularly when cells are in interphase
(Katsaros et al., 2006). Interestingly, a weaker signal was observed at the outward-

pointing edges of the embryo (Fig. 2H,J), suggesting that the role of AFs in the cells
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of the lamina differs between the inner edges shared by neighboring cells and the
outer edge where cells are exposed to the outer cell wall in contact with seawater.
The nuclei have no specific configuration in relation to the axis of the embryo and

instead have an apparently random position.

ZYGOTE PHASE |

EARLY PHASE 1l

G H

Figure 2: Actin organisation during Saccharina embryogenesis. (A,C) Transmission light
images of epifluorescence microscopy of specimens shown in B and D; (E,G,l) Transmission
light images from confocal microscopy of the specimens F, H, and J in respective order. A
and C are maximal projections of Z stacks. (F-G) Maximal projections of confocal Z-stacks.
Actin filaments (AF, magenta) in B and D are stained with Phalloidin-Alexa Fluor 488
conjugate and in F, H, and J with Phalloidin-Rhodamine. Nuclei (cyan) were stained with
DAPI in images B, D, F, and J. Yellow arrows indicate cortical labeling. All bars are 20 pm.
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Latrunculin B

Control

50nM

100nM

500nM

Figure 3: Morphological response of Saccharina zygotes to treatment with

Latrunculin B.

Zygotes were treated with 50, 100, 500, and 1000 nM of Latrunculin B for 7 days (DO to D6).
A photo is shown for each day after the treatment and in DMSO controls. A, B: 50 nM LatB
concentration, C: 100 nM, D-F: 500 nM; G, H: 1 pM. Scale bars = (A) 200 upm, (B, C) 20 pm,
(D-) 10 pm.
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Actin filaments control cell shape

Latrunculin B (LatB) is a drug that binds actin monomers and halts their
polymerization into actin filaments (Wakatsuki et al., 2001). Embryos were treated
for 7 days with 50, 100, 500, and 1000 nM of LatB in seawater. While control
embryos immersed in 1% DMSO showed no malformation (Fig. 3A), LatB-treated
embryos displayed abnormal morphologies (Fig. 3). These morphological responses
were observed for LatB concentrations as low as 50 nM (Fig. 3B,C), for which eggs
and zygotes grew into larger cells compared to the control, and with irregular
shapes. The impact of LatB on the morphology of the embryo increased with LatB
concentration from 100 nM (Fig. 3D) up to 1 pM (Fig. 3E-I). Zygotes swelled and
grew asymmetrically, generating bumps in all three spatial directions (e.g., Fig. 3B),
or a pair of spherical cells parallel to each other in the medio-lateral direction (Fig.
3G). Some returned to an isotropic form, losing their elongated shape and apico-
basal axis (Fig. 3E,l). This indicates that AFs are involved in maintaining the
elongated shape of the zygote, and in controlling the orientation of divisions during
Phase |. However, the effect of LatB on the orientation of cell divisions diminished
once the first transverse division occurred, and only cell shape remained impacted
(Fig. 3D,H). Eggs, whether recently fertilized or not (spherical cell), can adopt an
irregular shape (Fig. 3C).

Actin filaments control the spatio-temporal pattern of mannuronate-rich
alginates during Saccharina embryogenesis Phase | and Phase Il

To assess the role played by actin filaments in the composition of the cell wall, we
repeated the labeling experiments on eggs, zygotes, and embryos in the presence
of Lat B, which has been shown to impact the formation of the cell wall in brown
algae (Hable et al., 2003; Karyophyllis et al., 2000; Katsaros et al., 2003; Katsaros et
al., 2006; Nagasato and Motomura, 2009; Varvarigos et al., 2004; Varvarigos et al.,
2007).

Eggs, zygotes, and embryos treated with 1 pM Latrunculin B for 1 week displayed
large cells with irregular outlines (Fig. 4). In addition, in these samples,
mannuronate-rich (M-M, labeled with BAM6 antibody) alginates accumulated in the
apex of zygotes in addition to the flanks (Fig. 4A-F), whereas M-M block-rich

alginates were not detected in the apex of control embryos (Fig. 2 and text above).
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Labeling of M-M-rich alginates in the tip of the embryos persisted to the 7-cell stage
(Fig. 4G-J), where the first apical half of the embryos was homogeneously labeled in
addition to the transverse cell walls. Therefore, the "corset" of mannuronate-rich
alginates limited to the flanks in the control embryos is transformed into a "sock" in
the Latrunculin B-treated embryos.

In Phase Il embryos, once longitudinal cell divisions occurred, M-M blocks were
observed on the boundary of the blade (Fig. 4M-V). This contrasts with the pattern
observed in control embryos, in which the blade boundary was depleted of M-M
blocks. The labeling of transverse cell walls in response to Latrunculin B was
unchanged (Fig. 4R, T, V). In summary, LatB-mediated depolymerization of AFs
resulted in a ubiquitous accumulation of BAM6 epitope in the periphery (outer cell
wall) of the egg, zygote, and embryos and in the transverse cell walls within the
lamina. Furthermore, the regulation through the embryonic phase was lost, as this
pattern was maintained from the egg stage to the advanced Phase Il, whereas it
differs between Phase | and Phase Il in control embryos.

Therefore, AFs play a role in the regulation of mannuronate-rich alginates in the
external cell wall, which grows and thickens since the zygotic stage, but not in the
formation of the transverse and longitudinal internal cell walls, which are formed by
cytokinesis. Remarkably, this regulation of the spatio-temporal accumulation pattern
is highly specific for M-M-rich alginates, as no such modification was observed in
the presence of Latrunculin B when using BAM7, BAM10, and BAM4 antibodies or
Calcofluor White to display the cell wall polysaccharides (Suppl. Fig. 2, compared to
Suppl. Fig. 1). However, it is noteworthy that the signal was less finely tuned than in
the absence of Latrunculin B, especially for images corresponding to the zygote and
early Phase | embryos (Suppl. Fig. 2C). In Phase Il embryos, uneven patches of
FITC were observed for BAM6 and BAM7 along internal cell walls.

Altogether, this result supports the impairment of M-M-rich alginates localization in
LatB-treated embryos.

Interestingly, LatB did not impact the location of cellulose and sulphated fucans, as
these cell wall polysaccharides displayed a similar distribution as that described in
control conditions (Suppl. Fig. 1). In the presence of LatB, G-G-rich alginates and
sulphated fucans still surrounded the zygotes and Phase Il embryos (Suppl. Fig. 2D,

left). Cellulose microfibrils were similarly present in the external and internal cell

51



walls as in the control conditions (nicely seen in Suppl. Fig. 2D, for example, Phase |
embryos). Therefore, in the early development of Saccharina latissima embryo,
neither the location of sulphated fucans nor the formation of cellulose microfibrils

seem to depend on the AFs network.

Phase |

Phase Il

Figure 4: Detection of mannuronate-rich alginates during the development of

Saccharina embryos treated with Latrunculin B.

Fertilized eggs, zygotes, and embryos were labeled with the monoclonal antibody BAM6
after having been treated with 1 pM Latrunculin B for 7 days. A, C, E, G, I, K, M, O, Q, S, U:
Bright field images. B, D, F, H, J, L, N, P, R, T, V: Confocal images of FITC-BAM®6 labeling
(green: FITC; red: chloroplast autofluorescence; blue: Calcofluor white). Scale bars = 10 pm.
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Discussion

We immunolocalized alginates and fucans in the cell wall of Saccharina eggs,
zygotes, and embryos. We showed that, in contrast to the other cell wall
polysaccharides tested in this study, the accumulation pattern of mannuronate-rich
alginates coincides in space and time with the establishment of the longitudinal axis
of the zygote (Fig. 5). We also showed that AFs are necessary for the zygote to
establish or maintain this longitudinal axis (Fig. 5). These results prompt the
following question: could mannuronate-rich alginates regulate the formation of the

longitudinal axis, and if so, how?

Figure 5: Summary schematics
of the localisation pattern of
the cell wall polysaccharides in

zygotes and Phasell embryos.

Schematics representing the typical
J shape and localization pattern of
:‘ cell wall polysaccharides in the
ell wa S zygote (top) and Phase Il embryo
e o (bottom) of Saccharina latissima, in
standard culture conditions (left) or
0 0 at B patec in the presence of Latrunculin B
(right). In the Phase Il embryo, the
M-G-rich alginates are not
represented because their pattern is
the same as the M-M-rich alginates
(green).

53



There are many different explanations for a molecule no longer being labeled using
immunochemistry. This includes processes such as its degradation, changes in its
conformation, synthesis, or delivery of another compound obscuring the epitope
required to reveal the molecule (Hawes et al., 2009; Vazquez-Gutiérrez and Langton,
2015). Whatever the reasons for the signals appearing and disappearing, our
experiments show that polysaccharides fall into two categories in the context of the
Saccharina embryo. The first category accumulates in the outer cell wall only. In this
compartment, polysaccharides like guluronate-rich alginates and sulfated fucans
are homogeneously distributed in the most external layer of the cell wall all around
the embryo. Their localization pattern does not change from the egg stage to the
Phase Il embryo. These polysaccharides are a permanent constituent of the thick,
external cell wall surrounding the embryo since the egg stage and are weakly
detected in the internal cell walls. In brown algae, the cell wall is formed quickly
after fertilization (Motomura, 1990; and our observation). In Fucales, the zygote
starts forming a fibrous cell wall less than 5 minutes after fertilization (Fucus
vesiculosus, Pollock, 1970), which is surrounded by a multilayered cell wall thick of
~ 500 nm 4-6h after fertilization (Pelvetia compressa, (Bisgrove and Kropf, 2001).
Similarly, in Dictyotales, cell wall secretion is detected within 90 seconds after
fertilization (Dictyota dichotoma, Bogaert et al.,, 2017b). Thus, many brown algal
embryos synthesize an outer envelope very quickly after fertilization. Our results are
therefore consistent with this general pattern.

The second category of cell wall polysaccharides accumulates in specific locations,
which vary during the growth of the embryo. M-M-rich and M-G-rich alginates were
first localized at the surface of the zygote, and then in the internal transverse and
longitudinal cell walls of Phase | and Phase Il embryos (Fig 1; Suppl. Fig 1A,B).
Therefore, their spatial pattern changes with time. Furthermore, and very
interestingly, M-M-rich alginates were not detected in the apex of zygotes and
Phase | embryos, in contrast to M-G-rich alginates. Instead, they form a corset on
the sides of the zygote and up to 8-cell long early embryos, and remarkably, this
corset disappears as the embryo continues to grow. Upon fertilization, the egg
elongates and preliminary data suggest that the elongation of the Saccharina egg is
accompanied by a reduction in cell volume (not shown). This suggests the

requirement for a mechanism that retracts the flanks inwards for the benefit of the
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expansion of the egg along the longitudinal axis. This mechanism was also
described in the zygote of Dictyota, which elongates less than 90 seconds after
fertilization through only a modification of cell shape devoid of growth (Bogaert et
al., 2017a). After monitoring and quantifying the growth of the embryos from the egg
stage to Phase Il, we observed that first, longitudinal cell divisions do not occur until
the embryo reaches ~8 cells (Theodorou and Charrier, 2023). Secondly, growth
during Phase | is proportionally higher in length than in width (unpublished). While
Phase | embryos doubled their length from 30 pm at the egg stage to 60 ym at the
8-cell stage, they had limited growth in width (15 pm at the egg stage vs 20 pm at
the 8-cell stage; not shown). Therefore, growth in width is limited both in cell
expansion and cell division, and Phase | embryos grow mainly longitudinally. Thus,
the corset, which persists until the 8-cell stage in some Phase | embryos, could
ensure that cells do not expand laterally. At the end of Phase |, the corset
disappears, and the cells begin to divide longitudinally, allowing the embryo to
widen. Unfortunately, detailed analysis of the cell wall composition in the elongating
zygote of Dictyota has not yet been performed, and, while the cellulose layer
appears to be homogeneously distributed at the surface of the elongating zygote
(Bogaert et al., 2017b), it remains unknown whether alginate epimers accumulate
anisotropically along the longitudinal axis.

In Ectocarpus, the location of alginates along the sporophytic filament does not
correlate with cell differentiation but with the amount of tensile stress at the surface
of the cell (Rabillé et al., 2019b).

Furthermore, when probing the cell surface with atomic force microscopy, spherical
cells with lower curvatures displayed a stiffer innermost cell wall layer than
cylindrical cells with higher curvatures (Rabillé et al., 2019b). In Saccharina
elongated zygotes, flanks have the lowest meridional and circumferential
curvatures. Hence, because the thickness of the external cell wall is similar all
around the egg and embryos (TEM observations of transverse and longitudinal
section of Saccharina zygotes and embryos; not shown), the flanks must experience
the highest tensile stress (for rationale, see Lockhart, 1965; Rabillé et al., 2019a).
Therefore, the fact that the M-M-rich alginates are positioned in the inner layer of
cell walls of Saccharina zygotes and in the regions with the lowest curvature

resonates with the results obtained in Ectocarpus. However, not only M-M-rich, but
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also M-G and G-G rich alginates contribute to the cell wall mechanical resistance in
Ectocarpus, and G-G rich alginates were even shown to contribute to a higher
extent. This contrasts with the results obtained in Saccharina, where only M-M rich
alginates display a specific pattern on the flanks of the zygotes.

In cell-walled organisms, there are several examples of envelopes surrounding the
embryo and maintaining its mechanical balance. In Arabidopsis, the presence of a
transient proteinaceous envelope around the early globular stage embryo has been
reported (Harnvanichvech et al., 2023). It is thought to control the outward
mechanical forces due to the cell turgor in embryo cells, which the surrounding
endosperm cannot control because it deflates at that stage. However, in
Arabidopsis, and in contrast to Saccharina, this control seems to be isotropic as the
embryo is almost spherical at that stage. In the free zygote of the brown algae
belonging to the order Fucales, alginates are the first polysaccharides to be
synthesized on the surface of the fertilized egg (about 8-16 hours post-fertilization,
PF), after cellulose 2 hours PF (Torode et al., 2016). They are distributed all around
the zygote, which is still spherical at the time. When the rhizoid germinates, M-M-
rich alginates concentrate in the thallus cell and disappear from the future rhizoid
emergence site, where sulfated fucans in turn accumulate (Torode et al., 2016).
Interestingly, it was shown that AFs, in contrast to microtubules, were necessary for
maintaining the strength of the cell wall in a Golgi-dependent manner (Bisgrove and
Kropf, 2001). These are two examples of embryo envelopes that contribute to the
management of the mechanical forces by the embryo. AFs were also shown to play
an important role in the formation of the cell wall in the filamentous brown alga
Sphacelaria (Karyophyllis et al., 2000; Katsaros et al., 2002). In this alga, apical cells
treated for 24 hours with cytochalasin B, a drug inhibiting actin polymerization,
displayed cellulose microfibrils randomly aligned within a thicker cell wall, while cell
shape did not change. Because drug-mediated inhibition of Golgi vesicle trafficking
reduced the strength of the cell wall (Bisgrove and Kropf, 2001), it is hypothesized
that AFs control cell wall stiffness and composition by controlling vesicle trafficking.
However, in Saccharina, we showed that the location of M-M-rich alginates in the
internal cell walls of the embryo, which results from cytokinesis, was not dependent
on the presence of AFs, while it is in the outer cell wall. This suggests that the

formation of the two types of cell walls, the external one and the internal ones, is
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regulated through different processes. Alginates were shown to be delivered at the
new cell plate through ER-derived flat cisternae (Mazéas et al., 2022; Nagasato et
al., 2010) under the control of AFs (Katsaros et al., 2013; Nagasato et al., 2010), but

how alginates are delivered in thickening cell walls over time is unclear.

Whatever the role of this alginate corset and how AFs could control its formation, it
is no less puzzling that it disappears at the end of Phase |. We observed that M-M-
rich alginates were located mainly in the innermost layers of both external and
internal cell walls. Similar observations were reported in Ectocarpus cells by
Terauchi et al. (2016) and anticipated by McCully (1965) in Fucus. Therefore,
mannuronates would be delivered to the plasma membrane before being
transformed into guluronates by the mannuronate C5-epimerases (Fischl et al.,
2016) that are present in the cell wall (Mazéas et al., 2022). Hence, they would be
less represented in the outermost cell wall layers, in agreement with our results.
Alternatively, M-M-rich alginates could be degraded by alginate lyases recently

identified in brown algae (Inoue and Ojima, 2019; Mazéas et al., 2022).

We have thus highlighted the possibility that an alginate corset contributes to the
elongation of the zygote and thus to the establishment of the apico-basal axis of the
Saccharina latissima embryo. This hypothesis needs to be tested using tools that
are more likely to be mechanical, or mutants with a reduced M-M rich alginate
composition. In response to what signal this corset forms on the sides of the zygote
and how it disappears at the end of Phase | of embryogenesis also remains to be

discovered.

Material and methods

Preparation of Saccharina embryos

Embryos were produced from fertilization of female gametophytes as described in
Theodorou et al. (2021) and distributed in dishes with a glass bottom (NEST). In
short, gametogenesis was induced under white light conditions at 16 pmol photons

m-=2.s1, 14:10 light:dark photoperiod, and 13°C using full Provasoli enriched
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seawater (PES) (Le Bail and Charrier, 2013; Theodorou et al., 2021). Embryos were
kept under white light to develop.

BAM immunolabeling

Immunolocalization was adapted from Rabillé et al. (2019b). Briefly, embryos were
fixed with 4% paraformaldehyde (PFA) dissolved in a mixture of water and seawater
(NSW) (50:50) for 70 minutes at room temperature (RT). Cells were washed once
with NSW:PBS (50:50), then two times with PBS for 10 minutes each, and blocked
in PBS with 5% milk for 1 hour at RT. The embryos immunolabeled with BAM 4
were treated with alginate lyase diluted in 50uM Tris and 150uM NaCl for 1 hour at
RT. Alginate lyase was washed three times for 5 minutes with PBS. The embryos
were incubated overnight (O/N) at 4°C with the BAMs monoclonal primary
antibodies (Torode et al., 2015; Torode et al., 2016) diluted 1/10 in PBS with 5%
milk. Antibodies were washed with PBS three times for 5 minutes each. The cells
were then incubated O/N at 4°C with the secondary antibody anti-rat conjugated
with FITC diluted 1/100 in PBS. Antibodies were washed three times for 10 minutes
each with PBS. The embryos were then stained for 30 minutes with 20uM of
Calcofluor (Fluorescent Brightener 28, Sigma-Aldrich, St. Louis, MI, USA) and
washed three times with PBS. Finally, the embryos were mounted in Vectashield
(H-1000-10, Vector®, with or without DAPI) and covered with a coverslip.

Labeling of actin filaments

The actin labeling protocol was a modified version of Rabillé et al. (2018). First, the
material was prefixed at 300uM m-maleimido benzoic acid N-hydroxy succinimide
ester (MBS; Sigma-Aldrich®), 0.2% Triton X-100, and 2% dimethyl sulfoxide
(DMSO) in MTB for 30 minutes in the dark and at room temperature (RT). Fixation
took place without washes for 1 hour and 30 minutes in the dark and at RT. Material
was fixed at the same time as the actin labeling with 2% paraformaldehyde (PFA),
0.2% glutaraldehyde (GTA), and 2 U of Rhodamine-conjugated phalloidin (Ph-Rh;
R415, Invitrogen™) or Alexa-fluor™ 488 conjugated phalloidin (Ph-Alexa488;
A12379, Invitrogen™). After cells were washed with MTB:PBS 1:1, the cell wall was
digested with cell wall lysis buffer in 1:1 MTB:PBS and the same composition of
enzymes as above with the addition of 5 U Ph-Rh/ Ph-Alexa488 and 0.15% Triton
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X-100. The incubation in the modified cell wall lysis buffer took place for 10 minutes
in the dark at RT. The extraction step took place with 5% DMSO, 3% Triton X-100,
and one of the Phalloidin conjugates (2U) in PBS for 10 minutes in the dark and at
RT. The actin filaments were finally stained with 15U of the chosen Phalloidin
conjugate in MTB:PBS 1:1, overnight at 4°C in the dark. The nucleus was stained
with DAPI and before observation, the material was mounted in Vectashield
H-1000-10 (Vector®).

Latrunculin B treatments

Eggs, zygotes, and embryos of 2 to 8 cells were treated with a range of
concentrations from 50 nM to 1 uM of Latrunculin B (Sigma Aldrich) or incubated in
0.1% or 1% DMSO (Latrunculin B solvent used here as a control). Their growth was
then monitored every day for up to 7 days using bright-field microscopy (DMI8
inverted microscope, Leica Microsystems). Samples treated for 1 week with 1 pM
LatB were used for the immunostaining experiments (results shown in

Supplementary Figure 2).

Image acquisition

Image data were acquired using the bright-field and epifluorescence microscope
DMI8 (Leica Microsystems) equipped with the color camera DMC4500 (Leica
Microsystems), Leica EL6000 compact light source, and controlled with LAS X v3.0
(Leica Microsystems). Confocal microscopy was performed using a TCS SP5 AOBS
inverted confocal microscope (Leica Microsystems) controlled by the LASAF v2.2.1
software (Leica Microsystems). Data analysis was conducted using FIJI (Schindelin
et al., 2012).

Observations of FITC, Calcofluor White, and autofluorescence of the cells were
carried out using a TCS SP5 AOBS inverted confocal microscope (Leica
Microsystems) with the HCX PL APO CS 20.0x0.70 DRY UV objective. The
excitation wavelengths for DAPI/Calcofluor White, FITC, and chloroplasts were
405nm, 488nm, and 496-514nm, respectively. The emission wavelength ranges
were 415-469nm for DAPI/Calcofluor White, 415-469nm for FITC, and 661-749nm
for chloroplasts. The opening of the pinhole was set to 1AU, and line average and

line accumulation were set to 1.
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Observation of Rhodamine or Alexa488-phalloidin labeled AFs was carried out
using a TCS SP8 AOBS inverted confocal microscope (Leica Microsystems) with the
100X/NA 1.4 objective.
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Suppl. Figure 1: Confocal microscopy images of eggs, zygotes, and embryos

labelled with BAM6, BAM7, BAM10, and BAM4 antibodies (green) and

Calcofluor White (blue).

A) M-M-rich alginates labelled with BAMG6; B) M-G-rich alginates labelled with BAM7; C) G-
G-rich alginates labelled with BAM10; D) Sulfated fucans labelled with BAM4. Red signal
shows the autofluorescence of chloroplasts. Grey: bright field. White asterisk indicates
where cellulose is observed more internally than G-G rich alginates or sulfated fucans.
Yellow arrows show where cellulose is more external than M-M and M-G-rich alginates.
Scale bars: 10 ym.
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Suppl. Figure 2 (previous page): Confocal microscopy images of eggs, zygotes,

and embryos treated for one week with Latrunculin B.

A) M-M-rich alginates labelled with BAM6; B) M-G-rich alginates labelled with BAM7; C) G-
G-rich alginates labelled with BAM10; D) Sulfated fucans labelled with BAM4. Green: BAM
antibodies; Blue: Calcofluor White (cellulose). Red signal shows the autofluorescence of
chloroplasts. Grey: bright field. Note that the unfertilized eggs are not labelled because they
have no cell wall at that stage. White asterisk indicates where cellulose is observed more
internally than G-G rich alginates or sulfated fucans. Scale bars: 10 ym.
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4 - Chapter Il

MUM, a maternal unknown message,
inhibits early establishment of the
medio-lateral axis in the embryo of
the kelp Saccharina latissima
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Abstract:

This chapter highlights the role of the embryo’s connection to its maternal tissue in
development. Microdissection techniques enabled the physical separation of the
embryo. This revealed the necessity of the attachment up to the 8-cell stage. When
disconnected, the embryo loses distinct axes, presenting smaller and rounder cells.
We suggest the involvement of a Maternal Unknown Message (MUM) that regulates

the division orientation in early brown algae development.

Contribution:

All the organisms used during the experiments were cultured, imaged, and
segmented by myself and |. Theodorou. Embryos were sectioned from their
gametophyte using a micropipette for which | designed the protocol, based on
recommendations provided in 2020 by Marina Linardi¢ (post-doc in S. Braybrook’s
team). | conducted most of the microdissections to disconnect embryos from their
stalk. Over a period of six months (September - February 2022), | taught T.
Joemmanbacks, a Master 2 student, in learning how to culture and experiment on
Saccharina latissima. Tanweer participated in providing additional samples
dissected from their stalk. | conducted photo acquisition of all samples. The
software to analyze the segments was coded by B. Billoud, and the software results
were analyzed by both B. Billoud and myself. With the assistance of S. Le Panse
(Roscoff imaging platform Merimage), | performed transmission electron microscopy
experiments. | significantly contributed to the results, discussion, and writing

presented in the corresponding article.
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Introduction

In all organisms, the establishment of spatial axes during embryonic development
serves as the fundamental basis for organizing the developing body. Despite the
immense morphological diversity exhibited by eukaryotes, the majority of organisms
can still be characterized by three primary body axes (Anlas and Trivedi, 2021).
These axes can be defined based on morphological asymmetry (Barthélémy and
Caraglio, 2007; Deline et al., 2018; Martinez et al., 2016), or by the presence of
molecular gradients within the embryo (Friml et al., 2003; Shahbazi et al., 2019;
Simsek and Ozbudak, 2022). Symmetry-breaking events are crucial for establishing
axes within initially homogeneous states, and this process is the key behind the
facilitation of cell differentiation. However, although polarity is often associated with
axis establishment, axial determination can occur independently of polarity in
certain symmetrical systems (Cove, 2000).

Brown algae (also named Phaeophyceae) have evolved diverse morphologies
(Bogaert et al., 2013; Bringloe et al., 2020; Charrier et al., 2012), ranging from small

filamentous forms (e.g., order Ectocarpales) to large multilayered parenchymatous
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bodies that can reach up to 40 m (e.g., order Laminariales) (Cribb, 1954). They
diverged from the ancestors of other extant multicellular organisms at the root of the
eukaryotic tree at least 1 billion years ago and emerged as complex multicellular
organisms relatively recently, around 250 million years ago (Burki et al., 2020; Kawai
et al., 2015). Being evolutionarily distinct from animals, fungi, plants, and other
algae, brown algae possess unique biological mechanisms (Charrier et al., 2019;
Nagasato et al., 2022; Terauchi et al., 2015). They have evolved diverse complex
embryonic patterns. For example, contrary to some land plants and metazoans,
which develop inside the maternal tissue, brown algae embryos are usually free-
growing. Furthermore, after the initial stages of development, they develop simple
morphologies. These two features make them easier to access for imaging and
manipulation and consequently, brown algae such as Fucus, Ectocarpus, and
Dictyota have become developmental models to study polarized cell growth
(Bogaert et al., 2017; Goodner and Quatrano, 1993; Rabillé et al., 2019). Reports on
Fucus and Dictyota have shown that the elongation of oospheres occurs only after
fertilization by sperm, but environmental cues such as light can change symmetry,
shifting the orientation of the cell before the selection of the axis (Bogaert et al.,
2015; Jaffe, 1968).

Unlike these species, no environmental cue such as light polarization has been
reported to affect the formation of the body plans in Laminariales. These algae, like
those of orders Desmarestiales and Sporochnales, undergo embryogenesis while
being physically connected to their maternal tissue (Fig. 1) (Fritsch, 1945; Klochkova
et al., 2019; Wiencke and Clayton, 1990). Therefore, they are powerful models for
studying the influence of maternal factors on embryogenesis in brown algae.
Although detailed studies have shed light on the impact of maternal tissue on the
development of animal and land plant embryos, there is limited documentation for
brown algae.

In the genus Saccharina, a member of the Laminariales group, the egg and
developing embryo maintain a connection to the maternal tissue throughout
embryogenesis. During the initial stages of development, the Saccharina egg cell
possesses two anchored flagella that facilitate attachment to the gametangia that
has differentiated from the filamentous maternal gametophyte (Fig. 1A) (Klochkova

et al., 2019). After karyogamy, these flagella degrade (Fig. 1B), but the zygote firmly
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anchors its base to the female gametophyte, potentially through the accumulation
of glycoconjugates (Klochkova et al., 2019). In 1936, Kanda (Kanda, 1936) was the
first to report the abnormal shapes of embryos that happened to detach from the
maternal gametophyte. Recently, the early developmental pattern of the Saccharina
latissima sporophyte was described in three main steps, corresponding to the
establishment of three distinct body plans (Theodorou and Charrier, 2023) (Fig. 1C-
E). After fertilization, the zygote elongates, followed by parallel transverse divisions
that lead to the development of an 8-cell stack. Both processes — elongation and
transverse divisions — establish and maintain the apico-basal axis, respectively
(Phase 1, Fig. 1C). Subsequently, the embryo undergoes two-dimensional growth,
forming the medio-lateral axis, and growth in these two axes, the apico-basal axis
on the one hand and the medio-lateral axis on the other hand forms a small cellular
monolayered lamina (also named blade) (Phase Il, Fig. 1D). The transition to three-
dimensional growth and cellular tissue differentiation (Phase lll, Fig. 1E) begins once
the blade reaches around 800-1000 cells (Theodorou and Charrier, 2023). In this
article, we present a detailed analysis of how the maternal gametophyte controls the
establishment of the medio-lateral axis in the early development of the S. latissima
sporophyte. Using microdissection to separate the maternal gametophyte from the
sporophytic embryo, we monitored the development of the early embryos over time.
Image segmentation followed by quantitative analyses of the morphological traits
made it possible to assess the role of the maternal tissue in the control of body plan

formation in the very early stages of embryogenesis.
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Figure 1: Life cycle of Saccharina latissima

A. In mature sporophyte blades, meiosis occurs inside sporangia, and motile meiospores
are released in large amounts. The spores fall on the seafloor (or plastic or glassware in the
laboratory) and germinate. B. Spores develop into female and male filamentous
gametophytes. When the necessary environmental conditions are met, both types of
gametophytes mature, and the female gametangium (named oogonium) releases one egg,
and the male gametangium (named antheridium) releases one sperm cell. C. After
fertilization, the embryo elongates along the X-axis and initially develops attached to the
female gametophyte, undergoing a succession of transverse, parallel divisions
perpendicular to the zygote axis, up to the formation of a linear stack of 8 cells (Phase | in
blue). D. The embryo starts dividing longitudinally and continues growth by alternating
longitudinal and transverse cell divisions (Phase Il in green). E. About 15 days after
fertilization, the embryo initiates the first divisions in the Z-axis and undergoes cell
differentiation (Phase Il in red). The embryo then continues to develop into a mature
sporophyte. Color codes for the three embryogenetic phases are according to Theodorou
and Charrier (2023).
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Results

To comprehensively investigate the role of maternal tissue in the growth of the
embryo, we mechanically detached embryos from the stalk of the female
gametophyte at different developmental stages and monitored embryogenesis for
up to 14 days in standard culture conditions. Using a micro-needle, we sectioned
the embryo from the maternal tissue at the egg (Eo), zygote (E1), 2-cell (E2), 4-cell
(E4), 8-cell (Es) and Phase Il (Phll) (embryo) stages. The impact of the separation of
the egg/zygote/embryo (hereafter named E/Z/E) was observed in Phase I, when

embryos grow along longitudinal and lateral directions.

Detachment from the stalk impairs both growth and development of the

embryos

We observed a wide range of resulting morphological alterations. A significant
proportion of embryos either immediately ceased developing or perished within five
days (less than 20% in E4 or earlier embryos, not shown). We excluded these
embryos from the following analyses.

The remaining living and growing embryos (i.e., at least 80% of the samples)
displayed a range of morphogenetic responses illustrated in Fig. 2. Compared with
intact embryos (Fig. 2A), those dissected from the stalk before the first cell division
(egg Eo, Fig. 2B; zygote E4, Fig. 2C) displayed the most modified patterns. Although
20% of the growing embryos microdissected from eggs (Eo) experienced only a
delay in growth, 80% exhibited morphological alterations (e.g., heart-shaped; Fig.
2B). These percentages were similar for microdissected zygotes (E1) (Fig. 2C and
2H). In contrast, in E2 and Es4 microdissected embryos, a significant percentage
displayed a developmental pattern comparable to intact embryos (Fig. 2D and 2E,
respectively, and Fig. 2H). In the Es and Phll embryos, the effect of detachment from
the stalk was weak, with nearly 80% of the microdissected embryos exhibiting a
typical developmental pattern (Fig. 2F and G, respectively, and Fig. 2H). These data
indicate that the connection between the embryo and the stalk before the 8-cell

stage is necessary for normal growth and morphogenesis of the embryo.
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Figure 2 (previous page): Qualitative impact of embryo detachment from the

stalk

Comparison of morphologies in control embryos (A) with growing embryos after being
detached from the stalk by microdissection at the egg (Eo) (B), zygote (E1) (C), 2-cell (E2) (D),
4-cell (E4) (E), 8-cell (Eg) (F) stage and early Phase Il (Phll) (G) and observed 2, 8 and 14 days
after microdissection. Three embryos illustrate the representative phenotypes obtained for
each microdissection time point. The number of microdissected embryos was n = 4 (A), 100
(B), 100 (C), 80 (D), 80 (E), 40 (F), 40 (G). H) Stacked histogram showing the percentage of
each class of phenotype. "Typical pattern" corresponds to morphologies similar to the
control; "growth alteration" includes all growth delays, and "pattern alteration" corresponds
to morphological differences compared with the developmental pattern in intact embryos as
displayed in (A). The percentage of typical phenotypes gradually increases with later stage
detachment, up to the Es stage after which Phase Il embryos generally develop similar to
intact embryos.

To quantitatively study the impact of dissection from the maternal stalk on the
morphogenesis of embryos, we monitored the development of another series of
microdissected embryos for 10 days using bright-field microscopy. First, images
were captured every day for 4 days, then every two days, and segmented manually
(Suppl. Fig. 1). From the segmentation images, quantitative values of several
morphometric parameters were obtained from the analysis of the cell outlines using
in-house software (Suppl. Table 1) and then compared with statistical tests (see

Methods for details; Suppl Table 2 for the statistical results).

Detachment from the maternal stalk leads to a disruption of the body plan and
reduced growth

To observe how the shape of the embryo is affected by separation from the
maternal tissue, we measured the length and width of Phll embryos containing
between 48 and 103 cells ([48:103]). This developmental interval, expressed in the
number of cells and not in the number of days of growth, helped to mitigate the
effect of the delay in growth due to the stress of the microdissection experiment.
Furthermore, neither egg release nor fertilization are synchronous in Saccharina;
using embryo age as a reference was therefore impossible with the current protocol

of embryo production (Theodorou et al., 2021).
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Figure 3: Shape of growing embryos in
response to the separation from the

maternal tissue

The length and width of Phase Il (Phll)
embryos made up of 48 to 103 cells [48:103]
were measured using in-house blade_painter
software and plotted. The middle line
represents the median, the box encompasses
25% of the values, and the whiskers
represent 75%. The mean is indicated by a
plus sign (+). A. Length/width (I/w) ratio of
embryo blade (lamina); B. Length of the
embryo blade; C. Width of the embryo blade.
n=>5 for Eo, 4 for E1, 6 for Ez, 6 for E4, 5 for Es,
5 for Phill and 4 for control (Intact). Mann-
Whitney test p-value: * <5.10-2; ** <1.10-2; ***
<103.

We observed that, in contrast to the intact embryos that display a length/width (I/w)

ratio of ~ 3.5 reflecting their elongated shape, detaching the egg from the maternal

tissue resulted in embryos with a disk-like shape (I/w ratio ~ 1) (Fig. 3A).
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Furthermore, detachment at different stages between the egg and Phill embryos
revealed a gradient in the response: the earlier the separation, the more disk-like the
embryo. Sectioning the stalk resulted in a reduction of growth along the longitudinal
axis (Fig. 3B) (1.9 times less in Eo relative to intact embryos; P value < 5.102) as
well as an increase in growth along the medio-lateral axis (Fig. 3C) (1.3 times more
in Eo relative to intact embryos; not statistically supported). Therefore, the stalk
controls the balance between the two growth axes.

These changes in the direction of growth were accompanied by a significant
reduction in the surface area of the blade, up to 30% less than intact embryos (Eo
and E1; P value < 5.10-2; Suppl. Table 2).

These changes in I/w ratio (and to a lesser extent in surface area) were not only
observed in embryos of 43-103 cells but also in earlier embryos (Suppl. Fig. 2). This
suggests that as in intact organisms, the microdissected embryos maintain the ratio
that they had at the time of detachment from the maternal tissue, at least in the
‘time’ window between 20 and ~ 100 cells. Beyond that stage, embryos seem to
recover from the impact of the detachment from the stalk. For most samples in the
cell stage window [104:307], the embryo blades had a similar I/w ratio and surface
area to intact embryos (Suppl. Table 2). Thus, the detachment from the stalk
appears to be essential in the early stages of embryogenesis. This suggests that a
signal related to the maternal stalk controls the development of the embryo. This
maternal unknown message (hereafter named “MUM”) operates in real-time from
the egg stage to the 8-cell stage, albeit decreasing in importance with time, and its

impact on embryo morphology lasts up to the 100-cell stage.

Detachment from the maternal stalk results in altered cell shape and growth
Cell growth

We assessed potential alterations of cell growth by measuring cell area using in-
house 'Redraw-blade' software after segmentation (Suppl. Table 3). Cells of
embryos separated from their maternal stalk displayed smaller sizes, and the effect
was stronger when dissection occurred early on, i.e., between the production of
eggs and the formation of Phll blades (Fig. 4A). Although the average cell size in
intact embryos is 69.30 pm, Eo embryos measured 57.51 pm. Therefore, MUM

controls cell size by up to 17% of the reference cell size. This trait was also
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observed in younger (developmental window: [20;47] cells) and older embryos
(developmental window: [104;250] cells) (Suppl. Table 3) (Suppl. Fig. 3). A heatmap
of cell area showed that cells with reduced size were not located in specific

positions within the embryo but were spread throughout the embryo (Fig. 4B).
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Figure 4 (previous page): Cell size, expressed as cell surface area of growing

embryos detached from maternal tissue

The cell surface areas of 48-103 cell embryos ([48;103]) were measured using in-house
blade_painter software and plotted. The middle line represents the median, the box
encompasses 25% of the values, and the whiskers represent 75%. A. Cell area (um?2);
n=325 for Eo, 220 for E+, 423 for Ez, 415 for E4, 430 for Es, 462 for Phll and 306 for control
embryos (Intact). t-test p-values: * <5.102; ** <1.102; ** < 10-3. B. Heatmap of cell area
within each embryo considered in A. The color scale on the right indicates the range of cell
areas observed in the intact and microdissected samples. The size of the image was
adjusted so that all blade images have the same dimensions (scales are different).

We addressed whether the decrease in cell size was due to a reduction in cell
growth or to a faster cell division rate. From another series of microdissected E/Z/E
monitored with images taken every 2 h, we measured the cell division rate and
compared it with that of intact embryos (Suppl. Fig. 4). In these microdissected E/Z/
E, cell division took place at the same pace as in intact ones (Fig. 5). Therefore, in
the absence of MUM, we hypothesize that cells are smaller because they expand
less while maintaining an unchanged cell division rate. Therefore, MUM appears to

promote cell growth independently of cell division.

Cell shape and impact on neighboring cells

We defined a rectangularity factor to quantify cell shapes in microdissected and
intact embryos. The rectangularity factor was calculated based on a minimum
bounding rectangle fitted around the polygonal contour of each cell. The factor
equals one when the cell shape, taken in 2D, is a perfect rectangle (all angles joining
two sides are 90°), and tends to zero as the angles deviate from this value,
corresponding to a “flatter” quadrilateral or a more irregular polygon.

At the 48-103 cell stage (Suppl. Table 3), we noted that cells from microdissected
embryos were less rectangular than those of intact embryos (Fig. 6A). Similar results
were obtained in early and late Phll embryos (Suppl. Fig. 5). In intact embryos, cells
with a shape distinct from a perfect rectangle were mainly located at the apex of the
blade, where the shape of the blade is curved. In the microdissected embryos,
irregular polygons were observed scattered throughout the disk-like blade, with no

specific location (Fig. 6B).
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Figure 5: Cell division rate over time in growing embryos detached from

maternal tissue

The number of cells of intact (Int.) or microdissected (udis.) embryos imaged every two
hours was plotted over time (total duration of the time-lapse: 11 days). The slope of the
logarithm of this number of cells represents the growth rate. n=3 for E», 1 for Es, 1 for Es,
and 5 for the controls.

We studied the impact of this change in cell shapes on the topology of the tissue.
Specifically, the number of cell neighbors was calculated for each cell. Intact
embryos were excluded from this quantification as controls because they were
segmented manually with a different technique that produced more “broken”
outlines and resulted in an overestimation of the number of cell neighbors. In Phll
embryos, the number of cell neighbors was distributed into two main groups (Fig.
7A): cells at the periphery of the blade that were surrounded by three neighbors (one
above, one below, and one side) and cells located inside the blade surrounded by
four neighbors (above, below, and both left and right sides) (Fig. 7B). In the Phli
embryos, only 8.3% of cells had five neighbors, whereas in Eo and E;
microdissected embryos, 15.7% and 21.4% of cells, respectively, were surrounded
by five neighbors (Fig. 7A). Similarly, 1.4% of cells of Phll embryos had six cell
neighbors, reaching 4.9% and 3.6% in Eo and E1, respectively.
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Figure 6 (previous page): Cell shape in growing embryos detached from

maternal tissue

The shape of cells of 48-103 cell embryos ([48;103]) was quantified. A. The shape of the
cell, expressed by a rectangularity factor, which assesses the level of rectangularity of a
parallelepiped (cuboid cell seen in 2D). The rectangularity factor is 1 for a parallelepiped
with perpendicular sides and < 1 for all other cases. This factor is the lowest for
parallelepipeds with very acute angles. n=325 for Eo, 220 for E1, 423 for E», 415 for E4, 430
for Es, 462 for Phll and 306 for control embryos. t-test p-values: * <5.102; ** <1.10-2; ** <
10-3. B. Heatmap of the rectangularity factor. The color scale on the right indicates the
range of values. The size of the image was adjusted so that the image of each blade has
the same dimensions as in the figure.

The heatmap shows that these cells were located within the lamina tissue with no
specific position related to the apico-basal or medio-lateral axes. Altogether, the
general distribution of the number of cell neighbors was significantly different in Eo,
E4, E2 (P value < 10-3 for the three embryo stages; Suppl. Table 2) and E4 (P value <
5.102; Suppl. Table 2) embryos compared with Phll embryos (Fig. 7A). Similar
results were obtained at earlier and later developmental stages (Suppl. Table 3)
(Suppl. Fig. 6).

In summary, the blade displayed an altered topology with a higher proportion of
cells with more than four neighbors, presumably because these cells were
irregularly shaped. In addition, our results showed that cells were smaller than in the
intact embryos, which may further contribute to an altered cell arrangement within
the blade. Nevertheless, the cells maintain their I/w ratio, at least up to the 100-cell

stage (not shown; Suppl. Table 2 for statistical results).

Figure 7 (next page): Topology of the blade in a growing embryos detached

from maternal tissue

The topology of the growing embryo was studied by counting the number of cells
surrounding each cell of 48-103 cell embryos ([48,103]). A. The number of neighboring cells
was plotted. n=325 for Eo, 220 for E1, 423 for E», 415 for E4, 430 for Es, 462 for Phll (used as
a control). t-test p-values: * <5.102; ** <1.10-2; ** < 10-3. B. Heatmap of the number of
neighboring cells for each blade cell. The color scale on the right indicates the range of
values. The size of the image was adjusted so that the image of each blade has the same
dimensions as in the figure.
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The disruption of the body plan is due to early longitudinal cell divisions in
Phase |

So far, we have shown that the separation of the E/Z/E from the maternal filament
resulted in morphological defects in Phll embryos. Namely, the embryos developed
as disk-like blades, with smaller, irregularly shaped cells, which are haphazardly
arranged within the lamina. To determine whether MUM controls cell shape and size
as the main targets, thereby affecting embryo shape, or whether MUM controls
embryo shape, which in turn affects cell shape and size, we looked at the earlier
steps of embryo development. We observed that the detachment of embryos from
the maternal stalk modified the orientation of their initial cell divisions. This effect
was stronger when detachment occurred in the Eo and E+ stages. Longitudinal cell
division parallel to the position of the stalk took place soon after the separation of
the egg or zygote from the maternal tissue (Fig. 8A, C), whereas in embryos
microdissected at the 8-cell stage or in intact embryos (Fig. 8B), longitudinal cell
division rarely took place before the 8-cell stage (transition to Phase Il). This
difference in the timing of longitudinal cell division suggests that MUM controls the
orientation of the cell divisions in the initial stages of embryogenesis.

This result made it possible to identify the cause of the disorganization of the
embryo morphology observed in Phase Il. In early Phase [, the primary longitudinal,
apico-basal axis is not yet fully established, and the occurrence of longitudinal
divisions perpendicular to this axis in the absence of MUM results in embryo growth
along the medio-lateral axis. This contrasts with intact embryos exposed to MUM,
where a linear stack of eight cells is produced before the second body axis is
established.

In the absence of MUM, no oblique cell divisions were observed, only divisions
either parallel or perpendicular to the stalk prior to dissection (Fig. 8). Therefore,
MUM does not control the orientation of cell division per se, but only the conditions

of when and where longitudinal divisions occur.
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Figure 8: Early longitudinal cell division in growing embryos detached from

maternal tissue

The pattern of the embryo blade is displayed at the stage of the occurrence of the first
longitudinal cell division(s). A. Patterns one time-lapse step before (left) and at the
emergence (right) of the first longitudinal cell division are displayed for control organisms for
which five time-lapse experiments were monitored. B. Pattern of segmented lamina, which
underwent detachment from maternal tissue at the Eo, E1, E> or E4 stages (stage of
microdissection is indicated in the left-hand corner of each picture). Longitudinal cell
division takes place much earlier than the 8-cell stage and often just after dissection from
the stalk.
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MUM is a short-range signal
What is MUM and how does it act ?

MUM is a local signal

Firstly, we tested whether MUM is a diffusible factor by immersing detached E/Z/E
into Petri dishes containing intact fertile gametophytes. We did not observe any
modification in embryo development compared with experiments in which embryos
were isolated from the maternal tissue and transferred into a Petri dish with fresh
seawater (not shown). This result suggests that there is no molecular or chemical
compound excreted from the maternal gametophyte that diffuses in seawater and
controls the development of the embryo. Secondly, we investigated whether
maternal tissues distant from the embryo, but belonging to the same gametophyte
as the embryo, were necessary for proper embryo development. This experiment
aimed to test whether a signaling molecule is transported symplastically or
apoplastically through the maternal gametophyte filament up to the embryo. We cut
or damaged cells of the gametophyte that were directly adjacent to or separated by
a few cells from the stalk, and we monitored the development of the embryos for
the following 2 weeks. These zygotes developed similarly to control zygotes (Fig. 9).
Most zygotes developed a stack of up to eight cells before their first transverse
anticlinal division and continued their growth in 2D, forming long ovoid blades
without any bleaching, a sign of stress. Therefore, the proper development of these
embryos suggests that maternal cells close to or adjacent to the embryo do not
control its early development.

These two experiments support that MUM is neither a signaling factor diffusing in
seawater to the E/Z/E, nor a signaling factor transported from cell to cell in the
female gametophyte to the stalk. Therefore, MUM is a signaling factor related to the

stalk itself.
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Day 2

Day 8

Day 14

Figure 9: Lack of morphological impact of damaged cells close to the embryo

Because in our experiment, gametophytes are made up of about 10-15 cells, several eggs
were produced at different times. Hence, after fertilization, embryos grew within a
“bouquet” of several embryos all attached to a single maternal gametophyte. A. Normal
conditions of growth. B. Cells of neighboring embryos of the same “bouquet” (pink arrows)
or of the maternal gametophyte (light blue arrow) were crushed or pierced with the
microdissection pipette. Embryos were monitored 2, 8, and 14 days after damaging the
tissues. Two examples of each condition are shown at each time point. Scale bars are 50
pm for 2 days, 100 pm for 8 days, and 200 pym for 14 days post cell damage. n=4
gametophytes bearing several embryos at each time point (different embryos are
photographed between time points).

The stalk is a dead structure

The literature indicates that, in Laminariales, the oocyte is released from the mature
oogonium through the ejection of the cellular content of the oogonium from an
opening at its apex, thereby producing a protoplast (the egg) and a remnant cell wall
of the oogonium (LUning, 1981) (Klochkova et al., 2019). We confirmed that the
remnant cell wall of the oogonium in Saccharina latissima is a dead structure by
staining it with Trypan blue (TB), which is a negatively charged dye that living cells
with intact membranes do not take up (Farah et al., 2015). TB accumulated in the
stalks as well as in dead gametophyte cells, which were used here as controls (Fig.

10). Interestingly, TB staining was stronger at the apex of the stalk near the
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connection to the embryo. Previous experiments have shown that the stalk interior
is highly viscous, and we have observed this viscous material leaking from the stalk
when pierced upon mechanical or laser manipulation (Boscq et al., 2022). Therefore,
in addition to confirming that the stalk is a dead structure, TB showed that its

interior is dense and heterogeneous.

Figure 10: Trypan blue staining of the cell connecting the maternal tissue to the

embryo of Saccharina latissima

Embryos are fixed to the stalk (white arrows). Tissue exposed to Trypan blue showed blue
precipitates in the remaining volume of the gametophyte cell from which the egg emerged.
The stalk was more deeply stained at its apex compared with its base. While some empty
cells of the maternal gametophyte were also stained, indicating that they are dead (A, C),
live cells remain brown (early stage embryos and gametophyte cells). Four examples are
shown (A-D). Scale bar, 50 pm.
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The stalk is necessary for the control of the formation of the longitudinal axis

It has long been reported that eggs naturally detached from the stalk develop
abnormally (Kanda, 1936 ; Sauvageau, 1918 p. 155 on Laminaria flexicaulis, former
name of Laminaria digitata, which also belongs to order Laminariales). Growth is
delayed and the distinction of axes is lost (Fig. 11A). Moreover, although
uncertainties persist due to the absence of observations of cell division at very early
stages of embryogenesis by these authors, it nevertheless seems that this response
is different from that observed when the stalk is sectioned. Based on additional
observations when the embryo is forcefully pulled apart, instead of delicately cutting
the top part of the stalk, we observed that, in addition to the loss of a distinct
secondary axis, cells behaved erratically (Fig. 11B, Suppl. Movie 1). Embryos
divided in all directions and presented bulging cell shapes. This observation is
congruent with previous studies where embryos detached naturally or when flagella
were removed (Sauvageau, 1918; Klochkova et al., 2019). These cases are distinct

from the induced development in the absence of the stalk (Fig. 8).

Discussion

In this study, we investigated the critical factors that influence the establishment of
body axes during embryogenesis in brown algae. Our findings provide insights into
the role of maternal tissue, particularly the stalk, in establishing the two primary
axes of the body plan.

The first body axis of the embryo is the longitudinal axis (X-axis; (Theodorou and
Charrier, 2023), reportedly established upon fertilization of the egg of Laminariales
(Kanda, 1936). After fertilization, the egg of Laminaria angustata, another member of
the Laminariales like Saccharina latissima, accumulates vacuoles in the future apical
region and chloroplasts in the basal region close to the female flagella (Motomura,
1990). However, in rare cases, we observed the release of elongated eggs (not
shown), suggesting that egg elongation can occur before fertilization, also reported
in (LOning, 1981). After fertilization, cells continue to divide transversally.
Interestingly, different genera in order Laminariales display different distributions of

transverse and longitudinal cell division orientations (Kanda, 1936; Kanda, 1938;
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Kanda, 1941; Sauvageau, 1918), resulting in embryos with varied length-to-width
ratios. Therefore, control of the Y-axis establishment is a common but plastic trait

among individual embryos and among Laminariales species.

Figure 11: Abnormal embryos
growing from eggs naturally
detached from the maternal

gametophyte

Eggs that were detached from the
maternal tissue by sea currents or
after shaking the Petri dish developed
into embryos with major growth
delays (A, embryos circled in red) and
loss of the main body axes (B). Scale

bar, 100 pm.
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The formation of the medio-lateral axis is controlled by a maternal unknown
message (MUM)

We showed that detaching the embryo from the maternal tissue in the very early
stages of embryogenesis results in embryogenesis defects. The embryo growth
axes were disturbed. Intact embryos grew in length, but embryos separated from
their parental tissue tended to grow as a disk, thereby losing their anisotropic
shape. Looking at the very first steps of embryogenesis, we noticed that
longitudinal cell divisions occurred earlier than in intact embryos. Intact embryos
first divided only transversally up to the 8-10-cell stage, whereas the
microdissected embryos initiated longitudinal cell division as soon as the 2-cell
stage. Notably, in the latter case, longitudinal cell division never occurred before the
2-cell stage, suggesting that the egg axis is aligned with the stalk prior to that stage,
perhaps before the oocyte is released. Therefore, while the X-axis of the zygote
seems to be established at the egg stage at the latest, its maintenance and the
establishment of the Y-axis depend on the contact of the sporophyte with the
female gametophyte. As well as controlling the formation of body axes, MUM could
be a trophic factor, as microdissected embryos have smaller surface areas than

intact embryos.

MUM is a local signal emitted from the stalk at the very beginning of
embryogenesis

For most morphometric and topological parameters observed in this study, the
effect of MUM was stronger at the egg and zygote stages than at the 2-cell, 4-cell,
8-cell, and early Phase Il embryos. Furthermore, the embryo response was gradual
from the egg-stage to the 8-cell stage. When the embryo has reached Phase I,
detachment from the stalk no longer has any effect. Therefore, MUM acts in the very
first step of embryogenesis.

Furthermore, sectioned embryos growing together (in the same Petri dish) with the
female gametophyte they were sectioned from, or with distinct intact female
gametophytes, had similar effects to embryos detached from the maternal tissues
and transferred to a distinct Petri dish. Therefore, MUM does not appear to be a
signaling factor able to diffuse in seawater from fertile female gametophytes but

instead requires direct contact with the E/Z/E. Can MUM diffuse from the filament of
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the maternal gametophyte? Very surprisingly, in nature, normal embryos can grow
from a maternal gametophyte made up of only one cell (Kanda, 1936). Similarly, in
the lab, meiospores collected from a wild fertile sporophyte that were immediately
exposed to white light germinate and grow into one cell and immediately produce
an oogonium (LUning, 1981; Theodorou et al., 2021). In both cases, the embryos
grow in the same manner as those attached to a multicellular gametophyte.
Therefore, MUM cannot be a signal diffusing from the filaments of the maternal
gametophyte, which suggests that MUM acts locally at the level of the stalk.

Interestingly, in embryos that have grown up to 1000 cells (end of Phase ll), the base
of the blade remains the narrowest part of the embryo. Observations show that
longitudinal division is less frequent in this region (not shown). However, although
the stalk physically remains present up to the end of Phase Il when the embryo
reaches around 1000 cells, the impact of MUM is reduced to the very early stages
of Phase | as shown in this study. Therefore, another factor must relay the inhibitory

effect of MUM on the widening of the base after the 8-cell stage.

Is MUM the egg flagella embedded into the stalk?

Female centrioles, through their role in the formation of flagella anchored to the
stalk, are thought to be responsible for the formation of the embryo’s longitudinal
axis (Klochkova et al., 2019). When the egg is devoid of flagella (e.g., manually
pulled away from the stalk, or separated by shaking the flask), most eggs stop
growing (Klochkova et al., 2019). Furthermore, it is thought that the phenotypes
observed by (Kanda, 1936) and (Sauvageau, 1918) on detached embryos
(supposedly at the egg stage), which are to some extent reminiscent of those
observed in this study, may be due to a loss of flagella at the egg stage. Hence,
MUM would be related to — or even be — the flagella. However, several arguments
reject this hypothesis. First, the microdissection method that we used, even if not
precise, usually left some of the stalk attached to the E/Z/E, and therefore, the
flagella were most likely not sectioned and were, at worst, only damaged. Secondly,
the female centrioles, which are necessary for flagella, degrade as early as the
zygote stage (Motomura, 1990; Motomura, 1991), but the phenotypes that we
report were observed when the stalk was detached up to the 4-cell stage, and even

the 8-cell stage (cell rectangularity). Some authors have shown that flagella can
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remain up to the 2-cell stage (Klochkova et al., 2019). However, it must be a rare
case corresponding to the flagella devoid of centrioles trapped in the mucoid
component of the stalk. Therefore, the persistence of MUM action throughout most
of Phase | embryogenesis excludes that MUM is the flagellar structure itself. Male
centrioles replace the female centrioles at the zygote stage (Motomura et al., 2010).
In our study, ablation of the stalk was carried out after fertilization (except for Eq for
which we are not sure whether microdissection took place before or after
fertilization), and hence the male centrioles were present. Nevertheless, we
observed cell division and morphological defects when the stalk was removed up to
the 8-cell stage. Therefore, MUM is distinct from the male centrioles as well.

Altogether, it appears unlikely that MUM corresponds to either centrioles or flagella.

Is MUM chemical or mechanical?

The stalk is a dead structure composed of an inert cell wall filled with viscous
material

The remnant cell wall of the oogonium contains some mucosal compounds
(Klochkova et al., 2019) (and our own observations). We never observed any
intracellular content, such as autofluorescent chloroplasts, or DAPI-stained nuclei,
but some authors have reported the presence of some oogonium cytoplasm
leftovers in other families of Laminariales (e.g., Alaria: (Klimova and Klochkova,
2017). Interestingly, in other families of Laminariales, the basal cell of the embryo
(e.q., in Eisenia bicyclis, Ecklonia sp.) or the maternal gametophyte itself (in Undaria
sp.) grows into this empty space once the egg has been released (Kanda, 1941).
When the embryo itself grows into the empty stalk, the stalk does not modify its
development (Kanda, 1941) (Eisenia, plate 37). Therefore, although the stalk appears
to be a volume that the embryo can occupy, it is filled with seemingly inert, viscous
components. These viscous components are most likely polysaccharides extruded
from the stalk cell wall or from the embryo itself. Furthermore, the cell wall of the
stalk does not appear to be able to modify cell fate, unlike the cell wall of the rhizoid
of the Fucus brown alga embryo, as reported by (Berger et al., 1994; Bouget et al.,
1998).
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Is MUM a constricting collar?

The region of the stalk interacting with the E/Z/E coincides with the presence of a
thick cell wall collar (Kanda, 1936; Klimova and Klochkova, 2017), which may clasp
the basal region of the zygote and subsequently the early embryo, thereby
preventing its growth in the Y-axis. However, how this mechanical constraint could

act beyond the very base of the zygote/embryo is difficult to understand.

Is MUM polysaccharides accumulated at the stalk-embryo junction?

Instead, the polysaccharides of the stalk cell wall could serve as a source of
signaling glycoconjugates. In the kelps Saccharina and Alaria, a cocktail of
polysaccharides, mainly composed of a-D-glucose, a-D-mannose, and L-fucose,
has been shown to accumulate at the junction between the stalk and the egg
(Klimova and Klochkova, 2017; Klochkova et al., 2019). This cocktail, which reflects
the presence of specific alginates and fucans — being the two main components of
the cell wall in brown algae (Charrier et al., 2019) —, can no longer be detected
when the egg is free-floating, unattached to the stalk or to another substratum.
Therefore, the stalk-zygote junction is a specific site where the composition of the
cell wall differs from the rest of the surface of the zygote. Could this cocktail be
MUM? The role of sugars as signaling molecules involved in development remains
to be demonstrated in brown algae but is well known in other organisms such as
plants (Mishra et al., 2022; Wang et al., 2021).

MUM diffuses basipetally through Phase | embryos

In intact embryos, the first longitudinal division usually occurs in the upper half of
the embryo, suggesting that the first cells out of MUM control are apical cells. This
characteristic is observed in many members of Laminariales (Sauvageau, 1918) and
of other orders (e.g., Sacchoriza, Tilopteridales (Fritsch, 1945; Norton, 1972). This
indicates a ubiquitous and basipetal mode of action of MUM, in which the inhibitory
effect is strong in the basal part of the embryo but diminishes towards the apex.

A distance-based inhibitory relationship with a signaling molecule is not a foreign
concept in brown algae, especially kelps. For instance, the reproductive structures

(sori) are formed away from the growing region that surrounds the transition zone,
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due to the action of a sporogenesis inhibitor (Buchholz and Lining, 1999; Pang and
Lining, 2004), which may be auxin (Kai et al., 2006).

Plasmodesmata, which have been observed in both early (up to the 4-cell stage, not
shown) and later stages of Saccharina embryogenesis (Theodorou and Charrier,
2023), may contribute to the formation of a symplastically diffusible gradient of
molecules originating from the stalk, forcing transverse cell divisions throughout the
embryo. This action could be achieved by any type of compound, as long as its size
does not exceed 20-40 kDa (10-20 nm) (Nagasato et al., 2017), which is a much

larger size compared with land plant plasmodesmata.

Reconsidering all these hypotheses on the nature of MUM, i.e., that of a signal
produced directly (MUM is a glycoconjugate) or indirectly (MUM is a degradation
product of glycoconjugate) either from the viscous content filling the stalk or from its
thick collar, remains the most likely to explain the diffusible nature of MUM,
inhibiting longitudinal divisions during the 5-day-long Phase | over a distance of
around 100 pm. This hypothesis remains to be confirmed, and the exact chemical

nature of MUM characterized.

Evolution of the maternal tissue-embryo connection

The ancestor of the Stramenopiles, the main group comprising brown algae,
diverged from their eukaryotic ancestors at least 1 billion years ago (Burki et al.,
2020). Among brown algae, at least five orders (Laminariales, Chordales,
Sporochnales, Desmarestiales, and to a lesser extent Tilopteridales) display a stalk-
mediated, physical connection of the embryo with the maternal tissue that persists
over the egg or zygote stages (Fritsch, 1945). Although stalks connecting eggs with
maternal tissue are common in Fucales (Burridge et al., 1993), this connection is
transient and does not persist after fertilization.

Compared with other multicellular organisms, this type of interaction is rare in the
tree of life. In the green alga Coleochaete sp. (Chlorophyta), the zygote remains
attached to the female gametophyte until it completes a series of divisions and
releases up to 32 biflagellate spores. This spore release excludes any gametophyte-
dependent development of an embryo. Furthermore, this is a case of matotrophy

only (Haig, 2015), unlike the case of Saccharina.
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In several red algae (Gelidiales, Gracilariales), the (carpo)sporophyte develops on
the maternal gametophyte, but in the form of gonimoblasts, diploid filaments that
produce carpospores, which disperse before developing into diploid
(tetra)sporophytes away from the maternal tissue (van der Meer, 1979). Thus,
maternal tissue does not directly control sporophyte morphogenesis, and its
relationship with the carposporophyte (filamentous gonimoblast) is trophic
(matrotrophy). The trophic link is particularly evident in Gelidiales and Gracilariales,
where nutrient cells and nutrient filaments are found, respectively. In the red alga
Palmaria palmata, however, the situation is similar to that of Saccharina: the embryo
develops as a macroscopic elongated blade, in physical contact with dwarf haploid
maternal tissue (Gall et al., 2004; van der Meer and Todd, 1980). However, it is not
known whether the latter has an impact on the development of the embryo's growth
axes.

In contrast, in bryophytes (group comprising the mosses, liverworts, and
hornworts), the developing embryo is surrounded by a layer of maternal cells,
making up the archegonium (Naf, 1962), and subsequently covered by the calyptra,
a cell layer of female origin, thereby protecting the embryo from desiccation (Budke
et al., 2012). First, the embryo is formed and develops nested within the
archegonium cavity, and then emerges out of it. Subsequent evolution of this
branch led to increasingly protected embryos surrounded by additional layers of
maternal cells, as in the seeds of land plants, where the embryo is embedded in
albumen, a triploid tissue resulting from the fertilization of a diploid maternal tissue,
and the integuments and fruit differentiating from parental tissues. Although
phylogenetically very distant, this latter phanerogam embryo development is
reminiscent of the viviparous mode of embryo production in animals, where the
embryo remains nested in the maternal body up to its mature stage. In contrast,
other organisms, including all other brown algae, grow their embryo outside the
parental tissues. In Fucus (order Fucales), female and male gametophytes release
eggs and sperm cells into the seawater where fertilization takes place (Hatchett et
al., 2022), as in fish, amphibians, and many aquatic invertebrates such as tunicates
and echinoderms (ovipary). Therefore, Saccharina represents an intermediate case,
and one can reasonably hypothesize that, in view of the fragile physical connection

between its egg and the maternal stalk (eggs detach from the stalk even with gentle
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shaking), this mode of interaction will evolve towards either vivipary-like or ovipary-
like embryo development. That Laminariales, Tilopteridales, Sporochnales, and
especially the Desmarestiales, which diverged early (Bringloe et al., 2020; Silberfeld
et al., 2010), are pioneers of a parental-embryo physical connection in brown algae
distinct from ovipary is congruent with the fact that they diverged independently
during the radiation giving rise to most current brown algal orders. In any case, this
particular mode of maternal-embryo interaction has clearly enabled Laminariales to
become the largest and most morphologically complex brown algae to thrive in the

oceans.

Materials and Methods

Algal culture

The culture and production of embryos of Saccharina latissima (Arthrothamnaceae,
Laminariales, Phaeophyceae) were carried out according to (Theodorou et al.,
2021). Female (F1) and male (M1) gametophytes with a fixed genotype were used to
produce the embryos. These genotypes were selected from the offspring of one
mature sporophyte collected on the beach at Perharidy (Roscoff, Brittany, France)
(48°43'33.5"N 4°00'16.7"W) based on their growth rate and sexual compatibility
when cultured in vitro. F1 and M1 gametophytes were amplified by vegetative
multiplication as described in (Theodorou et al., 2021). Gametes were obtained from
the maturation of gametophytes under 16 pmol photons m-2-s-1 white light intensity
and 14:10 light:dark photoperiod at 13 °C. Embryos were observed after
transferring the cultures to higher light intensity (50 pmol photons m~-2-s~-1) for a

week.

Excision of the maternal tissue at different developmental stages.

The separation of embryos from their stalk was carried out by using pulled glass
micro-needles. First, glass micro-needles were prepared by pulling glass capillaries
(GC100F-10) with a pipette puller (SU-P97 Flaming/Brown type micropipette puller)
using the following programme: heat, 564°C; pull, 70 U; velocity, 70 ms; time, 250

ms. After pulling, the tip of the needle was sharpened to ensure precision cutting.
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Second, developing embryos were selected under a flow hood using an inverted
microscope (Olympus CKX41 Inverted with phase contrast). Then, the tip of the
stalk was cut using the glass needle in a cutting motion, while holding the embryo
down on the bottom of the dish. This action was repeated for embryos of all Phase |
and early Phase Il developmental stages. For use as controls, i) whole
gametophytes, ii) gametophytes with damaged cells distant from the stalk, and iii)
embryos attached to the substratum (bottom of the plastic Petri dish), were
transferred to another dish using a non-pulled capillary and a manual microinjector
(Eppendorf CellTram Air 5176).

Cell staining

Trypan blue. A drop of Trypan blue was added to fertile female gametophytes of S.
latissima immersed in ~ 0.5 mL of seawater, followed by observation in bright field
microscopy (DMI8, Leica Microsystems).

Calcofluor white. Staining of cell walls from embryos separated from the maternal
tissue was performed at different times post excision. Embryos were fixed for 1 hour
in equal parts of 4% PFA in H20 and filtered natural seawater (NSW). After fixation,
the samples were washed in NSW and twice in PBS to remove any excess fixative.
Subsequently, they were incubated with 20 uM Calcofluor white (Sigma-Aldrich) for
3 days at 4°C in the dark. Following incubation, the samples were washed three
times with PBS to remove any unbound dye. Finally, the algal samples were

mounted using Cityfluor mounting medium (Electron Microscopy Sciences).

Image acquisition

All experiments of time-lapse microscopy of growing embryos were recorded under
a bright-field microscope (Leica DMI600 B, Olympus CKX41, or Leica DMi8 inverted
phase contrast microscopes) equipped with a DFC450C camera with acquisition
intervals of 2 to 24 hours for a duration of at least 10 days after excision. The
required temperature and light were set in a carbonate-glass chamber fitted to the
microscope and equipped with a thermostatically controlled airflow system (Cube
and Box, Life Imaging services) and commercially available LED white light sources.
Observations of cell wall staining (see experimental procedure for Calcofluor white

staining below) were performed with a Leica TCS SP5 AOBS inverted confocal
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microscope (20X objective / N.A. 0.70 and correction 0; Exc/Em band wavelengths:
405/561-596 nm; pinhole, 60.6 pm).

Manual segmentation

Automatic segmentation proved to be challenging due to the constant pigmentation
changes of the cells transitioning from high to low coloration. Additionally, daily
exposure to UV light required to display Calcofluor white staining proved to be
detrimental to the algae. Therefore, we carried out manual segmentation from
bright-field images. To minimize image deformation, we selectively segmented
predominantly flat-growing embryos. Therefore, Z-stack images of time-lapse
acquisition of flat-growing embryos were segmented manually with Fiji (ImageJ2
version 2.9.0) (Schindelin et al., 2012), and the outlines were implemented in
Inkscape (version 1.2). Resulting cell wall contours were analyzed using in-house
software (see below). The program extracted multiple quantitative parameters for

each lamina (blade) and its cells.

Quantitative morphometry

Cell wall vector graphics were processed in dedicated software written in object-
oriented Python 3 (Van Rossum and Drake, 2023) that we called blade_painter.
Reading the SVG file, blade_painter extracts various geometric properties for cells
and laminae (Rosin, 2005), namely: (a) each cell contour, from which the perimeter
length and surface area were directly derived; (b) convex hull, used to compute the
minimal bounding rectangle (MBR). The main axis and length/width (I/w) ratio (or
elongation) of the cell were assumed to be those of the MBR; (c) rectangularity,
computed as the proportion of overlapping surface between the cell and its MBR,
rescaled to the same area; (d) neighbor cell count, where two cells were considered
neighbors if they shared at least 200 nm of cell wall (this threshold can be modified
as a software parameter); (e) blade area; (f) main and secondary axes of orientation

and length of the blade, computed according to (Fletcher et al., 2013).
Statistical analysis

Data collected from the segmented cell and blade contours were analyzed using

standard Python 3 libraries, namely pandas (The pandas development team, 2020)
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(pandas-dev/pandas: Pandas) and scipy (Virtanen et al., 2020). All pairwise
comparisons for cell data were conducted using the Student’s mean comparison
test with Welch’s correction, except for neighbor cell numbers and orientation,
which were compared using a x2 test. Blade data were compared using the

nonparametric Mann-Whitney test.

Growth rate
For each observed blade, the date of observation was set to t=0 at the transition
from Phase | to Phase Il (first longitudinal division). Linear regression was performed

on the logarithm of cell number as a function of time, for -48 <t < 72. The increase

rate was computed as r in the equation N = N, X r!, thus derived from the slope of
the regression line log(N) = log(Ny) + log(r) Xt. From r, we inferred the

doubling time 7 = 1/log,(7).
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Supplementary material

Suppl. Table 1: Morphometric parameters of the embryo (blade).

Suppl. Table 2: P-values of statistical tests comparing morphometric

parameters characterising Saccharina embryos and their cells.

t-test were use to compare the cell features, Wilcoxon tests to compare embryo blades and
Chi? for the analyses of the number of cell neighbours.

Suppl. Table 3: Cell morphometrics in each embryo (blade).

Time point and number of cells are indicated for each embryo. Each cell (one row) was
studied for different morphometric parameters. Those relevant for this study are displayed.

Suppl. Movie 1: Development when egg naturally detached from the stalk

Suppl. Fig. 1 (next page): Results of manual segmentation of the embryos

The cell outlines were drawn manually from a series of bright-field z-stack images (Stack
focuser, see Materials and Methods section) and used for quantitative analyses of the
morphometry parameters. The stages at which the separation from the stalk took place are
indicated with the code used in the article (e.g., Eo for the separation from the stalk at the
egg stage). | is for intact embryos. Replicates are indicated with a number.
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1.Microdissection 2. Observations
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Suppl. Fig. 2: Impact of embryo detachment from the stalk on blade shape at

two additional developmental windows

The distribution of the length/width ratios of blade of different stages (20-47-cell, left and
104-307-cell embryos, respectively left and right panels) grown after microdissection of the
stalk at the Eo, E+, E2, E4, Es and Phll stages was plotted and compared with intact embryos.
The line in the box represents the median, the box outlines frame the first quartile and the
whiskers indicate the third quartile. Results of the t-test are indicated by p-values: *<5.10-2;
** <1.10-2; ** < 10-3. This figure supplements Fig. 3.
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1.Microdissection 2. Observations
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Suppl. Fig. 3 (previous page): Impact of detachment from the stalk on cell

areas at two additional developmental windows.

A. The distribution of the cell areas of embryos at different developmental stages (20-47-
cell, and 104-307-cell embryos, respectively left and right panels) grown after
microdissection of the stalk at Eo, E1, E2, E4, Es and Phll stages was plotted and compared
with intact embryos. The line in the box shows the median and the box outline frames the
first quartile. The asterisk indicates the mean. The whiskers indicate the third quartile.
Results of the t-test are indicated by p-values: *<5.102; ** <1.102; *** < 10-3. This figure
supplements Fig. 4B. Heatmap of cell areas for each embryo considered in A. Color scale
indicated on the bottom right-hand side of the figure is specific to the corresponding time
window and may be different from that shown in Fig. 4. The scale is adjusted so that the
image of each blade has the same dimensions.

Suppl. Fig. 4: Time series of microdissected embryos.

Photos of embryos imaged every 2 hours were segmented at each additional cell division
(the time interval between cell division is about 24 hours, so not all the images were
segmented). Each line represents one embryo, the stage at which microdissection took
place is indicated on the left. Es represents a 5-cell stage embryo.
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Suppl. Fig. 5 (previous page): Impact of detachment from the stalk on embryo

cell shapes at two additional developmental windows.

Cell shape is expressed as a factor of rectangularity. A. The distribution of the cell
rectangularity (see Methods for definition) of embryos of different stages (20-47-cell and
104-307-cell embryos, respectively left and right panels) grown after microdissection of the
stalk at Eo, E+, E2, E4, Es or Phll stages was plotted and compared with intact embryos. The
line in the box shows the median, the box outline frames the first quartile and the whiskers
indicate the third quartile. Asterisks show the mean. Results of the t-test are indicated by p-
values: *<5.102; ** <1.10-2; ™™ < 10-3. This figure supplements Fig. 6. B. Heatmap of cell
rectangularity for each embryo considered in A. Color scale indicated on the bottom right-
hand side of the figure is specific to the corresponding time window and may be different
from that shown in Fig. 6. The scale is adjusted so that the image of each blade has the
same dimensions.

Suppl. Fig. 6 (next page): Impact of dissection from the stalk on the number of
cell neighbors in microdissected embryos when observed at two different

developmental windows.

A. The distribution of the number of cell neighbors in embryos of different stages (20-47-
cell and 104-307-cell embryos, respectively left and right panels) grown after
microdissection of the stalk at Eo, E1, E2, E4, Es or Phll stage was plotted as violin plots and
compared with intact embryos. Results of the Chi2-test are indicated by p-values: *<5.10-2;
** <1.102; ** < 103. This figure supplements Fig. 7. B. Heatmap of cell areas for each
embryo considered in A. Color scale indicated on the bottom right-hand side of the figure is
specific to the corresponding time window and may be different from that shown in Fig. 7.
The scale is adjusted so that the image of each blade has the same dimensions.
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9 - Chapter Il

The cell fate of basal and apical cells
In Saccharina embryos is different
and variable over time

113



Abstract:

This chapter highlights the role of the embryo’s cells in the early development of
Saccharina latissima. Laser ablation techniques enabled the removal of any cell
within the embryo. This revealed that, while embryos up to the 4-cell stage develop
with cell-autonomous control of the establishment of their thallus axes, embryos at
later stages switch to a non-cell-autonomous mode of embryogenesis where cells

act collectively to control the development of the embryo.

Contribution:

| cultivated all embryos used at the platform MRic Core Facility in Rennes. Laser
ablation was designed with the help of S. Dutertre, the head of the platform. |
performed all laser ablation, monitoring, and segmentation of all embryos. The
software to analyze the segments was coded by B. Billoud. | ran software analysis. |
contributed significantly to the results, discussion, and writing presented in the

corresponding article.
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Introduction

Contrary to animals and even land plants, the knowledge of the mechanisms
controlling the establishment of growth axes is limited in brown algae. Most brown
algae develop from a single cell outside the maternal organism (Fritsch 1934; Fritsch
1945), suggesting an autonomous development devoid of parental influence
besides cytoplasmic inheritance (e.g., maternal transcripts; Bogaert et al., 2017; or
male centrioles; Motomura 1990; Costa et al., 2014). Different pathways have been
shown to participate in the establishment of the first growth axis. In Fucales, the
establishment of polarity and axes relies on a wide variety of factors including light
perception (Berger and Brownlee., 1994; Bogaert et al., 2015), gravity (Sun et al.,
2005), sperm entry-induced Ca2+ gradient (Goddard et al., 2000), ROS signaling
(Coelho et al., 2002), CDK tyrosine phosphorylation (Brownlee and Wood, 1986),
and cell wall determinants (Berger et al., 1994). Similar processes as those in
Fucales have been shown to establish the apico-basal axis in Dictyotales, as a

response to light direction and cell wall accumulation at the rhizoid pole (Bogaert et
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al., 2023). However, differences can also be observed: whereas in response to axis
formation, the zygote of Fucales germinates and develops a rhizoid, the whole
zygote of Dictyota elongates 90 seconds after fertilization, establishing very rapidly
the first embryo-proper axis (Bogaert et al., 2017a; Tarakhovskaya et al., 2017). In
addition to cell secretion, the F-actin and myosin network are responsible for this
rapid change in shape (Bogaert et al., 2017b).

Few groups of brown algae develop their embryos connected to the parent
organism. Among them, the Laminariales rely on the connection of the embryo to
the parent by a stalk structure for the correct development of the embryo’s body
plans (previous chapter). As in Dictyotales, the zygote elongates at fertilization
(LOning, 1981). The first cell division is unequal in most cases, making a basal cell
slightly smaller than the apical one (Sauvageau 1918; Motomura 1990; Theodorou
and Charrier, 2023). Yet, the most important difference between the basal and the
apical cell results from the presence of the maternal stalk, which connects the basal
cell to the remnant maternal tissue (Bogaert et al., 2023; Theodorou and Charrier,
2023). This connection provides the longitudinal axis along which the zygote
elongates, and perpendicularly to which the first unequal cell division takes place.
Only once the embryo has reached a stage of around 8 cells stacked on top of each
other by a series of transverse cell divisions parallel to the first one, does it establish
medio-lateral growth by setting up longitudinal cell divisions perpendicular to the
first ones. Therefore, attachment to the stalk is a major process from which the first
two growth axes of the thallus are organized. Interestingly, in another species of
Laminariales, the egg is polarized prior to and during fertilization, with vacuoles
accumulating in the apical region and the chloroplasts near the nucleus in the basal
region. After fertilization, the elongating zygote adopts a homogeneous intracellular
organization prior to the first cell division. Chloroplasts are then observed around
the centered nucleus and vacuoles spread homogeneously at the periphery of the
zygote (Laminaria angustata, Motomura, 1990). This overall symmetrical intracellular
organization is also observed in parthenogenetic zygotes (Motomura, 1991).
Therefore, before the first cell division, the intracellular ultrastructural organization is
symmetrical along the longitudinal axis of the zygote.

How can we reconcile this homogeneous intracellular organization with the

inequality of the first cell division? Apico-basal polarization persists later in
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development with embryos displaying a narrower basal part and a wider apical part,
giving them the characteristic pear shape in Phase |l (monolayered lamina from 10
to 1000 cell-stage, Theodorou & Charrier, 2023). Rhizoids emerge only from the
basal part, and when polystromatization is initiated at the beginning of Phase lll,
apico-basal polarization is reinforced with differentiation only in the basal part of the
haptera and the holdfast, which are attachment organs. Therefore, the
establishment of the initial longitudinal polarization might be key to the subsequent
development of the embryo, even though the Saccharina embryo displays a high
level of morphological plasticity allowing it to adjust its morphology over time.

Here, we study the role of basal cells and apical cells in early embryogenesis of
Saccharina latissima. More specifically, we investigated the extent to which these
cells 1) influence the maintenance of the longitudinal axis and 2) contribute to the

establishment of the polarized apico-basal axis.

We used laser ablation to kill basal and apical cells at different embryo
developmental stages in the kelp Saccharina latissima and monitored the impact on
embryogenesis. Laser ablation provides a high degree of spatiotemporal precision
within the embryo, enabling multiple developmental events to be studied (Byrn and
Hammarlund, 2017). Laser-mediated cell ablation has been successfully used in a
wide range of organisms such as metazoans (Johnson et al.,, 2011; Angelo and
Tremblay, 2013; Byrn and Hammarlund, 2017; Fouad A. et al., 2021), plants (Berg et
al., 1998; Reinhardt et al., 2004), and brown algae Fucales (Berger et al., 1994;
Bouget et al., 1998). We recently developed this technique for the embryo of

Saccharina latissima (Boscq et al., 2022).

Results

The apical cell and the basal cell are not necessary for the growth of the
embryo of Saccharina

To study the respective roles of the apical and basal cells of early Saccharina
embryos in the formation of thallus growth axis and polarized growth, we irradiated

these cells using a pulse-UV laser (developed in Boscq et al., 2022). The apical cells
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(A) of embryos at the 2-cell stage (AE2), 4-cell stage (AE4), 8-cell stage (AE8), or in
early Phase Il (AP2) were irradiated. Basal cells (B) were also irradiated at the same
stages and consequently named BE2, BE4, BE8, and BP2. Perforation of the cell
wall and plasma membrane resulted in the exit of most of the intracellular content in
response to the turgor pressure (Suppl. Movie). Monitoring of the growing embryo
confirmed that the irradiated cells were dead (Suppl. Figure 1). All embryos were
then monitored for up to two weeks, and the morphology was analyzed after
segmentation of the images. In response to this treatment, no embryo died, except
for AE2 (11.1%), BP2 (5.6%), and BE8 (10%). Among the living embryos, Fig. 1
illustrates representative morphologies of embryos 3, 6, and 9 days post-laser
ablation. First, all irradiated embryos presented some level of growth delay as they
performed only a few cell divisions compared to control organisms. This is likely
attributable to the stress they endured during the micro-surgery procedure (Fig. 1,
day 2). This delay ranged from one to eight days following the ablation (Suppl. Fig.
1). After that delay, they started to divide again, and all continued to develop (Fig. 1,
day 10). Therefore, neither the apical cell nor the basal cells are necessary for the

growth of the embryo, and this occurs as early as the 2-cell stage.

Figure 1 (next page): Embryos keep developing after targeted cell ablation

Morphologies of developing embryos after ablation of the apical cell at the 2-cell stage (A)
(AE2), (B) 4-cell stage (AE4), (C) 8-cell stage (AES8), (D) Phase Il (AP2), or embryos subjected
to basal cell ablation at (E) 2-cell stage (BE2), (F) 4-cell stage (BE4), (G) 8-cell stage (BES),
and (H) Phase Il (BP2) were monitored for 3, 6, and 9 days post-ablation. A representative
sample of the observed morphology is shown. Embryos not targeted by the laser are
displayed as controls (I). The sample size of individuals observed during 3 distinct
experiments is n =9 (A), 11 (B), 4 (C), 6 (D), 10 (E), 18 (F), 10 (G), 7 (H), 15 (l). Scale bars
represent 20pm.
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Apical cells controls the growth of Saccharina embryo

We evaluated the distribution of observed morphologies 10 days post-laser
ablation, accounting for an initial delay. Four distinct morphologies were described:
1) morphology similar to intact embryos (control), 2) growth-altered morphology,
where embryos experienced a growth arrest lasting longer than 4 days after the
initial delay, 3) shape-altered morphology, characterized by deviations in body axes
or disruptions in polarity establishment, and 4) lethal morphology, for organisms that
died before the tenth day post-ablation. The percentage of dead embryos remained
low overall (Fig. 2). The primary observed morphology was a reduction in growth.
Approximately 50% of AE2, AE4, AE8, and AP2 (grouped together as E8+), BE2,
and BE4 embryos were significantly smaller 10 days after laser irradiation compared
to intact organisms. This morphology includes the delay in resuming growth after
laser irradiation described above. While this response increased with the embryo
stage at which apical cells were irradiated (60% at the AE8+ stage), it decreased
with time for the basal cell (only 20% of embryos for BE8+). This suggests that the
apical cell, in contrast to the basal cell, is sustainably involved in growth throughout
the whole embryogenetic Phase I.

To enhance the depth of our analysis, we manually segmented several embryos
from bright-field images (Suppl. Fig. 1). Utilizing an in-house software, we obtained
quantitative data on several morphometric parameters, including the area and
shape of the embryo (Suppl. Table 1), as well as the number of cells, cell area, and

cell shape (Suppl. Table 2).
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Figure 2: Distribution of morphologies observed after laser ablation

The morphologies of embryos in which either the apical (A series) or the basal (B series)
cells were laser irradiated at different stages were grouped into four classes, and the
percentage of each class was represented in the stacked histogram. Considering an initial
growth delay, the four distinct morphologies were: 1) The "typical" morphology observed in
intact embryos; 2) The growth-altered morphology, characterized by embryos encountering
developmental delays or exhibiting a growth rate reduction exceeding 4 days beyond the
initial delay; 3) The shape-altered morphology, involving embryos displaying variations in
body axes or disturbances in the establishment of polarity; 4) The lethal morphology,
applicable to organisms that did not survive beyond the tenth day following ablation.
Columns represent the distribution of each stage at which laser ablation took place: E2: 2-
cell stage; E4: 4-cell stage; E8+: 8-cell stage and early Phase Il. The percentage of typical
developmental morphologies gradually increases for embryos ablated of the basal cell after
the 4-cell stage. The percentage of growth-altered embryos remains constant at all stages
of apical cell ablation.
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We quantified embryo area for 6 days after laser irradiation of the apical cell or basal
cell at the same developmental stages as described above. Statistical comparison
of the growth curves between the samples and the intact embryos (control) allowed
us to confirm that irradiation of the apical cell at AE2 and AE4 resulted in a
significant decrease in the rate of blade growth (expressed as the surface area)
compared with the other embryos (Fig. 3A). In contrast, killing the basal cell had no
significant impact on blade area at any developmental stage, suggesting that the
apical cell in 2-cell stage embryos, or sub-apical cells in later stages, can effectively
compensate for the absence of the basal cell. To reduce the developmental window
and make the comparison between embryos of similar stages more accurate, we
compared embryos of 15 to 25 cells (hereafter referred to as [15;25]). Fig. 3B then
shows that AE2 and AE4 irradiated embryos grew 21% and 34% slower than BE2
and BE4 embryos, respectively (although this is not statistically supported).

Figure 3 (next page): Quantitative analysis of the impact of cell irradiation on

the growth of the embryos

A) Blade area over time. The area (um?) of the embryo blades was measured using the
home-made software every day for 7 days after laser irradiation. Time 0 corresponds to the
time point before cell irradiation, and time 1 to the day after cell irradiation. The Kruskal-
Wallis test showed that the area of AE2 and AE4 embryos was significantly lower compared
to the other embryos. B) Blade area in Phase Il embryos. Violin plot representation of all
measured blade areas of embryos after laser irradiation once they reach an early Phase II.
Only embryos with [15,25] cells were considered to allow comparison between blades of
similar developmental stages. No significant difference was observed between samples
(Kruskal-Wallis statistical test). Horizontal bars in the column display the median value,
while the value of the mean is indicated close to the red spot. Above the violin plot is
superposed a box plot showing the different quartiles.
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To investigate whether a lower cell number or a reduced cell size is the cause of the
reduction in the size of the embryos, we quantified the number of cells over time for
each embryo (Suppl. Table 2). Plotting the cell areas calculated for each type of
embryo did not display any significant difference between embryos in which the
apical cell was irradiated and control embryos, and those in which the basal cell
was irradiated (Fig. 4A). Therefore, smaller embryos do not have smaller cells. We
then plotted the number of cells per embryo over time, and results showed that all
irradiated embryos had the same cell number increase rate (Fig. 4B). While the
number of cells doubles every 3 days for all the irradiated embryos, it is ~1.5 days
for the control. However, as all the embryos have a similar growth rate, the specific
impact of laser irradiation at AE2 cannot be explained by a reduction in the activity
of cell division. Therefore, neither the cell size nor the cell division rate seems
responsible for the observed reduction in the size of the embryo. One hypothesis is
that both contribute to it. Alternatively, this could be due to a longer delay in
resuming growth, as AE2 and AE4 need 7 and 6 days, respectively, before resuming

growth while the other embryos need only 3-4 days (Suppl. Fig. 2).

Basal cells mainly control the shape of Saccharina embryo

The second most abundant morphology observed (Fig. 2) was altered embryo
shape. While no shape alteration was observed in AE8+ embryos, 20% of AE2 and
AE4 embryos displayed altered shapes (Fig. 2). For basal cells, these percentages
increased: BE4 and BE8+ embryos showed significant alteration in shape, and this
percentage reached 40% for BE2 (Fig. 2). The most common shape anomalies
included rounder embryos and the emergence of rhizoids at the apex (Fig. 1). This
suggests that the basal cell, more than the apical cell, is involved in controlling the
shape of the embryo, and that its role diminishes with time during embryogenic

Phase I.
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Figure 4: Cell size and cell number in smaller embryos

A) Cell area in Phase Il embryos. Violin plots of the cell area (um?) for embryos subjected to
laser ablation at different developmental stages. Stars indicate the P-value of the Kruskal-
Wallis test, with significance determined using the Dunn test statistical test. B) Cell division
rate over time. To compare embryos despite different laser irradiation times, embryos
between 15 to 25 cells were considered Time 0. The logarithm (base 2) of the number of
cells was expressed as a function of time (days).
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We plotted the ratio of the length to the width (LWR) of each embryo as a function of
time up to 10 days after laser irradiation. BE2 and BE4 embryos had an almost
stable LWR close to 2, while LWR increased from 2 to more than 4 in intact embryos
(Fig. 5A). In embryos irradiated at other stages or cell positions, LWR continued to
increase over time as in control embryos, where LWR was stable at a value of about
3.5. This can be explained by the fact that the 8-cell or Phase Il embryos were
already elongated. The exception was AE2, for which LWR increased slowly from 2
to 2.5 with time, making it significantly different from LWR in intact embryos, as for
BE2 and BE4. Therefore, the shape of the embryo was impacted when apical or
basal cells were killed at the 2-cell embryo stage. The effect persisted up to the 4-
cell stage for the basal cell but not for the apical cell (Fig. 5A).

We then investigated whether a change in cell shape could be related to the change
in embryo shape described above. Cell LWRs were calculated from the segmented
images and plotted for the different embryo types. Fig. 5B shows that cell LWR was
similar to LWR of intact embryos, except for BE2. Cells were more anisotropic
because their LWR was higher. This result coincides with rounder embryo shapes. In
intact embryos, the main axis of the cell is orthogonal to the main axis of the blade.
Consequently, a higher cell LWR results in less elongated blades. Whether the
embryo shape impacts cell shape, or the opposite, is still unknown. Overall, our
results confirm that the basal cell is primarily involved in the control of embryo

shape.

Figure 5 (next page): Cell ablation in 2-cell embryos impacts the establishment

of the medio-lateral axis

A) Ratio of the embryo length to embryo width (embryo LWR) measured for 10 days after
laser irradiation of either the apical or the basal cells at different developmental stages. The
graph shows the mean regression line for each stage post-ablation and presents
confidence intervals (grey surface). Embryos in later stages show a lower increase but
higher values as the two primary axes are already established.

B) Cell length to width ratio in Phase Il embryos. Violin plots of the cell length to width ratio
(cell LWR) for embryos subjected to laser irradiation at different developmental stages.
Significant differences from intact embryos are indicated by the 2 stars (Kruskal-Wallis
statistical test; P value < 10-2).
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Basal cells negatively control the formation of longitudinal cell divisions

Upon closer examination of the cell division pattern of irradiated embryos, it was
observed that the emergence of the first longitudinal division occurs earlier in
embryos in which the basal cell was killed than in intact embryos (Fig. 1). While it
occurs at the 8-cell stage in intact embryos (Fig. 6A, 6B, Theodorou & Charrier,
2023), it occurs as early as the 3-cell stage in embryos with a dead basal cell (Fig.
6B). The earlier the basal cell is killed, the earlier the longitudinal cell division occurs.
This contrasts with embryos with dead apical cells in which the emergence of
longitudinal cell division occurs similarly to the intact embryo, i.e., after the 6-cell
stage (Fig. 6A,B). This implies that the apical cell behaves non-cell autonomously
and requires the basal cell to maintain transverse cell divisions during embryogenic

Phase I. This effect diminishes gradually during Phase | until the 8-cell stage.

Discussion

We have demonstrated that in the embryo of Saccharina latissima, ablation of the
apical or basal cells has an impact only at the very beginning of the embryogenetic
stage, i.e., when the embryo reaches up to 4 cells. After that stage, the removal of
basal or apical cells no longer affects the embryogenetic developmental pattern or
growth. This suggests that while the apical and the basal cells act cell-
autonomously just after fertilization, they are then subject to a regulative mode of
development in which their behavior is integrated into the rest of the embryo and
depends on the behavior of their neighboring cells. Such regulative development at
later embryogenetic stages has already been observed in the brown alga Fucus
(Berger 1994; Bouget 1998), in plants (Gaillochet et al., 2015), and animals (Arias et
al., 2013). Furthermore, we have shown that in the early stages, apical and basal
cells have different functions. While the basal cell mainly controls the shape of the
embryo, the apical cell is only involved in controlling the growth of the embryo.
Therefore, at that stage, each cell seems to have its own identity, which argues in

favor of a deterministic development where each cell acts autonomously.
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Figure 6: Ablation of the basal cell causes premature longitudinal cell division

A) Schematic representation of the effect of cell killing on the axis establishment of
embryos. Embryos devoid of apical cell in Phase Il after developing 5 to 8 cells. This time of
transition corresponds to the developmental time of controls but suggests that the embryo
is likely under tissue organization mechanisms. On the contrary, the embryo ablated of their
basal cell presents an almost immediate transition to Phase II, resulting in rounder
organisms with less defined axis differentiation. B) Violin plot of the recorded cell number at
the time of longitudinal cell division emergence for all embryos. Significance is shown using
a Kruskal-Wallis test and Dunn test. BE2 and BE4 presented their first longitudinal cell
division almost immediately after ablation, promoting the establishment of the medio-lateral
axis.
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The first question arises: What is the cue that gives the cells their specific identity at
the 2 and 4-cell stages? The basal cell is in contact with the maternal stalk, which is
the remnant of the oogonium. It is made of a volume filled with viscous
polysaccharides and surrounded by the oogonium cell wall, which persists late
during embryogenetic Phase Il. Therefore, the maternal tissue might have provided
the egg or zygote with determinants involved in the formation of an apico-basal
axis. Interestingly, while the ultrastructure of the egg before and after fertilization
reveals a polarized distribution of organelles (Motomura, 1990; Motomura, 1991),
the zygote before cell division is organized symmetrically. The unequal first cell
division might then lead to an unequal distribution of the intracellular content of the
zygote in the smaller basal cell and the larger apical cell. Knowledge in plants
indicates that size differences between the daughter cells of a first zygotic cell
division do not necessarily result in different cell fate though (Lau et al., 2012).
Nevertheless, in Saccharina, cell lineage up to the 100 cell-stage displayed
asymmetrical growth rates consistent with the unequal size of the two daughter
cells (Theodorou, 2023). The basal area of the embryo lamina that developed from
the initial basal cell contains fewer cells than the apical counterpart (not shown).
This supports our current results where the removal of the apical cells up to the 4-
cell stage results in smaller embryos compared to control and basally ablated
embryos. It is therefore interesting to note that even after this stage, when the
embryo contains around 50-100 cells, the impact of the early laser ablation is still
visible, meaning that although development is regulative at this stage, the cells

cannot catch up with the impact of the event that occurred earlier.

The second question arises: Why do cells lose their identity after the 4-cell stage?
Killing the apical cell or the basal cell after the 4-cell stage had no impact on the
size and shape of the embryo at later stages. The 8-cell stage corresponds to the
end of Phase | (Theodorou and Charrier, 2023) during which growth is longitudinal
by means of transverse cell divisions only. After that step, the first longitudinal cell
division takes place, initiating medio-lateral growth (Phase Il). A flat lamina
continued to grow in two dimensions for more than 10 days, through alternating
transverse and longitudinal cell divisions, with no apparent cell differentiation.

Therefore, the 8-cell stage is a major transition in the embryogenetic pattern of
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Saccharina, which could coincide with a change in the allocation of cell function.
Whereas the apical and basal cells of the 2-cell embryos would have a specific role
in the control of the embryo shape and growth, cells in Phase Il would all behave
the same way in terms of orientation of cell division, growth rate, and lack of cell
differentiation. Thus, the destruction of apical or basal cells in 8-cell and early Phase
Il embryos has no more impact than the destruction of any other cell of these
embryos. Unfortunately, we did not test this hypothesis by irradiating cells located

between the apical and basal cells.

Interestingly, the shift to Phase Il by initiation of the first longitudinal cell division
occurs at the same embryogenetic stage when the apical cell has been killed at the
2-cell stage, as in intact embryos. However, at that stage, the embryo is depleted of
half of its cells, and if the basal cell acted autonomously, one would expect the
initiation of longitudinal cell division to take place at the 4-cell stage, independently
of the absence of the apical part. This observation suggests that the control of
longitudinal cell division is dependent on the number of cells in Phase | embryo
when the basal cell is present, and not when the basal cell is absent. If the basal cell
were to be used as a positional landmark, it could be assumed that it emits an
acropetal signal involved in a distance-dependent negative control of longitudinal
cell division. Interestingly in Arabidopsis, an acropetal transport of auxin from
maternal tissue controls the formation of the apico-basal axis of the embryo (Robert
et al., 2018). The tissue context is reminiscent of that of the Saccharina embryo,
which remains physically connected to the maternal tissue via the persistent stalk.
However, while auxin appears to be synthesized and to affect development in brown
algae (Le Bail et al., 2011; Bogaert et al.,, 2019; Uji and Mizuta, 2022) its effect
remains to be determined in Laminariales, especially during embryogenesis. If auxin
or another signaling molecule were transported acropetally to the apical part of the
embryo, this could be via plasmodesmata. These cytoplasmic channels facilitating
symplastic exchanges of elements up to 20 kDa in brown algae (Nagasato, 2015)
have been observed in Saccharina sporophytes and gametophytes (Terauchi et al.,
2014), and in late embryos (Theodorou & Charrier, 2023). We were even able to

observe plasmodesmata in embryos as early as the 6-cell stage (not shown). In
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addition, plasmodesmata could underlie the regulative development that takes

place after the 4-cell stage.

Laser ablation experiments performed on embryos of the brown alga Fucus yielded
different results. In Fucus, unlike Saccharina, eggs and sperm cells are released into
the seawater, and fertilization takes place far from the parental organisms. The first
cell division of the zygote is unequal and asymmetrical. The large apical cell gives
rise to the thallus, while the small basal cell gives rise to the rhizoid (Rusig et al.,
2001). Ablation of either rhizoid or thallus cells has shown that the cell wall dictates
the fate of the newly growing cell. This cell differentiates into a rhizoid when it grows
in contact with the cell wall of the previously irradiated rhizoid cell. Reciprocal
observations have been made for new cells growing in contact with the thallus cell
wall (Berger et al.,, 1994). However, because the protoplasts of Fucus zygotes
differentiate into one thallus and one rhizoid cell in the same way as a native zygote
surrounded by its cell wall, the primary role of the cell wall is unclear, and it is
possible that other cues control cell differentiation in the early embryo in this
species.

The formation of rhizoids observed in irradiated Saccharina embryos also suggests
different mechanisms of embryogenic cell fate between Saccharina and Fucus. In
Phase |l Saccharina embryos, rhizoids differentiate at the base of the blade (Yendo,
1911; Kanda, 1936; Sauvageau, 1918). In this study, we observed that they also
differentiate from incompletely emptied cells of irradiated embryos or injured
embryos. Therefore, while in Fucus the differentiation of rhizoid cells from thallus
cells requires the presence of a rhizoid cell wall (Berger et al., 1994), in Saccharina,
rhizoids develop from any cells of the irradiated embryo. The difference may be due
to the fact that intact Saccharina embryos do not develop rhizoids before Phase I,
whereas Fucus develops a rhizoid at the zygote stage. Therefore, the cell wall cues
responsible for rhizoid differentiation hypothesized in Fucus cannot be present in
Saccharina, and it is more likely that rhizoid differentiation is a response to
wounding or mechanical stress (Shirae-Kurabayashi et al., 2022). This is consistent
with what has been observed at a later stage of Fucus embryogenesis, where

rhizoids differentiate from any cells of damaged embryos (Bouget et al., 1998).
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Conclusion

Brown algae, like animals, have different ways of regulating the establishment of
their body axes. Embryogenetic mechanisms were classically termed deterministic
(formerly "mosaic") or non-deterministic (formerly "regulative") based on the
inheritance by the egg of maternal polarity cues versus the perception by the cells
of the embryo of position-dependent cues from the environment (including
neighboring cells) (Stern, 2006; Lawrence and Levine, 2006). Here, we show that
while embryos up to the 4-cell stage develop with cell-autonomous control of the
establishment of their thallus axes, embryos at later stages switch to a non-cell-
autonomous mode of embryogenesis where cells act collectively to control the
development of the embryo. Therefore, Saccharina embryogenesis seems to rely on
both processes, as in animals and plants (Lawrence and Levine, 2006; Robert et al.,
2013; Wang et al., 2021). Ongoing RNAseq experiments on apical and basal cells
isolated from embryos at 2-cell, 4-cell, 8-cell, and beyond stages will elucidate
potential cellular differences at the molecular level, as is the case in plant embryos
(Lau et al., 2012).

Material and Methods

Algal culture

The culture and production of Saccharina latissima (Arthrothamnaceae,
Laminariales, Phaeophyceae) embryos were conducted following the protocol
outlined in (Theodorou and Charrier, 2021; Theodorou et al., 2021). Fixed female
and male genotypes were utilized by selecting one female gametophyte (F1) and
one male gametophyte (M1) from the same sporophyte collected from the beach of
Perharidy in Roscoff (48°43'33.5"N 4°00'16.7"W). Upon crossing, F1 and M1
exhibited stable and effective embryo growth. Both embryos and gametophytes
were cultivated in Provasoli-enriched natural seawater. Gametophytes (F1&M1) were
cultivated together through vegetative multiplication as described in Theodorou et
al., 2021. Gametes were obtained through the maturation of gametophytes under 16

pmol photons m-2-s-1 white light intensity and a 14:10 light:dark photoperiod at 13
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°C. If necessary, they were maintained under such conditions to reach the required

stage.

Laser irradiation of embryo cells at different developmental stage

Developing embryos from glass-bottom Petri dishes were selected under a flow
hood using an inverted microscope (LSM 880 Zeiss confocal microscope). Laser
ablation of either the apical or the basal cell was conducted on embryos following
the procedure outlined in Boscq et al., 2022. Embryos within the same dish that
were not subjected to laser ablation served as control organisms. Laser irradiation
was carried out on embryos at the 2-cell (E2), 4-cell (E4), 8-cell (E8) stage, and in
Phase Il (P2). To minimize stress during transportation to the cytology platform
(Rennes, France), embryos were transported in a cooler set to 13°C. Their growth
and development under standard growth conditions were monitored for 10 days

using time-lapse microscopy.

Image acquisition

All experiments involving time-lapse microscopy of growing embryos were recorded
using a bright-field microscope (Leica DMI6G00B, Leica Inverted phase contrast, or
Leica DMI8) equipped with a DFC450C camera. Acquisition intervals of 24 hours
were set for a duration of at least 10 days after irradiation. The required temperature
and lighting conditions were maintained within a carbonate-glass chamber attached
to the microscope, which was equipped with a thermostatically controlled air flow
system (Cube and Box, Life Imaging services), and LED white light sources

commercially available.

Manual segmentation

Automatic segmentation was found to be challenging due to the constant
pigmentation changes of the cells, which transitioned from high to low coloration.
Additionally, daily exposure to UV light to reveal cell wall staining with the chemical
Calcofluor White proved detrimental to the algae's survival, making it unsuitable for
precise acquisition of cell wall outlines. Therefore, we opted to perform manual
segmentation. Images from the time-lapse recordings with intervals of 24 hours

were segmented using Fiji (Imaged2 version 2.9.0). Due to slight inclinations of
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individual embryos, segmentation was conducted directly on the z-stacks to
improve accuracy. Subsequently, the outlines were implemented in Inkscape
(version 1.2). To minimize light deformation, we selectively segmented
predominantly flat-growing embryos. To assist in drawing the cell contours, all z-
stacks from a time series were compared. The resulting cell wall contours were
analyzed using in-house software, which extracted multiple quantitative parameters

for each lamina (blade) and its cells.

Quantitative morphometry

Cell walls were manually delineated on bright-field images as segmented lines using
the vector graphics editor Inkscape (v1.2.2, https://inkscape.org). The resulting
drawings were saved as scalable vector graphics (SVG) files. These SVG files were
then processed using a dedicated software developed by us, called "blade_painter,"
written in object-oriented Python 3 (Van Rossum and Drake, 2023). The
"blade_painter" software reads the SVG files and extracts various geometric
properties for cells and blades, utilizing algorithms based on prior research (Rosin,
2005; Fletcher et al., 2013). Specifically, the software extracts: (a) Each cell contour,
from which the perimeter length and surface area are directly derived; (b) Convex
hull, which is used to compute the minimal bounding rectangle (MBR). The main
axis, length, and width ratio (or elongation) of the cell are assumed to be those of
the MBR; (c) Rectangularity, computed as the proportion of overlapping surface
between the cell and its MBR, rescaled to the same area; (d) Neighbor cell count,
where two cells are considered neighbors if they share at least 200 nm of cell wall
(this threshold can be adjusted as a software parameter); (e) Blade area; (f) Blade
main and secondary axes orientation and length, computed according to the
method described by Fletcher et al. (2013).

Statistical tests

This experiment was repeated two individual times with similar results. All
quantitative data were analyzed statistically using Kruskal-Wallis test, except for
parameters distributed in multiple major values such as the number of neighbors,
which were analyzed using Chi-squared test. Significant Kruskal-Wallis tests were

followed by a Dunn test and a Bonferroni adjustment to find the pairs significantly
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different. All tests were done under R environment (v4.2.3, R Core Team 2023) using

the R Core stats package and the "rstatix" package (v0.7.2, Kassambara 2023).
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Supplementary material

Suppl. Table 1: Morphometric parameters of the embryo (blade).

Suppl. Table 2: Cell morphometrics in each embryo.

Suppl. Movie: Ablation of apical cell (left) or basal cell (right) in a 4-cell stage

embryo
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Suppl. Figure 1: Manual segmentation workflow

Raia

A) Brightfield images of Saccharina latissima. The red arrow displays the irradiated cell. B)
Manually segmented embryos corresponding to the time-lapse images of the above
embryo. Segmented embryos were drawn as vectors with the Inkscape software (v1.2.2) to
display the cell contours. The region in red represents the outer cell wall of the irradiated
cells that are still visible. C) Visual output using the home-made software. Embryos
manually segmented in B) were treated by the software to display the cell outlines, the
center of gravity, and an ID number for each cell. Additional quantitative data for each cell
and the whole blade were computed (Suppl Tables 1 and 2).
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Suppl. Figure 2: Delay of growth

Violin plot graph representing the number of days before growth resumes after laser
shooting. The end of delay was evaluated based on the start of exponential growth on a
graph of number of cells over time. Irradiation of the apical cell caused a stronger delay
compared to a similar basal-irradiated stage embryo, especially in 2-cell (AE2) and 4-cell
(AE4) embryos.
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6 - General Discussion
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During this PhD, | explored the embryogenesis of the brown alga Saccharina
latissima. The results provide insights into the regulation of the establishment of the
body plans of this kelp model species. Altogether, the information in the above
chapters allows me to present a comprehensive model. | also present additional
observations, ongoing work, and further questions that will need to be addressed in

the future.

Establishment of the first axes involves the cytoskeleton and the cell wall

Similarly to gametes in other brown algae, Saccharina gametes lack a cell wall upon
release (Kropf et al., 1988; Motomura 1990; Bothwell et al., 2008). During the
elongation of the zygote, a diffuse layer of alginates and fucans polysaccharides
was observed to envelop the embryo (Chapter I). As such, upon elongation, the
zygote of Saccharina latissima becomes encapsulated in a mucus mostly not
present during the egg stage. Based on images of embryos at different points in
their elongation, a volume loss was calculated to occur before the first division (not
shown). Building upon earlier hypotheses proposed in Dictyota (Bogaert et al.,
2017a), it is plausible that the secretion of mucosal wall material during embryo
elongation serves to prevent the zygote membrane from rupturing as it elongates.
Moreover, this layer was observed to possess adhesive properties, potentially aiding
zygote attachment to the substrate or stalk structure (Chapter Il). Additionally,
localized occurrences of a denser cell wall spot were observed primarily on the
upper half of the embryo (not shown). While precise confirmation would necessitate
strict monitoring during a fertilization event, it remains probable that sperm in kelps
triggers localized and/or uniform wall synthesis, akin to Fucoidales and Dictyotales
embryos (Bogaert et al., 2023). However, observations of Saccharina latissima
parthenosporophytic embryos show that cell wall synthesis and zygote elongation
do not rely solely on sperm entry (Fig. 1). This presents an elongation mechanism
similar to Dictyotales but different from Fucales where sperm entry can dictate the
orientation of the polarization (Bogaert et al., 2017b). In kelp embryos, the anchoring
flagella de facto polarizes the zygote and the resulting elongation follows this
predetermined axis (Figure 1; Klochkova et al., 2019; Bogaert et al., 2023). As such,
embryos have already undergone the process of "axis formation" and are freed of

the "axis selection" step described in Fucus and Dictyota (Kropf, 1987; Bogaert et
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al., 2017b). Yet, Saccharina embryos are still required to go through "axis
amplification" and "axis fixation". Because an early transition to Phase Il results in
the loss of the primary axis. The "axis amplification" step occurs through Phase |

and "axis fixation" on transition to Phase Il (Chapter Il and Chapter lll).

Figure 1: Observation of parthenosporophytic embryos of S. latissima.

Under dim white light, the female gametophyte (F1) releases eggs. Among all gamete
releases and in the absence of a fertilization event, most parthenosporophytic embryos
detach and degenerate. However, a low percentage (~1%) of parthenosporophytic embryos
remain attached to their stalk and are observed to develop according to the developmental
pattern described in Saccharina latissima (Theodorou and Charrier, 2023). However, at
some point in late Phase Il but before Phase lll, they degenerate and are not able to
proceed further in their development. Photos are from experiments done by I. Theodorou.
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In addition, we also observed structured layers of the cell wall (cellulose, alginates,
and fucans). Using calcofluor white, cellulose was observed to be faint before the
first division but gradually increased afterward. It is homogeneous during the whole
Phase I. For alginates and fucans, monoclonal antibodies commercially available
allowed us to describe precisely the organization of the cell wall (Torode et al., 2015,
Torode et al., 2016). Contrastingly to cellulose, a precise organization in space and
time can be observed during the first two phases of Saccharina latissima
development. Sulfated fucans were structured homogeneously in the embryo outer
wall at the exception of the basal-most region. While also present in the inner cell
walls at all stages, alginates rich in G-G blocks were strongly labeled in the outer
cell wall with a stronger signal in the apical half of the embryo. Contrarily, M-G
mixed alginates were observed initially in the outer cell wall of the elongated zygote
but beyond the first division, they are almost uniquely found within the inner cell
walls of the embryo and at different intensities between different cell walls. Finally,
before Phase Il of development, M-M rich alginates were mainly found on the outer
cell wall apart from the apices. They appear to form a corset of cell wall around the
body of the embryo. However, hereafter Phase Il of development, they are uniquely
located in the inner cell wall. It has been described that flexibility in alginates was in
order G-G > M-M > M-G with M-G mixed alginates being the most flexible
(Smidsred et al.,, 1973). The fact that M-M and G-G rich alginates are being
specifically found on the external layer of the cell wall after the first division while M-
G were found on the internal cell wall suggests that the external cell wall is more
rigid. Indeed, this is concomitant with the observation from laser ablation where,
following the bursting of a cell, the nearest cell yields in elastic movement of the
inner cell walls while the outer cell wall of even the burst cell is barely affected
(Chapter Ill: Suppl. Movie). In addition, observations with transmission electron
microscopes presented that the external cell wall was thicker than the inner cell wall
(not shown, Theodorou 2023), similar to what is observed in other Laminariales
(Motomura 1990; Klochkova et al., 2019) but also other brown algae (Yonamine et
al., 2021, Rabillé et al., 2019, Nagasato et al., 2015). This increase in rigidity in the
outer layer, specifically apart from the apices, might be required for the elongation of
the embryo and completion of Phase |. Furthermore, vertex models presented that

after the initiation of Phase I, the different properties between the outer cell wall and

144



the inner cell wall were sufficient to explain the robustness of the blade shape
(Theodorou, 2023). Additionally, the change in the localization of M-G mixed
alginates presents that a fine control of the mannuronan-C5-epimerases (MC5Es) is
operated in the embryo, likely in order to maintain the maximum rigidity exclusively
on the outer cell wall.

In land plants, the reorganization of cytoskeleton structuration was presented to
support the elongation process and formation of the primary axis (Bassel et al.,
2014; Shellard and Mayor, 2023). Previous studies hypothesized a similar
correspondence between cell wall composition and cytoskeleton in brown algae
(Kropf et al., 1982; Karyophyllis et al., 2000; Rabillé et al., 2019). Latrunculin B is a
drug stopping the polymerization of actin monomers, thus promoting the
depolymerization of actin filaments (Wakatsuki et al., 2001). Interestingly, the switch
in the localization of the M-M rich alginate from the outer cell wall in phase | to inner
during the transition to Phase Il and hereafter, does not fully happen in the presence
of Latrunculin B (Chapter I). Furthermore, elongation of Saccharina’s zygote is
hindered by Latrunculin B (Chapter I). Embryos of up to two cells affected by the
drug are bulging at the apical end, reaching sizes over 100 pm. Altogether, my
results support that the cell wall, in coordination with the cytoskeleton, is necessary

for the elongation of the zygote, and possibly for the completion of phase I.

Connection to maternal tissue is required for establishment of the embryo
body plans

In addition to the cell wall composition described previously, a ring-like structure
was found between the embryo and the stalk during Phase | and early Phase Il
when both were in contact (Fig. 2). This could be related to the local thickening of
the ECM post connection to the stalk also observed previously in other Laminariales
using electron microscopy (Klochkova et al., 2019). Noteworthily, BAM 4, 6, 7, and
10 used during this work did not label efficiently the gametophyte. Furthermore, this
ECM structure is absent prior to zygote attachment. Additionally, the stalk
constitutes a dead emptied oogonium (Chapter Il, Fig. 10). Altogether, these
arguments imply that this cell wall deposition is linked to zygote secretion and ECM
synthesis. This polysaccharide structure is likely to help the embryo bind to its stalk

during Phase | and early Phase Il. In fact, studies dating from as early as the 1930s
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Brightfield

Immuno-labelling

reported that disconnection of the embryo from its maternal tissues resulted in
abnormal development of Saccharina (Kanda, 1936; Klochkova et al., 2019). The
work here reports for the first time in detail the role of the attachment to the

maternal tissue in the development of the embryo.

Fucans Alginates

Sulphated Fucans M-M M-G G-G

Figure 2: Cell wall material is deposited at the junction between embryo and

maternal tissue.

Images are presented for brightfield (top) and maximum projection intensity of BAM
immuno-fluorescence (bottom). The ring-like structure of the cell wall at the junction
between the embryo and maternal tissue is designated by a white arrow. Scale bars
represent 10 pm. (A) Sulfated fucans distribution in the cell wall using the monoclonal
antibody BAM4. (B) Alginates distribution in the cell wall. Representative pattern of
alginates immunolabeling using the monoclonal antibody BAMG6 (left), BAM7 (middle), and
BAM10 (right).
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Removal of the basal cell or of the stalk causes early transition to Phase Il (defined
as the transition to longitudinal cell division) and the loss of the anisotropic growth
of the embryo (Chapter Il, Fig. 8; Chapter lll, Fig. 6). The effect gradually fades up
at the 8-cell stage, when removal of the basal cell no longer has any effect on
embryo development. Shortening Phase | by impairing the connection of the
embryo to the maternal tissue reduces the length-to-width ratio (LWR) of the
embryo, which is then maintained during Phase Il (Chapter Il, Suppl. Fig. 2;
Chapter lll, Fig. 5). This shows that during Phase |, the inhibition of longitudinally
oriented divisions is necessary for the future embryo to complete its body shape. It
underlines the importance of completing Phase | involved in the formation of an
anisotropic shape. Additionally, this confirms previous observations on intact
embryos showing that Phase Il maintains the initial shape established during Phase
| (Theodorou, 2023). As such, connection to maternal tissue allows the embryo to
acquire an apico-basal axis first during Phase |, and to prevent the establishment of
the medio-lateral axis, which takes place only after the 8-cell stage in Phase II.
Secondly, the loss of the embryo connection in Phase | causes abnormal cellular
shapes in Phase Il, such as less rectangular and smaller cells (Chapter Il, Fig. 4;
Fig. 6; Chapter lll, Fig. 4). This effect becomes more evident through Phase II,
showing that this is a consequence of the loss of the anisotropic shape of the
embryo rather than a cause.

Altogether, these results present the necessity for embryo connection to the
maternal tissue. The alteration of the developmental pattern in embryos
disconnected from the maternal tissue suggests that a signal inhibits transition to
Phase Il during Phase |. This signal requires that the maternal tissue and the basal
cell are physically connected. As such, the signal was named MUM (Maternal
Unknown Message). This naturally brings the following questions: How does MUM
act? What is MUM?

How MUM signal delays transition from Phase | to Phase Il

The presented findings offer insights into how MUM orchestrates embryo
development. First, MUM maintains Phase | (1D growth) and inhibits the transition
to Phase Il. As such, MUM is able to control the division orientation in Phase |,

promoting the "axis amplification” step. It likely signals or directly regulates how to
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orientate the spindle of the cell during mitosis to be only in a selected direction.
Secondly, the MUM signal is effective in all cells during Phase |. Because this signal
originates from the basal cell connection with the stalk, MUM must act acropetally
as the signal spreads to the top cells of the embryo. While its inhibitory effect is
strong in the basal part of the embryo, it diminishes towards the apex during the
transition to Phase Il. This way, the MUM effect would be able to affect the embryo
for a distance of over 100 um (length of the 8-cell stage). This suggests an effect
based on limited distance diffusion, similar to what is suspected for the inhibition of
new branch formation in diverse filamentous organisms (Coudert et al., 2019). This
signal diffuses symplastically, as neither neighboring gametophyte cells (adjacent or
from another individual), nor the close proximity to the stalk after basal ablation
were able to recover embryo development (Chapter IlI, Chapter Ill). The
plasmodesmata found in brown algae (Nagasato et al., 2017), and particularly in
Saccharina (Fig. 3; Theodorou, 2023), are plausibly involved in the transmission of
MUM from one cell to another. Thirdly, most embryos ablated of the apical cell still
underwent formation of the 8-cell stack (Chapter lll, Fig. 6). This suggests that the

MUM effect is not connected to a cellular clock but is somehow informed of the

relative size of the embryo.

Figure 3: Plasmodesmata observed in the embryos

of S. latissima from the 8-cell stage and beyond

Plasmodesmata are observable in the embryos of S.
latissima from the 6-cell stage. Photos of embryos of S.
latissima are observed with a transmission electron
microscope. (A) Whole embryo. Plasmodesmata organized
in pit fields were observed in a Phase Il embryo from a
lateral view (B) or a front view (C).
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Nature of MUM

While further investigation is needed to define MUM conclusively, the presented
results offer an idea of the nature of MUM. Our findings indicate that MUM is not the
maternal or paternal centrioles, neither the anchor flagella, nor a diffusing effector
from another gametophyte (Chapter Il). Aithough a mechanical effect via the ECM
might influence growth orientation in Phase |, it remains unlikely to be the sole
effector. This is evidenced by the initial longitudinal anticlinal division occurring
immediately after separation of the embryo from the maternal tissue, despite the
presence of embryo cell wall structures (Chapter Il). Hence, the cell wall is not
MUM itself. MUM is a signal that originates from the basal cell and that diffuses
symplastically within the embryo (Chapter Ill). MUM could be related to a gradient
of molecules or ions.

The concept of a distance-inhibitory relation with a signal molecule has already
been presented in mature kelps. The generation of reproductive structures (sori) was
shown to be under the influence of a sporogenesis inhibitor originating from the
growing region surrounding the transition zone (Buchholz and Lining, 1999; Pang
and LUning, 2004), potentially identified as auxin (Kai et al., 2006). Auxin has been
shown to be present in brown algae, and PILS (PIN-like transporter) genes have
been found in its genome (Bogaert et al., 2019). Interestingly, preliminary
observations on Saccharina latissima development reveal that the application of
supplemental auxin (IAA) induces the rounding of some attached blades (Fig. 4).
However, this would suggest that MUM actually has an opposite influence or
inhibits the effect of auxin. The concept of opposite effects of hormones is well-
described in plants where, for example, cytokinin and auxin have antagonistic
effects on development (Schaller et al., 2015). The application of cytokinin did not
exhibit any visible effect on blade development (not shown). However, it would be
interesting to explore the impact of cytokinin application on stalk-disconnected
blades to determine if it can recover normal blade development.

As a final hypothesis, MUM could be linked to polysaccharides. Using Lectin-FiTC
as a probe, demonstrated the homogeneous distribution of polysaccharides like N-
acetyl-glucosamine, B-D-galactose, and D-galactose-B-galactosamine upon egg
release (Klochkova et al., 2019; Klimova et al., 2021). Additionally, when the embryo

is in contact with the maternal stalk, these polysaccharides are polarized towards
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this junction. The function of sugars as signaling molecules in developmental
processes is well-established in various organisms, such as plants (Mishra et al.,
2019; Wang et al., 2021) and animals (Radhakrishnan et al., 2023). Moreover, lectins
are also identified in brown algae (Boyd et al., 1966; Fajarningsih et al., 2019).
Although characterization and functional validation in brown algae are necessary to
fully support this hypothesis, the perception of polysaccharides in brown algae
could potentially influence their developmental architecture.

Altogether, upon reassessing various hypotheses surrounding the nature of MUM,
two compelling explanations surface. The first supposes a gradient of diffusible
molecules extending from the stalk through the embryo. The second suggests a
signal originating from the cell wall junction between the stalk and the embryo. To
solidify these hypotheses and uncover the precise mechanisms underlying the

control of MUM in the development of Saccharina, additional studies are essential.

Figure 4: Effect of auxin in the establishment of body axes.

Phenotypes of growing embryos after the post-egg release application of auxin (IAA) at
concentrations of 10-7M (left) or 10-4 (right) in DMSO 0.1%. As a result, the lamina of the
embryo thallus grew more isotropically, making a rounder lamina. Photos were taken as
described in Chapter Il and treated in Fiji using the plugin stack focuser.
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An evo-devo approach: Shared developmental process in brown algae

Laminariales exhibit maternal orientation due to the presence of anchor flagella that
maintain proximity with the mother gametophyte and the subsequent connection
between the mother and embryo (Bogaert et al., 2023; Chapter Il; Chapter Ill). This
attribute might elucidate why they appear unresponsive to environmental cues like
light and gravity in establishing the first axis, unlike Fucales and Dictyotales. Among
brown algae, at least four orders (Laminariales, Chordales, Sporochnales, and
Desmarestiales) display a stalk-mediated physical connection of the embryo with
the maternal tissue that persists throughout embryo development (Sauvageau,
1918; Kanda, 1938; Fritsch, 1945). Comparisons of Saccharina latissima with visual
descriptions and available images of other Laminariales and Chordales show
striking similarities in embryo shape with dissimilarities occurring mostly after
corresponding Phase Il. (Sauvageau 1918; Kanda 1936; Kanda 1938; Fritsch 1945).
This suggests that the same maternal regulation could be shared between
Chordales and Laminariales. However, Desmarestiales and Sporochnales exhibit
limited morphological similarities, suggesting developmental pathways are at least
partially distinct. (Sauvageau 1926; Stolpe et al., 2007). Moreover, while stalks
connecting eggs and the rest of the maternal tissue are also common in brown
algae of the Fucales order (Burridge et al., 1993), this connection is transient and
does not persist long after fertilization. A better comprehension of these processes
could improve our understanding of the BACR lineage in brown algae and their past
evolution, but also possible future evolution of extra- or intra-tissular development
(Chapter Il). Further analyses are necessary to ascertain whether maternal-

regulated development extends to these other orders.
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Figure 5 (previous page): Concluding model

The egg, polarized upon emergence from the oogonium undergoes changes triggered by
sperm entry. This includes cell wall secretion and synthesis, facilitating egg elongation (x-
axis). The transition from egg to embryo involves three steps: Axis acquisition (maternally
inherited), Axis elongation, and Axis Perpetuation. Axis perpetuation completes during the
first cytokinesis. During elongation, the basal region of the embryo firmly attaches to the
maternal stalk. Fixation is concomitant with the deposition of cell wall between the embryo
and the stalk in a ring-like structure that could help strengthen the bond between embryo
and maternal tissue. The filamentous cortical actin network regulates cell wall synthesis,
influencing cell wall properties differently on the embryo body. Simultaneously, The MUM
signal inhibits division on the y-axis plane, thereby strengthening the anisotropic shape of
the embryo during its elongation in Phase I. The MUM signal diffuses from the basal region
connected to the stalk, inhibiting longitudinal (x-axis) anticlinal divisions (y-axis) over 100
pm. The specific nature and mechanism of action of the MUM signal remain to be
determined.

Conclusion and Perspectives

Multiple parameters orchestrate the embryogenesis of Saccharina latissima during
which it sequentially establishes body plans in the three main axes. The cell wall
properties are fine-tuned by the cytoskeleton network. Arrangement of the cell wall
properties promotes elongation of the embryo (x-axis) in Phase | and supports its
2D growth in Phase Il (x-y-axes) (Chapter ). In parallel, connection of the maternal
gametophyte to the embryo basal cell generates a signal named MUM (Maternal
Unknown Message). This signal delays transition to Phase Il by inhibiting
longitudinal cell divisions, and thus promotes elongation of the embryo (x-axis)
(Chapter II, Chapter lll). This process is required for developing the body plan of
Saccharina. Altogether, the results presented in this work enable improvement of
the model of Saccharina latissima’s development, depicting the sequential

establishment of body axes and how it is regulated (Figure 5).

Several open questions remain and need to be addressed to better understand the
development in Saccharina and complete the model described above. The nature of
the MUM signal and the exact mechanisms it uses to regulate the establishment of
the body axes require investigation. Directly or indirectly, MUM regulates the
cytoskeleton as it orients cell divisions. The filamentous actin network is partly

responsible for the regulation of cell wall properties; hence, MUM could affect the
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mechanical properties of the cell wall to promote amplification of the primary axis.
This hypothesis could be tested by immunolocalization of cell wall epitopes using
BAM antibodies in embryos disconnected from their stalks and by using mutants
lacking alginates, fucans, or ManC5Es (single or multiple epimerases). Exploring the
hypotheses provided on MUM’s nature would provide additional insights into
polysaccharide sensing or response to phytohormone involvement in the

development of kelps and other brown algae.
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Figure 6: Schematic representation of section of tissue used in LCM

transcriptomic experiment.

Embryos of Saccharina latissima were grown on glass slides coated with Nuclease-free 1.0
polyethylene naphthalate (PEN) membrane (Zeiss Microscopy, #415190-9081-000). They
were fixed in acetone for 30 minutes. Using Laser Capture Microdissection (LCM), individual
cells were isolated from embryos at the 1-, 2-, and 4-cell stage (Phase I). Alternatively,
apical, median, or basal sections were isolated from embryos in early, mid, or late Phase II.
Laser capture was performed using a Carl Zeiss PALM MicroBeam unit equipped with an
AxioVert 200 microscope and a CryLas UV laser, and assisted by the PaimRobo 4.5
software. Extraction of cDNA from all collected samples was performed using the PicoPure
RNA extraction kit from Life Technologies (#KIT0204) and NEBNext Single Cell cDNA
Synthesis & Amplification module kit from New England Biolabs (#£6421L).
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Finally, studying the transcriptomic changes during the development of brown algae
with cellular precision could allow us to better understand the processes of
symmetry breaking, genomic activation of the embryo, and the parental
determinants inherited by the embryo. Exploration in space and time of the
transcriptomic changes is necessary to locate and identify the nucleic determinants
of importance. Laser capture microdissection (LCM) allows transcriptomic analysis
of individual cells isolated from tissue sections (Espina et al., 2006). This technique
has been optimized in brown algal species (Saint-Marcoux et al., 2015). Expansive
ongoing work has been undertaken by the team to unravel these mechanisms
during the development of the embryo of Saccharina latissima (Figure 6). The
transcriptome was sequenced from each individual cell isolated from embryos at
the 1-, 2-, or 4-cell stages in Phase |, or from distinct sections (apical, median,
basal) of the embryo in early, mid, or late Phase Il. Sequences are currently being
analyzed and should provide information on the transcriptomic landscape, parental
regulation, and zygotic genome activation timing during the development of the

embryo of Saccharina latissima.

The work conducted during this thesis has led to several technical improvements
for studying brown algae. Most of these advancements stem from the need to
address technical difficulties in studying the development of brown algae. Firstly, a
single female (F1) and male (M1) gametophyte were selected and grown
vegetatively. This allowed all experiments to use embryos with an identical genome.
The use of fixed genotypes helped reduce variability in the embryo development
process studied. Additionally, by inducing a cold shock (4°C for 8 hours in blades of
30cm and more), we were able to complete the life cycle of Saccharina in lab
conditions in under 4 months. Secondly, the adaptation of laser dissection
microscopy allowed manipulation of brown algal embryos with temporal accuracy
and sub-cellular spatial precision (Boscq et al., 2022; Annex 1). Thirdly, the use of
continuous time-lapse imaging allows observation of the dynamic development and
access to parameters such as division timing, cell lineage, or cellular quantitative
morphological parameters over time. A key challenge in such imaging experiments
is maintaining physiological conditions for the chosen model organism (e.g.,

medium, light, temperature) (Kirchhelle and Moore, 2017). A particular difficulty in
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time-lapse imaging of brown algae embryos arises from their vertical growth in
various orientations. To address this problem, we devised microfluidic devices that
confine embryo growth to a focal plane. Initially designed for constraining 1D
filamentous growth in Ectocarpus (Charrier et al., 2021; Annex 2), we subsequently
developed microfluidic channels for Saccharina to restrict parenchymatous growth
in 2D parallel to the focal plane (Clerc et al., 2022; Annex 3). These microfluidic
devices offer an additional advantage: their geometrical design can be tailored to
suit various experiments, facilitating controlled flow of chemical compounds, among
other applications. Looking ahead, advancements in microscopy technologies (e.g.,
light sheet and bi-photon microscopy) will broaden our ability to precisely observe
development and cell growth in space and time. These innovations will enable us to

pose more complex questions concerning morphogenesis and cellular dynamics.
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Annexe 1: Targeted Laser Ablation in the Embryo of Saccharina Ilatissima

JOVE Movie: Targeted Laser Ablation in the Embryo of Saccharina latissima.
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In Saccharina latissima, the embryo develops as a monolayered cell sheet called the
lamina or the blade. Each embryo cell is easy to observe, readily distinguishable from
its neighbors, and can be individually targeted. For decades, laser ablation has been
used to study embryo development. Here, a protocol for cell-specific laser ablation
was developed for early embryos of the brown alga S. latissima. The presented
work includes: (1) the preparation of Saccharina embryos, with a description of
the critical parameters, including culture conditions, (2) the laser ablation settings,
and (3) the monitoring of the subsequent growth of the irradiated embryo using
time-lapse microscopy. In addition, details are provided on the optimal conditions
for transporting the embryos from the imaging platform back to the lab, which can
profoundly affect subsequent embryo development. Algae belonging to the order
Laminariales display embryogenesis patterns similar to Saccharina; this protocol can

thus be easily transferred to other species in this taxon.

10.3791/63518

URL

jove.com/video/63518

Introduction

Laser ablation has been used for decades to study embryo
development. Irradiating embryo cells with a laser beam
makes it possible to monitor the regenerative potential and
the modification of the cell lineage during embryogenesis and
investigate the impact of targeted ablation on cell division and
cell fate. The model organisms used in laser ablation methods
are typically animals, such as insects1*2, nematodes3'4,

vertebrates®:®, and occasionally plants7’8. In addition, a

laser micro-ablation approach was used on the brown alga

Fucus in 1994 and 1998 to demonstrate the role of the cell

wall in the photopolarization of the early embryo?:10.

Brown algae belong to the group Stramenopiles, diverged
at the root of the eukaryotic tree 1.6 billion years ago.
As a result, they are phylogenetically independent of other
multicellular organisms, such as animals and plants”.
Saccharina latissima belongs to the order Laminariales, more
commonly known as kelps, and they are among the largest

organisms on earth, reaching sizes of over 30 m. Saccharina
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sp. is a large seaweed used for many applications such as
food and feed, and its polysaccharides are extracted for use
in the agricultural, pharmacological and cosmetic industries

worldwide12:13

. Its cultivation, mainly in Asia and more
recently in Europe, requires the preparation of embryos in
hatcheries before releasing juveniles in the open sea. Like all
kelps, it has a biphasic life cycle composed of a microscopic
gametophytic phase, during which a haploid gametophyte
grows and produces gametes for fertilization, and a diploid
macroscopic sporophytic phase, where a large planar blade
develops from its holdfast attached to the seafloor or rocks.
The sporophyte releases haploid spores at maturity, thereby

completing the life cycle14’ 15,16,

S. latissima presents some interesting morphological
features’. Its embryo develops as a monolayered planar
sheet15:18.19 pefore acquiring a multilayered structure
coinciding with the emergence of different tissue types. In
addition, Laminariales is one of the only taxa of brown
algae whose embryos remain attached to their maternal
gametophytic tissue (Desmarestiales and Sporochnales do
too15). This feature offers the opportunity to study the role of
maternal tissue in this developmental process and compare

maternal control mechanisms in brown algae with those in

animals and plants.

This article presents the first complete protocol for laser
ablation in an early kelp embryo. This protocol involving
UV ns-pulsed technique results in the specific destruction
of individual embryo cells to study their respective roles
during embryogenesis. The procedure offers a reliable
approach for investigating cell interactions and cell fate during

embryogenesis in Laminariales.

Protocol

1. Production of Saccharina latissima
gametophytes

1. Collect mature sporophytes of S. latissima from the wild

as previously described??:2". Ensure that the selected
sporophytes are devoid of epiphytes (small organisms
visible on the blade's surface) or internal parasites (found

in the bleached areas or spots on the blade).

2. Using a scalpel, cut the darkest part in the center of the

blade (fertile spore-producing tissue22) into 1-5 square

pieces (1 cm?), avoiding any bleached spots, if present.

3. Remove any remaining epiphytes by gently cleaning the
cut pieces with the back of a scalpel and some absorbent

paper.

4. Place the cleaned pieces in a glass dish filled with sterile
natural seawater (see Table of Materials) for 45 min to

release spores following previously published report22.

5. Remove the blade pieces and filter the seawater through
a 40 um cell strainer to remove debris or unwanted

organisms.

6. Dilute the spores in the filtrate to a 20-40 spores/mL

concentration in plastic Petri dishes?2.

7. Place the spore solution in a culture cabinet (see Table of

Materials) configured with the optimal culture conditions
(13 °C, 24 yE.m2.s™1, photoperiod 16:8 L:D).

8. Allow the spores to germinate and develop into
gametophytes.
NOTE: Spore germination is visible after 2 days in the
cabinet, and the first cell division of the gametophytic

cells usually occurs within the following 48 h.
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Replace the growth medium after 5 days with micro-
filtered natural seawater enriched with a 0.5x Provasoli
solution (NSW1/2) (see Table of Materials).

NOTE: To avoid repeating these steps, specific male and
female gametophytes can be selected and vegetatively
propagated for several months. The gametophytes

remain vegetative when grown under red light (4

pE.m'2 s witha wavelength of at least 580 nm)23 in the

same culture conditions described above (step 1.7).

2. Fragmentation and induction of oogenesis

Harvest gametophytes with a cell scraper.

Using a small plastic pestle, crush the collected

gametophytes in a 1.5 mL tube into 4-5-celled pieces.
Fill the tube with 1 mL NSW1/2 (step 1.9).

Add 2.5 L of the crushed gametophyte solution into 3 mL
of natural seawater enriched with 1x Provasoli solution
(NSW) and place them in a Petri dish.

NOTE: A 25 mm, glass-bottomed Petri dish is

recommended for easier handling.

Place the prepared dishes in a culture cabinet and

induce gametogenesis at 13 °C under white light with

an intensity of 24 yE.m2.s™! (dim light, photoperiod 16:8
L:D).

NOTE: The first gametangia (female oogonia and male
archegonia) can be observed after 5 days. The male
is hyper-branched with small cells, and the female is

composed of larger cells forming long filaments'®:22,

The first eggs are observed ~10 days later, and the first
division of zygotes usually occurs within the following 2

days.

6.

Six days after observing the first eggs, transfer the

dishes to brighter white light conditions: 50 pE.m'z.s'1,

photoperiod 16:8 L:D, still at 13 °C.

3. Image acquisition for selecting embryos for
ablation and monitoring subsequent growth

Image the entire Petri dish to (re)locate the embryos
selected during the ablation step (no need to return
the dish to the ocular microscope) and monitor the
subsequent development of the selected embryos.

NOTE: Use an inverted laser scanning confocal
microscope (see Table of Materials) forimaging (Figure

1), and the laser ablation is described in step 5.

Place the Petri dish on the stage and orientate it with a

visual mark (e.g., draw a line with a permanent marker).

Use the 10x/0.45 objective to focus on an embryo.
Record the position of the four cardinal points of the Petri

dish.

Start the tile scan. Acquire transmitted/fluorescent
images of the whole Petri dish at low resolution: 256 x
256 pixels, a pixel dwell time of 1.54 us with bidirectional
scanning, and a digital zoom of 0.6x using a 561 nm laser
at 1.2% transmission.

NOTE: The scan time for a whole 2.5 cm Petri dish
is ~6 min for 225 tiles (Figure 2). Here, the 561
nm laser was used for transmission and fluorescence
imaging. The fluorescence signal was collected between
580-720 nm on the confocal photomultipliers (PMT) and
the transmitted light was collected on the transmitted
PMT. The 561 nm laser can also monitor chlorophyll at
this step, but it is unnecessary because it only helps

distinguish the signal noise and the organisms correctly.
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5. Save the tile scan image and keep it open in the image

acquisition software (see Table of Materials) window.

6. Change the objective, do not remove the Petri dish.
NOTE: The 40x/1.2 water objective was moved to the
side of the stage so that the immersion medium (water)
could be added to the objective without moving the Petri

dish from its initial position.

7. Navigate through the previously acquired tile scan image
to select the appropriate embryo. Once an embryo has
been identified on this image, move the stage to the
exact position of the embryo and acquire transmitted/
fluorescent images of that embryo at high resolution.
NOTE: High-resolution settings: 512 x 512 pixels, 0.130
um/pixel, 0.208 ps pixel dwell time with mono-directional
scanning and 2x digital zoom using a 561 nm laser at

0.9% transmission.

8. Annotate the tile scan image for each embryo candidate
for laser ablation (Figure 2B) and proceed to the laser

ablation step.

4. Laser calibration

1. Calibrate the laser and synchronize the image acquisition
software with the laser-driver software in the "Click & Fire
mode" and a pulsed 355 nm laser.

NOTE: This step is crucial to ensure perfect
synchronization between the mouse cursor's position in
the laser-driver software (see Table of Materials) with

the position in the live image of the acquisition software.

2. Open the laser-driver software package and click on Live

in the image acquisition software package.

3. Synchronize both software packages by clicking on Start

acquisition in the laser-driver software package. The

live image is now also recorded in the UV laser-driver

software.

Define an area of interest (AOI) by clicking on Choose
AOI button and clicking on the edges of the image (right,
left, top and bottom) in the UV laser-driver software
package.

NOTE: After this calibration step, the settings for pixel
size, image format, and zoom in the acquisition software

package must remain constant.

Select an empty area on the dish and lower the level of
the stage to 20 ym below the sample focal plane to focus

on the glass bottom.

Set the ablation laser and imaging laser trajectories
by clicking on Start calibration and choose Manual

calibration.

Select a laser power high enough to see a black dot in
the center of the live image corresponding to the hole in

the glass coverslip (all the shutters must be open).

Click on this central black dot with the mouse cursor and
click on 18 additional dots proposed by the software to

complete the alignment procedure.

Check the calibration in the "Click & Fire mode" on the
same coverslip.

NOTE: Laser calibration depends on the imaging
parameters. Once the laser has been calibrated, ensure
that the imaging parameters (i.e., 512 x 512 pixels, 0.130
pum/pixel, 0.208 ps pixel dwell time with mono-directional

scanning and 2x digital zoom) have not changed.

5. Laser ablation

Select an embryo of interest. Start a time-lapse recording

in the image-acquisition software.
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Acquire transmitted/fluorescence images with a 40x/1.2
W objective at high resolution (i.e., 512 x 512 pixels,
0.130 pum/pixel, 1.54 ps pixel dwell time with mono-
directional scanning and 2x digital zoom using a 561
nm laser at 0.9% transmission). Acquire the time-lapse

recording at maximum speed.

Zoom out of the area at the beginning of the time-lapse

recording. Zoom in on the AOI.

Use the "Click & Fire" function of the laser-driver software
to apply the damaging irradiation on the cell of interest
in the embryo. Use the following parameters: 45% laser
transmission (corresponding to a maximum of 40 pyW)
and 1 ms pulse time duration (step 4).

NOTE: Video recording during the laser shooting is

recommended.

Under 688 nm, monitor the ejection of autofluorescent

chloroplasts from the cytoplasm.

If cell contents remain in the cell, use the "Click & Fire"
function once more to increase the size of the breach
in the cell. Repeat, keeping the number of shots to
a minimum until most of the cell contents have been

released.

Stop the time-lapse recording after the embryo has
stabilized (i.e., no further intracellular movement can be

detected (~1-5 min).

Update the annotation on the tile scan image, if

necessary.

6. Monitoring the growth of irradiated embryos

NOTE: Monitoring is carried out over several days.

Determine the survival rate by monitoring the number of
embryos that develop after laser ablation and compare
them to those that die.

NOTE: Some embryos die immediately after ablation for
various reasons. A high and rapid mortality rate is usually
a sign of inappropriate laser parameters or higher/longer
exposure to stress during the experiment or subsequent

transport.

Determine the growth delay by measuring the length of
the laser-shot embryos every day and comparing it to
intact embryos.

NOTE: The growth rate of laser-shot organisms is
generally slower than that of untreated organisms.
However, some (inappropriate) laser settings can inhibit
growth for more than a week, with growth resuming after

that.

Find out the adjacent damage by monitoring the reaction
of cells adjacent to the ablated cells. In some cases, post-
burst depressurization may cause neighboring cells to

burst.

Check for microbe contaminations. Monitor the growth
of microalgae and bacteria in the medium. If an unusual
level of microbes are present in the dish, then discard it
and repeat the protocol from step 2 or step 3.

NOTE: After laser ablation, damaged S. Ilatissima
embryos are already highly stressed, and additional
external stress can cause increased mortality. Bacterial
or viral outbreaks are possible because the treated

embryos cannot grow in axenic conditions.

Check the global development of the shot organisms by
studying the phenotype and understanding the role in the

development of the targeted region.
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Representative Results

Gametophytes of S. Jatissima were grown, and

gametogenesis was induced to produce zygotes and
embryos. Twelve days after the induction of gametogenesis,
the embryos underwent laser ablation. Here, the experiment
aimed to assess the role of specific cells in the overall
development of S. /latissima embryos. The most apical cell,
the most basal cell, and the median cells were targeted. After
tile scanning, the entire Petri dish (Figure 2A), an embryo
of interest, was identified as a suitable candidate for laser
shooting (Figure 2B). A specific cell of this embryo was
chosen, targeted, and shot with a pulsed UV laser beam
with a maximum of 40 yW of laser power (corresponding to

45% of maximum power for the equipment used here) for

1 ms (Movie 1). The cell released its contents (chloroplasts

and cytoplasm). Interestingly, adjacent cells responded to
the bursting of the irradiated cell by expanding into the
intercellular space. The position of the irradiated embryos was
recorded for subsequent monitoring over 10 days (Figure
3). Most of the irradiated embryos continued to develop but
showed growth alteration (embryo shape). A detailed analysis
of the morphological changes needs to be undertaken before
a specific function can be attributed to each irradiated cell in

controlling the overall developmental mechanism.

In contrast, embryos tested with other laser parameters (e.g.,
33 ms for the shooting duration of 60%-80% laser power;
Movie 2) quickly showed signs of severe stress such as
cell bleaching, fading, or shape changes (rounding). Almost

all embryos shot in this way died within five days after the

experiment (Figure 4).

Figure 1: Photograph of the laser ablation microscope set-up. Please click here to view a larger version of this figure.
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Figure 2: Annotated tile scan of a whole Petri dish. (A) Tile scan of the entire Petri dish used for laser ablation. The
transmission PMT was used to obtain a brightfield scan. Once an embryo of interest has been located, the user clicks on the
embryo's position in the tile scan, and the software positions the stage directly over the embryo. (B) The tile scan can then
be annotated specifically to locate the embryo in the subsequent steps, to track and monitor the embryo. Here, the image
shows an embryo attached to the bottom of the Petri dish, which can be easily located using the 561 nm laser. Please click

here to view a larger version of this figure.
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D2 D3 D4 D5 D6 D7 D8 D9

Figure 3: Time series of the growing S. /atissima embryo after irradiation. This is shown in Movie 1. Laser ablation
of the most apical cell of the embryo did not bleach the adjacent cells of the embryo. They continued to grow and divide,
forming a normal embryo after a few days. Images were taken every 24 h, 2-9 days after ablation. The scale bar is 50 pm

and is the same for all photos. D2-D9 corresponds to day-2 to day-9. Please click here to view a larger version of this figure.
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Figure 4: Time series of S. latissima embryo death after laser ablation using suboptimal parameters. Overexposure to

laser irradiation can easily lead to higher death rates of the target embryo and also the neighboring ones. A time series of the

embryo shot in Movie 2 is shown, with the time after ablation indicated above each photo (3-6 days after ablation). Scale bar

is 30 um and applies to each photo. Please click here to view a larger version of this figure.

Movie 1: Laser ablation of the most apical cell of an 8-
celled embryo of S. latissima. The focus was first adjusted
on the embryo selected among a bouquet of Saccharina
sporophytes (at different fields, first wide, then narrow). The
most apical cell of the embryo was then shot using 45% laser
power for 1 ms. The apical cell rapidly burst and released
its contents. The adjacent cells, freed from the turgor of
the burst cell, filled the empty space. After 5 min, the cell
and its contents have stopped moving and have reached
a state of equilibrium. The movie has been accelerated 4

times (from 1 image per 632 ms to 6 fps). The follow-up of

embryo development is shown in Figure 3. Please click here

to download this Movie.

Movie 2: Significant bleaching of cells adjacent to a burst
cell caused by suboptimal laser settings. Using a laser
power of 60%-80% for 1 ms or a laser power of 45% for 10 ms
resulted in significant bleaching of adjacent cells and a much
lower survival rate. The settings used for the laser should
not cause bleaching or partial damage to adjacent cells. Best
results were obtained by reducing the power and/or duration
of the laser pulse, and targeting the point furthestfrom the

adjacent cells. Here, the most apical cell of a 4-celled embryo
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of S. latissima isshot (80% laser power, 1 ms) (lateral/top
view). Overbleaching of the lower and lateral cells is readily
observable. The subsequent development of the embryo is

shown in Figure 4. Please click here to download this Movie.

Supplementary Figure 1: Schematic flowchart of the

entire protocol. Please click here to download this File.

Discussion

Local cellular laser ablation allows for temporal and spatial
ablation with a high level of precision. However, its efficiency
can be hampered by the non-accessibility of target cells; for
example, all the cells are of a three-dimensional embryo. This
protocol was developed on the embryo of the alga Saccharina
latissima, which develops a monolayered lamina in which all
cells can be easily distinguished and destroyed individually

with a laser beam.

Laser power and wavelength

NIR fs-pulsed laser is commonly used in developmental
studies on animals2*25 . However, in the case of brown algae
such as Saccharina, the laser could not burst the cell without
burning the whole embryo. This reaction may be related to the

high activity of the chloroplast light harvesters.

Using the ns-pulsed UV laser for ablation, two approaches
were tested: (1) using a high power pulse over a short period
of time or (2) using a lower laser exposure over a longer period
of time. The energy delivered by the laser, a combination of
laser power and pulse duration, impacts the energy delivered
to the irradiated cell. The delivered energy can also affect the
surrounding cells by reflection and diffraction. Therefore, the
lowest settings of the two parameters that gave reproducible
results were selected to reduce any unwanted collateral
effects. Laser power between 25-40 pW.cm'2 with a pulse

of 1 ms appeared to be optimal. Using these parameters,

the effect of the UV laser was contained at a very local
level with no visible bleaching in the surrounding cells but
efficient enough to cause the target cell to burst. These
parameters were repeatedly applied without any direct lethal
effect on the embryos. Longer pulse times or higher laser
power caused bleaching of the surrounding cells or even
death of the embryo, whereas lower values were insufficient

to break the cell wall.

Algal material and culture conditions

Although allowing for precise shooting at the subcellular level,
this technique requires the experimenter to address four
critical factors to allow reliable interpretation of the results.
These points must be considered both before and after the

laser ablation experiment.

The first factor to address is embryo population density.
Negative crowding impacts the development rate of S.
latissima®®. Low densities provide for (1) better pulse
repeatability because the presence of other embryos in the
laser path can decrease its power, and (2) easier monitoring
of the embryos shot by the laser, which grow slightly slower
than intact embryos; the latter quickly covering the shot
embryos. The second critical factor of this protocol is the
temperature at which the experiment is carried out. The laser
beam itself heats the sample, but the temperature of the room
and the local environment of the microscope add to the overall
temperature conditions experienced by the sample, close to
18-22 °C. Here, the microscope's room was not refrigerated
because this equipment is mainly used for animal cells
that tolerate ambient temperatures. Fortunately, Saccharina
embryos were able to withstand temperatures of 22 °C (9
°C higher than the optimal culture temperature of 13 °C) for
up to 4 h. However, devices to help maintain a low ambient

temperature, such as adequate ventilation or a cooling plate
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holder, can help mitigate the risk of adverse effects on the
survival and development of the algal embryos. Furthermore,
slow pre-acclimation of gametophytes to 16 °C under red light
can help the embryos withstand temperature spikes during
the ablation process. Third, in addition to the increase in
temperature, the embryos are deprived of a suitable light
source for the duration of the experiment. Moreover, the
chloroplasts may be partially bleached by the 561 nm laser.
Using the lowest possible power on the 561 nm laser helps
reduce this effect. Fourth, transport is also a critical factor
to take into account because laser ablation equipment is not
available in all laboratories. Temperature spikes and external
movements or shocks should be avoided to prevent the algal
material's dislodgement, loss, or death. Whenever possible,
the transport boxes need to be refrigerated, vibration-
resistant (e.g., shock-absorbing foam), and equipped with
lights. Several transport boxes that meet these requirements

are available commercially.

Even if all these factors are controlled as much as possible,
weak but potentially significant environmental stress may still
occur. This possibility must be considered in analyzing and

interpreting the embryo response to laser ablation.

In addition to the environmental conditions that must be
kept stable throughout the experiment, keeping track of the
irradiated organisms throughout the monitoring step is also
a challenge. The growth of the different embryos changes
the original landscape over time. Unless an automated
microscope can be dedicated to monitoring the experiment,
following the embryo after laser ablation can easily become
time-consuming and generate large amounts of data. Video
recordings during the initial laser ablation pulse are highly
recommended to track the embryo's immediate reaction to

the pulse. This rapid monitoring of the pulse impact is of

significant importance because in some instances, the pulse,
when targeted to the middle of the cell, caused the target cell
to burst rapidly, most likely due to the difference of osmolarity
between the interior of the cell and the medium (seawater).
When the leakage was too fast, the neighboring cells also
burst. Shooting at the most distal region of the targeted cell
proved to be an efficient way of buffering the burst effect
on any adjacent cells. Another efficient way to avoid violent
bursts is to increase the osmolarity of the medium with
sucrose?’ . However, the difference in osmolarity is necessary
to eliminate the targeted cell's contents. Thus, maintaining
sufficient osmolarity potential is required. In a few cases,
chloroplasts and other compounds obstructed the opening
made by the laser ablation, which resulted in cells recovering
from the laser shot, with growth resuming after a few days.
Additional pulses directed at unclogging the opening proved

sufficient to prevent obstruction.

Limitations

A trade-off must be struck between laser power, which should
be high enough to make the cells empty their contents, and
the survival of the neighboring cells, which in algal embryos
are particularly sensitive to heat stress and photobleaching.
Therefore, close monitoring of the cells after the laser shot
is the key to controlling this step and ensuring that the
target cells are dead. Otherwise, the interpretation of the
targeted cells on the fate of the neighboring cells, and thus the

subsequent development of the embryo, can be misleading.

Puncturing cells with a needle may seem to be an alternative
in which the algal cells would not experience any heat or
light stress. However, this approach would be challenging
because brown algal embryo cells grow immersed in
seawater and have no contact with any solid surface. The

thick and elastic cell wall resists needle penetration even
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when maintaining the embryo in contact with a solid, glass
surface using a micromanipulator in a standard microinjection

system.

In summary, this protocol describes the complete
experimental procedure and settings for the laser ablation
and monitoring of brown algal embryos and the critical steps
for a successful experiment (Supplementary Figure 1). This
unique approach is a promising method for studying cell

interactions and cell fate in the early embryos of brown algae.
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Polydimethylsiloxane (PDMS) chips have proven to be suitable environments for the
growth of several filamentous organisms. However, depending on the specimen, the
number of investigations concerning their growth and cell differentiation is limited. In
this work, we monitored the developmental pattern of the brown alga Ectocarpus inside
PDMS lab-on-chips. Two main methods of inoculation of the lab-on-chip were tested,
i.e., via the direct injection of spores into the chamber as well as through the insertion of
sporophyte filaments. The resulting growth rate, growth trajectory, cell differentiation,
and cell branching were monitored and quantified for 20 days inside 25 or 40 um
parallel channels under standard light and temperature conditions. With growth rates
of 2.8 pm-h~", normal growth trajectories and cell differentiation, as well as branching
occurring inside the microfluidic environment, the main development steps were shown
to be similar to those observed in non-constrained in vitro conditions. Additionally,
the labelling of Ectocarpus cell wall polysaccharides using calcofluor for cellulose
detection and immunolocalisation with monoclonal antibodies for alginates showed
the expected patterns when compared to open space growth evaluated with either
epifluorescence or confocal microscopy. Overall, this article describes the experimental
conditions for observing and studying the basic unaltered processes of brown algal
growth using microfluidic technology which provides the basis for future biochemical
and biological researches.

Keywords: microfluidics, brown alga, tip growth, on-chip immunolocalisation, Ectocarpus, filaments, lab-on-
chips

INTRODUCTION

Because of their highly polarised shape, filamentous organisms tend to raise many questions
concerning their growth and differentiation, such as if their growth is restricted to the apical cell,
which corresponds to a case of localised growth, or if it is shared by all the cells composing the
filament as seen with diffuse growth patterns. Additionally, it is yet to be discovered how the
complex intercellular transport of material and the correspondingly required communication in
such polarised and uniaxial living structures occur. Furthermore, it is unclear what cues lead to
the distribution of cell differentiations along such a linear tissue and how the repetition of all these
functions is controlled when architectural complexity is increased through branching.
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With advances in microtechnology driving the development
of novel microelectromechanical systems (MEMS) and,
consequently, the broader availability of corresponding
fabrication facilities, the use of lab-on-chip devices has gained
increasing interest in many research fields ranging from
chemistry and biomedical engineering to biology (Azizipour
et al,, 2020; Bayareh et al., 2020; Pei et al., 2020; Zhu et al., 2020;
Berlanda et al., 2021; Laubli et al., 2021a). As a subset of these
technologies, microfluidic devices, i.e., structures containing
fluid filled channels with dimensions in the pm to mm range,
have been successfully established as a versatile tool that enables
new avenues of research through the manipulation and handling
of small organisms (Ldubli et al., 2021b). In recent years, several
pieces of work have relied on microfluidic technologies to
study a wide range of organisms through the evolutionary tree
including mammalians and plants (Peyrin et al., 2011; Siddique
and Thakor, 2013; Tong et al.,, 2015; Shamsudhin et al., 2016;
Burri et al., 2018). The reasons for using microfluidic devices
to study small specimens are numerous and reflect the need of
investigations to spatially constrain these cultured materials,
for example by limiting the height and width of the available
environment in the chip path in order to simplify long-term
monitoring and improve the resolution of microscopy-based
observations (Shamsudhin et al., 2016; Kozgunova and Goshima,
2019; Zhou et al., 2021). It can also allow the separation of
filaments which would otherwise grow too densely (Bascom
et al,, 2016) or guide them to grow perpendicular to a measuring
device, such as a force sensor, positioned at the exit of the
chip (Burri et al, 2018). Furthermore, depending on their
design, constrained paths can also be utilised to evaluate the
existence of directional memory of growing filaments (Held
et al, 2011). Finally, in addition to the guidance of small
organisms, microfluidic chips can be used for automated flows
of controlled chemical compounds (Agudelo et al., 2013) as well
as combined with microelectrodes to enable the generation of
applied electrical pulses (Agudelo et al., 2016), both of which
can be perceived as cues for the activation or repression of
downstream signalling pathways in living specimens.

Nevertheless, the potential of microfluidic devices must first be
evaluated for each biological model to avoid misinterpretations
of subsequent results due to unidentified effects induced by
the constraining environment. In the protonemata of the moss
Physcomitrium patens, an initial study demonstrated that growth
rate, cell differentiation, protoplast regeneration, and responses
to drugs of specimens growing inside microchannels were all
comparable to observations from samples under standard growth
conditions (Bascom et al., 2016), thereby validating the use of
polydimethylsiloxane (PDMS) chips for their study. However, the
response to these conditions depends, to some extent, on the
geometric parameters of the chip. The available height between
the glass slide and the PDMS layer has been shown to impact
certain cellular biological processes. When moss protonemata
filaments with a diameter of 21 wm were constrained inside
channels with a height of 4.5 wm, their microtubule velocity
was reduced while the viability and growth of the filaments were
not impaired (Kozgunova and Goshima, 2019). On the other
hand, growth in maze and grid PDMS meshworks was shown

to significantly impair both the growth rate and the branching
pattern of the fungus Neurospora crassa (Held et al., 2011),
although this effect was attributed to the design of the chip
pathways rather than to the PDMS polymer which is generally
known to be chemically compatible and non-toxic.

Here, we evaluated the ability of Ectocarpus sp. to grow within
PDMS-based microfluidic devices and assessed the suitability
of our approach for immunocytochemistry in the filamentous
brown alga Ectocarpus sp. Brown algae (Phaeophyceae) are a class
of photo-autotrophic organisms that evolved independently of
animals and plants. The ancestor of this kingdom, Stramenopiles,
diverged 1.6 billion years ago from the eukaryotic ancestor
shared by the animal and plant lineages, i.e., the Opisthokonta
and the Archaeplastida, respectively (Baldauf, 2003). Since the
knowledge of the first genomic sequence of brown algae (Cock
et al, 2010), metabolic, cellular, and developmental studies
have confirmed their peculiar phylogenetic position, as they
combine animal and plants characteristics (Bothwell et al., 2008;
Cock et al., 2010; Michel et al., 2010; Popper et al., 2011;
Bogaert et al., 2019; Rabillé et al., 2019a). While Ectocarpus
was shown to grow on PDMS surfaces immersed in seawater
(Evariste et al., 2012), we studied how its filaments cope with
the restricted and constrained spatial environment provided by
a microfluidic chip. We focused on the prostrate filament of
the sporophyte because it grows immediately after mitospore
or zygote germination. More importantly, this filament grows
by tip growth, a mechanism that is shared by many organisms
belonging to other phyla of the eukaryotic evolution tree,
thereby, allowing macroevolutive scale comparisons. In addition
to the oomycetes belonging to the Stramenopiles like brown
algae, tip growing cells include plant pollen tubes and plant
root hairs, moss filaments (protonemata) and algal rhizoids of
the Archaeplastida phylum, and fungal hyphae and neurons
in the Opisthokonta phylum (Figure 1). Besides its different
evolutionary history, Ectocarpus differs from other tip-growing
organisms in many ways. Its sporophyte filaments are the slowest
tip-growing organisms reported to date with a growth speed of
2.5 pm-h™! (Figure 1), i.e., 700 times slower than the pollen
tube (Rabillé et al., 2019a), which highlights the necessity of
evaluating lab-on-chip technology to simplify their long-term
investigation in controlled environments. In addition, we showed
that the mechanisms of tip growth selected by this alga relies
on an adjustment of its cell wall thickness at the very tip of the
apical cell, while most of the other tip growing cells, including
the pollen tube, control their growth by varying the cell wall
stiffness at this position (Rabillé et al., 2019a). Hence, further
studies of tip growth mechanisms in Ectocarpus, namely those
controlling the cell wall thickness during apical growth, require
the development of technologies allowing to simultaneously
monitor several filaments growing in similar conditions over a
long period of time.

In this technical paper, we designed two PDMS-based lab-on-
chips consisting of straight parallel channels to constrain filament
growth and to guide them in a single, horizontal direction in
contrast to their growth in all directions as observed in open
space environments. The healthiness and growth performance
of Ectocarpus filaments inside these microfluidic environments

Frontiers in Marine Science | www.frontiersin.org

November 2021 | Volume 8 | Article 745654


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Charrier et al.

Ectocarpus Growth in Microfluidic Environment

Eukaryote Ancestor
Archaeplastida Opisthokonta Stramenopiles
Chlorophyta Embryophyta Metazoans Eumycetes Oomycetes  Brown algae
Chara Moss Medicago Lilium Drosophila  Neurospora Saprolegnia  Ectocarpus
Rhizoid Protonema Root hair Pollen tube Neuron tip Hypha Hypha Filament
X @
\ @ Ik
DN
)
- 9 Iy
T 5 B | i Al .
160 um/h 10 um/h 20 um/h 780 um/h 17 um/h 200 um/h 480 um/h 2.5 um/h
FIGURE 1 | Diversity of tip growth in the eukaryotic tree. The phylogenetic position of eukaryotic taxa with tip-growing organisms. The cell shapes and typical growth
rates for each organism are shown. Scale bars (from left to right): Archaeplastida, 20, 5, 5, and 5 um; Opisthokonta, 5 and 5 um; and Stramenopiles, 5 and 5 pm.
Modified from Rabillé et al. (2019a).

were monitored for up to 20 days and their growth rates were,
in addition to the qualitative evaluation of several development
steps, quantitatively compared to open space growth conditions.
Finally, the ability to label cytological markers, either by
immunochemistry or directly with vital dyes, was tested to
study the suitability of microfluidic environments for subsequent
investigations of the tip growth in the brown alga Ectocarpus.

MATERIALS AND METHODS
Chip Design

The transparent polymer PDMS, as often used for the fabrication
of microfluidic environments, was shown to be not toxic for
the brown algae Ectocarpus sp. (Evariste et al., 2012) as blended
filaments inoculated on surfaces of different PDMS compositions
grew as expected. Figure 2A shows a schematic of a PDMS
device in side view. The key elements of the structure consist
of the inlet, the main chamber, as well as the microchannels.
The inlet has a diameter of 1.2 mm and enables filling of
the chamber and loading of the samples. The height of the
chamber is 100 wm to ensure sufficient availability of nutrients.
Depending on the planned experiment, a design with a circular
(Figures 2B,C) or triangular chamber (Figures 2D,E) can be
chosen. The chamber is connected to numerous microchannels
with a height of 20 um. The reduction in height from the chamber
to the channel constricts the specimen’s growth direction and,
by that, allows for long-term imaging within a stable focal plane.
While circular chambers connect to 44 channels with a width of
25 pwm and allow for multiplex observations of the specimens,
triangular chambers connected to 14 channels with a width of
40 pm to enable the detailed investigation of specific growth
trajectory, e.g., filament undulations. The channels are separated
by PDMS walls with a width of 20 wm, which is necessary to
ensure proper sealing and adhesion between the PDMS device
and the glass substrate. Figure 2D shows a schematic of a

PDMS device with a triangular chamber. At the entrance of
the channels, a small funnel guides filaments from the chamber
into the channel, thereby enhancing the percentage of filaments
growing into the channels. Once an entrance or channel is
filled, a constriction at the end of the funnel should prevent an
additional filament from entering the already occupied channel.
Additionally, the constriction reduces the risk of specimens
getting flushed through the channels during the initial filling of
devices with wider structures.

The width chosen for the channels was a compromise of
several criteria. On the one hand, narrower channels would
increase the spatial constraints for Ectocarpus, which, despite
being of broader interested concerning the resulting growth
cell response, is not the focus of this initial investigation on
the feasibility of lab-on-chip technology. Additionally, narrower
channels would require a higher loading pressure, which could
damage the samples or even separate the bond between the
PDMS structure and the glass substrate. On the other hand,
the use of wider channels bares the risk of samples passing
through the microchannels rather than being collected in the
chamber during loading. Overall, considering biological features
as well as manufacturing constraints and technical challenges, we
considered 25 pm to be a compromise that would allow the algae
to have sufficient nutrients while ensuring a mechanically robust
lab-on-chip device.

As to the chamber, its geometry was adjusted to allow a
sufficiently large number of connected channels for each design
while simultaneously limiting the volume available inside the
chamber. Thus, it optimises the chance of obtaining filaments
growing parallel to each other inside channels which is a
crucial factor for the efficient study of slow-growing organisms
like Ectocarpus. However, although no direct influence on the
specimen’s growth was observed in relation to changing the inlet
geometry, future studies could examine the impact of additional
design parameters, such as the height or diameter of the inlet, on
the specimen’s health and viability.
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FIGURE 2 | Design of the PDMS lab-on-chips. (A) A schematic showing the
main components of the lab-on-chip in side view including the inlet into which
the algal material was injected, the chamber into which it settles, and the
channels in which growth can be monitored. The height of each compartment
is indicated. The overall PDMS structure was sealed on a glass cover slip to
ease the observation of the specimen using an inverted microscope. (B,C) A
top view schematic and an optical microscopy image of a lab-on-chip with
25 pm wide channels. (D,E) A top view schematic and an optical microscopy
image of a lab-on-chip with triangular chamber and 40 wm wide channels.

(F) A photograph of a ready-to-use PDMS lab-on-chip placed next to a €2
coin. Scale bars: (C) 400 pm; (E) 200 pwm.

Fabrication

The lab-on-chips were fabricated by  double-layer
photolithography in clean room environments and by mould
replication techniques. Silicon wafers were cleaned with
acetone, isopropanol, and deionised water prior to mould
fabrication. For the layer containing the microchannels, the
photosensitive polymer SU-8 3025 (Kayaku Advanced Materials)

was spin-coated on the wafers using a three-step process
with a maximum angular velocity of 4500 rpm to obtain a
uniform photoresist layer of 20 wm. The corresponding design
of the channel layer was transferred onto the photoresist
using a mask aligner (MA6/BA6, Siiss MicroTec). Finally,
the wafers were developed (mr-Dev 600, Micro Resist
Technology GmbH) and hard baked at 150°C for 5 min to
improve the stability of the channels and their adhesion to
the silicon substrate. The second layer of the lab-on-chip,
ie, the elevated section containing the inlets as well as
the main chamber, was fabricated through an additional
photolithography process using SU-8 100 (Kayaku Advanced
Materials) and a maximum angular velocity of 3000 rpm
to ensure a uniform 100 pm thick layer of photoresist.
Figure 2E shows an optical microscopy image of a fabricated
mould with a triangular chamber to be used for PDMS
replication. The observed variation in the focal plane is based
on the height difference between the channel layer and the
triangular chamber layer.

Prior to PDMS casting, the fabricated structures were
vapour coated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (CAS 78560-45-9, ABCR) and heated to 120° C
for 10 min to improve the reusability of the mould. PDMS
(Sylgard 184, Dow Corning) with a weight ratio of 1:10 (curing
agent to pre-polymer) was mixed sufficiently for 5 min, poured
over the SU-8 mould, and degassed for 30 min in a vacuum
chamber. To transfer the 3D pattern into the polymer, the
PDMS was cured for 1 h in an oven at 80°C. Finally, the
PDMS was cut and peeled off the mould and the inlets were
punched using a biopsy punch with a diameter of 1.5 mm
(BP15, Vetlab). To chemically bond the PDMS and the cover
glass with a thickness of 0.17 pm, both surfaces were exposed
to oxygen plasma (Femto Plasma Asher, Diener Electronics)
for 30 s before being brought in contact. Slight pressure
was manually applied to ensure proper contact between the
entirety of the lab-on-chip and the cover glass to prevent future
algal specimens from growing beyond the dimensions of the
corresponding microchannels.

For size comparisons, Figure 2F shows a ready-to-use lab-on-
chip with 25 pm wide channels next to a €2 coin.

Sterilisation of the Chips

The chips were sterilised by UV irradiation for 30 min in a sterile
laminar flow hood. Then, they were used either dry or pre-filled
with sterile seawater (see below).

Ectocarpus Cultivation

Ectocarpus strain CCAP 1310/4 (also named Ec32) from the
Culture Collection of Algae and Protozoa was grown in
natural seawater (approximately 550 mosmoles) supplemented
by vitamins and microelements as described by Le Bail and
Charrier (2013). Sporophyte filaments were produced from the
germination of swimming mitospores (Charrier et al., 2008).
Cultivation took place at 13°C under 12:12 light:dark conditions
(light intensity of approximately 29 wE m~2 s~!), usually on the
main types of plastic and glassware. Seawater was renewed every
2 weeks when algae were grown in open space environments.
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On-Chip Inoculation

Optimisation of the Loading Procedure

The 1.2 mm diameter inlet was filled with seawater by applying a
constant pressure via a pipette mounted with a cut pipette tip to
seal the 1.2 mm inlet.

As seawater is 1.3% more viscous and has a higher surface
tension than pure water, filling the channels can be more difficult.
Consequently, if the applied pressure is too low, the seawater
introduced into the inlet only fills the chamber but not the
channels (Supplementary Figures 1A,B). A solution of seawater
stained with bromophenol blue was used to optimise the channel
filling procedure with a micropipette. Once the protocol was
established, algal material was introduced into the chamber.

Channel Filling

The algal material was introduced into the chamber by applying
a steady pressure high enough to bring the algal material just
at the entrance of the channels, yet low enough to prevent the
algae from being flushed out of the chamber. After inoculation,
the material was left still for 2 h to allow the spores to attach
to the chamber surface and the glass substrate. If sporophytes
were used instead of spores, they were removed after 2 h. The
channels were then filled with seawater by applying a pipetting
pressure high enough to allow the liquid to move from the
chamber to the channels. Because we did not use a pump
with standardised equipment (e.g., pipe diameter), the numerical
value of the pressure is not known. However, pressure required
to fill the channel when pressing on a micropipette has been
experienced previously using blue seawater as a visible coloured
marker to monitor channel filling (Supplementary Figure 1C).
It is also worth noting that the required pressure varied slightly
between each structure, as, due to their manual preparation, the
final length of the microchannels showed minor variations. To
confirm complete filling of the channels with clear seawater, the
channels outlets were monitored under a microscope for the
release of air bubbles. Channels in which air remained trapped
after the first filling procedure (as shown in Supplementary
Figure 1D) were flushed several times.

Once inoculated, the lab-on-chip was transferred to a Petri
dish filled with seawater and kept fully submerged. It was
cultured under standard conditions as described above, thereby,
allowing for comparisons to open space cultivations. Seawater
was renewed every 2 days. No salt crystals were observed inside
the channels during at least 3 weeks.

This procedure was repeated on 7 independent experiments
summing 12 slides containing a total of 108 lab-on-chip devices.
Altogether, more than 500 filaments were observed.

It is important to highlight that the described on-chip
inoculation has been tested with regards to the loading
procedure and, consequently, to the optimum location for the
loaded material to ensure successful germination and improved
specimen health. The optimised method, as described above,
relies on a two-step filling process for the microfluidic device in
which loaded fertile sporophytes or released spores were initially
prevented from entering the channels by the liquid/air interface
formed between the chamber and the channel. The channels

were then made accessible to the germinating spores by flushing
the full structure.

In contrast, filling the chamber as well as the channels
with fertile sporophytes or spores in a single step did not
only lead to partially blocked channels due to broken or
small filament pieces (Supplementary Figure 2A) but further
allowed the still swimming spores to enter the channels. This
led to severely impaired filament growth behaviours with
delayed spore germinations and qualitatively less asymmetrical
cell divisions. Furthermore, some cases demonstrated growth
directions perpendicular to the channel axis (Supplementary
Figure 2B) as well as a general reduction in growth rate
with less pronounced cell growth of the apical cells and
shorter filaments (Supplementary Figure 2C). Finally, while
cell rounding was still observed for filaments with normal
apical growth (Supplementary Figure 2D), branching has
not been detected for any spores that initially germinated
inside the channels.

As a suitable alternative allowing many channels to be filled
with branches at a similar stage of development (Supplementary
Figure 2E), the loading of non-fertile sporophytes into fully
flushed structures can be proposed. As Ectocarpus development
is reiterative, subsequent branch growth followed the same
developmental process as for primary filaments while the spore
germination and initial asymmetrical divisions were skipped.

Image Acquisition

The Leica DMI-8 inverted microscope was used to observe
calcofluor (Ex/Em: 380/475 nm) and fluorescein isothiocyanate
(FITC; Ex/Em: 495/520 nm) labelling with the corresponding
filters. Confocal microscopy (TCS SP5 AOBS inverted confocal
microscope, Leica, objective Plan-Apochromat 63x/1.4 Oil) was
used to increase the z spatial resolution compared to image
acquisition by epifluorescence microscopy.

Labelling of Cellular Components

Cellulose was stained by incubating the lab-on-chip in 0.01%
calcofluor white solution (fluorescent brightener 28, F-3543,
Sigma-Aldrich) for 30 min at room temperature (RT) in the dark.
The solution was injected into the channels by high pressure
pipetting. Observation was performed under UV light using
epifluorescence microscopy after flushing the channels with fresh
seawater at least twice and after incubation for at least 15 min at
RT between each rinsing step.

Immunolocalisation of cell wall polysaccharides in the lab-
on-chip was developed by adapting the protocol from Rabillé
et al. (2019b). The main modification consisted in fixing the
algal material in 4% paraformaldehyde prepared in H,O instead
of seawater. All the solutions were rinsed by high pressure
pipetting into the inlet which occasionally resulted in the loss
of some filaments.

Statistical Evaluation

Statistical evaluations concerning the specimens’ growth rates
were performed as double-sided #-test with unequal variances
for n = 15 specimens present in the free environment and
n = 22 specimens in the microfluidic channels. The resulting
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p-values are reported in the corresponding paragraph. Statistical
significance was determined as p < 0.05.

RESULTS

Viability and Developmental Steps of
Ectocarpus Filaments Within the
Lab-on-Chip

The early development of the Ectocarpus sporophyte has been
described in detail (Le Bail et al., 2008, 2010, 2011; Nehr et al.,
2011; Rabillé et al, 2019a) and is summarised in Figure 3.
When grown in open space environments, the Ectocarpus
sporophyte is composed of microscopic, branched uniseriate
filaments (Figure 3A) that form a visible tuft approximatively
4 weeks after the very initial stages (Figure 3B). Sporophytic
filaments growth is initiated by an asymmetrical cell division

A Early filaments

B Later ﬁlaments

c Asymmetrical cell division

Q@ -—¢&
D Tip growth
¥ SEA—
—— ——
- - ——— -
f7um "
E Cell differentiation .
—‘—‘s’ g\l
(- | ]
MN—_’ i
20 um AN e
F Branching
(-l

—
%4
| g

FIGURE 3 | Morphology and development of Ectocarpus prostrate filaments.
The general morphology of early (A) and later (B) prostrate filaments. (C-F)
Schematic representations of the filament development and growth.

(C) Zygotes, mitospores, or parthenogenetic gametes (all brown disks)
germinate, divide asymmetrically (dashed line represents the germinating
tube), and produce the first, highly polarised, apical cell. (D) Growth occurs at
the tip of the apical cell and is indeterminate (arrow). It produces 7 pm wide
cells. (E) The elongated, up to 60 wm long cylindrical apical cells progressively
differentiate into rounder cells that are 15 pm wide. (F) In the meantime,
branching takes place on the shank of sub apical cells (arrow). The branch
re-iterates the same developmental pattern as the primary filament. Scale
bars: (A) 100 um; (B) 1 mm.

of the zygote or mitospores (Figure 3C), forming the first
apical cell that continues to grow indefinitely by tip growth
(Figure 3D). A few hours later, the initial cell germinates
again and gives rise to a second apical cell, which grows along
the same axis as the first one but in the opposite direction.
Over the span of several days, each first apical cell gradually
differentiates into spherical cells. Apical growth and cell rounding
generate a uniserial filament which is composed of two main
cell types, i.e., elongated cells with a width of approximately
7 wm located at both ends of the filaments and circular cells
with a diameter of approximately 15 pum situated at the centre
of the filaments (Figure 3E). After around 10 days, the sub-apical
cells branch (Figure 3F) and the resulting branches continue to
grow as the primary filaments do. This repeated developmental
programme results in the overall morphology as shown in
Figure 3B.

A Germination

FIGURE 4 | Development of Ectocarpus filaments in PDMS lab-on-chips.

(A) Germination and first division of spores after inoculation inside the
lab-on-chip chamber. Spores divided mainly asymmetrically. (B) Apical cell
growth. (C) Cell rounding at the centre of the filament. (D) Branching of the
filaments. The lower image is taken from a device with 40 pm wide channels.
Scale bars: 25 pm. All images were taken from lab-on-chips with 25 wm wide
channels unless otherwise indicated.
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We investigated whether these developmental steps were
preserved in the constrained environment of the lab-on-chip
devices. Ectocarpus spores were introduced into the structures
as described in section “Materials and Methods.” We monitored
growth in the lab-on-chip with the goal of constraining the
spores to germinate in the chamber. The spores successfully
germinated inside the main chamber of the microfluidic device
5 days after inoculation (Figure 4A). The ratio of cell division
asymmetry, i.e., the ratio of cell divisions producing unequally
sized daughter cells as depicted in Figure 3C, was consistent
with what was reported in open space germination, where about
80% of spores divide asymmetrically and approximately 20%
symmetrically (Le Bail et al., 2011). When grown freely in water
deprived of microelements, it has previously been observed that
filaments tend to develop a cell sheet, meaning that Ectocarpus
filaments shifted their development from uniaxial to bidirectional
growth. This major change in body plan organisation is a
sign that tip growth mechanisms have been severely impaired
in the absence of microelements. However, in none of the
lab-on-chips with 40 or 25 pm wide channels were such
patterns observed and the filaments maintained an uniaxial
growth throughout the experiment (Figure 4B) which indicates
a sufficient supply of microelements even inside the confined
regions of the lab-on-chip devices. Calcofluor staining further
showed that filament growth took place in the dome of the
apical cell (Figure 5I) as previously observed in open space
environments (Le Bail et al., 2008). To monitor specimen health,

the growth rates of 22 filaments growing in 25 pm wide channels
for 1 week were compared to the growth behaviour of filaments
thriving in the open space environment of the same Petri dish
(Figures 6A,B). Figures 6C,D showed that the overall growth
dynamics were similar between the confined and free filaments,
with filaments that grew inside the channels having an average
growth rate of 2.8 pm-h™! compared to 2.41 pm-h™! for
filaments growing in the open space (Supplementary Table 1;
t-test p-value = 0.39). While the growth rates appeared to
decrease with time independently of the environment (e.g., from
3.13 to 2.60 um-h~! inside the microchannels), this reduction
in growth speed did not reach statistical significance (t-test
p-value = 0.15). For direct comparisons, Supplementary Figure 3
displays the average growth rate over time for both environments
in a single graph. Overall, the observed growth rates occur
with the same dynamic as previously reported, i.e., 2.5 pm-h™!
(Rabillé et al., 2019a).

The rounding of the cells is a function of their maturation
stage and their position along the filament. It is, therefore,
an excellent qualitative parameter reflecting the fitness of
Ectocarpus. Rounding of elongated sub-apical cells (Figure 3E)
was observed as expected, so that spherical cells were located
only in the most proximal parts of the filaments (Figure 4C).
Additionally, branching, which is an additional cellular event
reflecting the canonical developmental pattern as described in
Figure 3, also occurred in the filaments developed within the
channels (Figures 4C,D). Furthermore, we did not notice any

FIGURE 5 | Labelling of cellulose in the cell wall of filaments growing in 25 wm wide channels. (A,B) Two images obtained using epifluorescence microscopy. (A) A
bright field microscopy image of the filaments and (B) a UV image showing the labelled cellulose (blue) present in the external cell wall. A stronger signal has been
observed in the transversal walls. (C-J) A series of confocal microscopy images. (C) A bright field image of growing filaments, (D) chloroplast autofluorescence (red),
(E) calcofluor fluorescence (blue), and (F) a merged image of all three channels. (G,H) A close-up of filaments labelled with calcofluor and imaged after growing for
24 h following the post-labelling rinsing of the channels. (G) The bright field image, (H) chloroplast fluorescence (red), (I) calcofluor fluorescence (blue), and (J) the
three merged channels. The transverse cell walls (white arrowheads) are clearly distinguishable. The tip of the filament is not fluorescent, and as such, displays the

newly grown cell wall. Scale bars: (A=F) 50 pm; (G=dJ) 25 pm.
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FIGURE 6 | Growth rate of Ectocarpus filaments in lab-on-chip channels and
in the open space. (A,B) Optical microscopy images of filaments growing in
the open space environment, i.e., at the bottom of the Petri dish, as well as
inside the lab-on-chip device. (C,D) The filament growth curves over three
time points, i.e., at 24, 76, and 100 h after the first recording of the initial tip
position. The initial tip position was set to 0 by default, such that the growth
distance can be indicated through relative positions. The p-values for
two-tailed t-tests for unequal variances are shown for each time point below
(D). Each line represents a single filament. The sample sizes for filaments
growing in the open space environment and inside the channels are 15 and
22, respectively. The measurement data is reported in Supplementary
Table 1. Scale bars: (A,B) 500 pum.

colour changes from brown to green in the chloroplasts of cells
growing inside the microfluidic chip, which is typically observed
in correlation with filament death. Finally, under UV exposure,
the intensity of the auto-fluorescence emitted by the chloroplasts
was detected at a level similar to that of filaments growing in the
open space environment (see Figures 5D,H).

Therefore, for spores germinating inside the chamber, neither
the presence of the PDMS nor the enforced space limitations
demonstrated a negative effect on the filament development and
growth pattern, e.g., by impairing the quality of the seawater
inside the confined environment or through a possible increase
in mechanical stress. Altogether, the developmental pattern of the
filaments growing inside the channels, i.e., apical cell polarisation,
growth rate, and cell shape changes, was consistent with the
pattern observed in filaments growing in an open environment.

Display of Cellular Components of
Ectocarpus Within the Lab-on-Chip

Despite the recent advances of editing approaches of Ectocarpus
(Badis et al., 2021), the expression of fluorescent reporter genes is
not yet feasible. Therefore, the study of Ectocarpus cell biology
requires the use of classical cytological approaches, like vital
staining and immunolocalisation that are the only available
non-invasive techniques allowing for the labelling of specific
components in or at the surface of the algal cells. Cellulose,

i.e., a rigid polymer of B(1-4) glucose present in Ectocarpus cell
walls at a level of approximately 10% (Charrier et al., 2019),
was uniformly labelled throughout filaments growing inside the
25 wm wide channels on both the outer and transverse cell
walls (Figures 5A,B). This observation is in great agreement with
previous studies for filaments grown in open space environment
(Le Bail et al., 2008; Simeon et al., 2020). Similar results were
also obtained for filaments in devices with 40 pum wide channels.
Using confocal microscopy, the more focused images shown in
Figures 5C-F confirmed the overall and homogeneous labelling
of all filaments present inside channels. Both the shape of the
chloroplasts highlighted by autofluorescence (Figures 5G,H) and
the apical growth indicated by the new dark area at the filament
tip (Figures 5LJ) confirmed that the filaments were thriving in
this confined environment and, hence, supported the value of the
previously derived growth rate measurements.

In a second step, we labelled alginates, i.e., a polysaccharide
consisting of a mixture of guluronic and mannuronic acids linked
by B(1-4) bond, which is present in brown algal cell walls at
a ratio of up to 40% (reviewed in Charrier et al., 2019). The
monoclonal BAMS6, that recognises mannuronan-rich alginates,
was used in combination with a secondary antibody coupled to
the green fluorochrome FITC. The immunolocalisation protocol
was applied in the lab-on-chip, aiming to label several filaments
growing in parallel in separate channels. Simultaneously, free
organisms present in the same Petri dish were labelled and
used as positive controls. In contrast to the negative control
without primary antibody (Figures 7A-C), the cell wall of both
apical (Figures 7D,E) and rounding cells (Figure 7F) of labelled
free-growing organisms displayed a specific signal similar to
that reported in Rabillé et al. (2019b). In the 25 pm channels,
Ectocarpus filaments also showed a strong signal in the dome
of apical cells (Figures 7G-J) and on the flanks of rounding
cells (Figure 7K). This pattern was as strong and specific as in
the internal positive controls. The remaining cell walls of an
empty plurilocular sporangium incidentally present within one
of the channels also displayed significant labelling (Figure 7L).
The red autofluorescence signal emitted by the chloroplasts
further demonstrated the healthiness of the filaments prior to the
formaldehyde fixation step of the immunolocalisation protocol
(Figures 7A-]J).

Overall, both cell biology protocols successfully labelled
cellulose and alginate cell wall polysaccharides, either
homogeneously (cellulose) or in specific locations (alginates)
along the filaments. The labelling of the filaments was
independent of the position of the specimen inside the lab-
on-chip, e.g., at the entrance or exit of the channels, and
displayed expected results even for samples located far away
from the main chamber (Figure 7G).

DISCUSSION

Ectocarpus early development is accompanied by a significant
number of cellular events while its morphological complexity is
low. Initially, it leads to the formation of uniseriate filaments,
which grow by elongation and division of apical cells, and
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FIGURE 7 | Immunolocalisation of alginate polysaccharides in Ectocarpus filaments using monoclonal antibody BAM6. Labelled sections were observed through
confocal microscopy. (A-C) Optical microscopy images demonstrating the negative controls for filaments without primary anti-alginate antibody. Both the apical
parts and central parts of several filaments are shown without any signal from BAM®6 (green fluorescent signal from the secondary FITC-conjugated antibody). Only
autofluorescence (red) emitted by the chloroplasts was detected. (D-F) Optical images presenting freely growing filaments in the same Petri dish. With the same
image capture parameters such as laser power and selective bands of the photomultiplier tubes, BAM6 labelling was observed in the dome of apical cells and in the
flanks of rounded cells. (G-L) Image series showing the results on filaments grown in 25 um wide channels. (G-J) Fluorescent images of the domes of apical cells,
(K) rounding cells, and (L) empty plurilocular sporangium (white arrow). The autofluorescence of chloroplasts of BAME labelled filaments was observed, except in L,
as the cavities of the plurilocular sporangium no longer contained spores. Scale bars: (A) 25 pm; (B,C) 50 wm; (D-F) 10 um; (G-L) 20 um. The specific green
BAMBS signal and the red chloroplast autofluorescence signals are superimposed with the bright field signal.

the progressive rounding of cells acting as the main cell
differentiation process. Recently, it has been demonstrated that
Ectocarpus tip growth relies on a different biophysical mechanism
than that reported in most of the other tip growing cells,
including the pollen tube. In the former, the cell wall stiffness
controls growth (Rabillé et al.,, 2019a), while in the latter, this

is the cell wall thickness. This further illustrated that brown
algae are promising model organisms to display alternative
growth mechanisms.

To study the tip growth behaviour of Ectocarpus, we tested
the use of lab-on-chips as a microfluidic device aimed for the
long-term monitoring of filaments. The possibility of delivering
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chemicals at a specific time and simultaneously to several
filaments growing in a single focal plane while being guided
through parallel channels is particularly attractive for slow
growing specimens such as the Ectocarpus filaments. Here, we
have shown that microfluidic chips with 44 parallel channels as
narrow as 25 pm are suitable for studying Ectocarpus tip growth
and dynamics of cell rounding. The inoculation procedure and
cell wall labelling experiments were developed such that more
than 50% of the lab-on-chip channels were filled with healthy
filaments growing in-plane over more than 3 weeks, which is
a duration that significantly exceeds the typical use of such
technology for other samples (Agudelo et al., 2013; Shamsudhin
et al, 2016; Burri et al., 2018). Furthermore, the presented
designs allowed for the incorporation of specimen studies using
standard cytology protocols. Our observations are consistent
with previous conclusions drawn for the protonemata of the moss
P. patens, where the growth rate and cell differentiation, with
some impairments (Kozgunova and Goshima, 2019), proceeded
as expected (Bascom et al., 2016). In contrast, different results
were obtained with the hyphae of the fungi N. crassa growing
in grid or maze chips, where the velocity of the apical extension
was drastically reduced and their branching pattern impaired
(Held et al., 2011).

In our case, possible limitations depended on the applied
loading procedure and the inoculation of the mitospores.
While the filaments successfully entered and grew along the
microchannels if the mitospores were germinated in the main
chamber, mitospores loaded inside the channels were severely
hindered in their germination. However, by optimising the
inoculation procedure, we were able to prevent these drawbacks.
Furthermore, the study of germination and especially of the
first asymmetric cell division did not rely on a specific device
geometry as both major cellular events could be observed in
all spatial directions. Altogether, this study validates the use of
microfluidic devices for the study of the development and of
the physiology of Ectocarpus in a confined microenvironment.
Hence, it represents a first step in the subsequent characterisation
of tip growing mutants (Le Bail et al., 2011) and potentially life
cycle mutants of this species (Coelho et al., 2011; Macaisne et al.,
2017), as it has previously been performed with Physcomitrium
(Bascom et al., 2016) and Neurospora (Held et al., 2011). It also
paves the way for the study of other brown algae, especially
those which develop filaments in one or both phases of their life
cycle, such as Sphacelaria and filamentous gametophytes of many
brown algae including the Laminariales, the Desmarestiales, and
the Sporochnales (Fritsch, 1954).

CONCLUSION

In recent years, microfluidic devices have proven suitable
for the investigation and manipulation of numerous small
organisms and, by that, enabled novel possibilities and pathways
for biological research. However, prior to their application,
lab-on-chips must first be evaluated for each potential biological
model to avoid misinterpretations of newly gained observations
and of the corresponding results. In this work, the healthiness

and performance of Ectocarpus filaments growing in confined
microfluidic environments were monitored under controlled
conditions for several days and the development steps were
quantitatively and qualitatively compared to in vitro open space
growth. Additionally, the ability to label cytological markers,
either by immunochemistry or directly with vital dyes, was
investigated to ensure the suitability of microfluidic devices for
the in-depth study of the brown alga Ectocarpus. The results
demonstrated that, following an optimised loading procedure,
all the developmental steps of Ectocarpus filament growth inside
PDMS channels were similar to those observed in unconstrained
conditions and as described in previous reports. Therefore,
PDMS lab-on-chips are suitable experimental devices to further
study apical growth, cell differentiation, and branching and
enable simplified investigations by allowing for chemically
controlled environments in combination with high-resolution
microscopy techniques.
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Supplementary Material

Growth and labelling of cell wall components of the brown alga Ectocarpus in
microfluidic chips

Bénédicte Charrier, Samuel Boscq, Bradley J. Nelson, Nino F. Liubli
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Supplementary Figure 1: Filling in the chips.

A solution of sea water with bromophenol blue was used to monitor the filling of the lab-on-chip
device. (A) If pipetting pressure was too low, the solution did not fill the channels and remained in
the chamber (the inlet is on the right of the photo). (B) Zoom-in on the channels entrance showing
that the liquid did not get in. (C) Fully filled channels. (D) Partially filled channels where air remains
trapped inside some channels. Scale bar: (A) =500 um, (B — D) =200 um.

Supplementary Figure 2: Pieces of Ectocarpus filaments stuck in the chamber and spore germination
inside microchannels.

(A) A piece of fertile sporophytes blocked at the entrance of the channels. (B) Impaired spore
germination inside microchannels: germination was delayed and occured perpendicularly to the main
channel orientation. (C) Apical growth for spores germinated inside microchannels was impaired,
with shorter and less anisotropic apical cells and a slower growth rate. (D) Despite germination inside
microchannels, cell differentiation through cell rounding occurred in some filaments. (E) A piece of
a non-fertile sporophyte from which branches (white arrows) emerge and grow into the channels.
Scale bar: (A) =100 um, (B - D) =25 pum, (E) = 50 um. All images were taken from devices with 25
pum wide channels.
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Supplementary Figure 3: Comparison of specimen growth behaviour for different environments.

A graph comparing the growth between Ectocarpus filaments in open space environments (blue) and
filaments growing inside microfluidic channels (red). The lengths of the filaments were characterised
after 24, 76, and 100 hours with the initial length at the start of the measurement being set to 0 to
allow for direct comparison of the growth behaviour. No statistical significance has been found

between the growth rate in the open space and the confined environment with 15 and 22 samples,
respectively.
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Abstract: The culturing and investigation of individual marine specimens in lab environments is
crucial to further our understanding of this highly complex ecosystem. However, the obtained results
and their relevance are often limited by a lack of suitable experimental setups enabling controlled
specimen growth in a natural environment while allowing for precise monitoring and in-depth
observations. In this work, we explore the viability of a microfluidic device for the investigation of
the growth of the alga Saccharina latissima to enable high-resolution imaging by confining the samples,
which usually grow in 3D, to a single 2D plane. We evaluate the specimen’s health based on various
factors such as its growth rate, cell shape, and major developmental steps with regard to the device’s
operating parameters and flow conditions before demonstrating its compatibility with state-of-the-art
microscopy imaging technologies such as the skeletonisation of the specimen through calcofluor
white-based vital staining of its cell contours as well as the immunolocalisation of the specimen’s
cell wall. Furthermore, by making use of the on-chip characterisation capabilities, we investigate
the influence of altered environmental illuminations on the embryonic development using blue and
red light. Finally, live tracking of fluorescent microspheres deposited on the surface of the embryo
permits the quantitative characterisation of growth at various locations of the organism.

Keywords: microfluidics; microfluidic cultivation; brown alga; Saccharina; embryogenesis; lab-on-a-chip;
microsphere tracking; kelp; laminariales; blue light; immunocytochemistry; time-lapse microscopy

1. Introduction

While the level of knowledge about the biology of marine organisms lags far behind
that of terrestrial organisms, climate change accentuates the need to shift gears to fill these
gaps. Indeed, a large number of marine organisms are under increasing threat [1,2] and
further insights into how these organisms reproduce, develop, and grow are necessary to
develop appropriate protection strategies [3]. Algae are one of these organisms, as they are
the oceans’ primary producer and are especially sensitive to increasing temperatures [4].
Multicellular algae thrive along all coastlines of our planet from the tropics to the polar
circles, where they are at the top of the local trophic chain [5]. The kelp, a group of brown
algae, grow to lengths of several metres within a few months, which makes them the most
conspicuous seaweeds. Furthermore, several kelp species, such as Saccharina species pluralis,
are widely cultivated in Asia and western Europe for their economic value as a source of
food and of hydrocolloids useful in industry [6]. Yet, how they develop is only scarcely
known and, especially, the mechanisms that regulate the early steps of their embryogenesis,
which are essential for both our understanding of the developmental processes and initial
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advances towards aquacultures, are a scientific black box [7]. One of the main reasons
for this lack of insight is the difficulty of imaging developing organisms in a dynamic
way that permits us to obtain accurate and quantitative information at the tissue and
cellular levels. While the early embryo is a monolayered cell sheet [8], its upward growth
prevents the acquisition of focused images of the entire embryo structure. Therefore,
we introduce an experimental protocol enabling the cultivation of the embryos of the
kelp Saccharina latissima, also known as sugar kelp, in horizontal confinement. Eggs and
zygotes were loaded into the microfluidic chip forcing further growth into only two spatial
dimensions. Coupled to time-lapse brightfield and fluorescence microscopy, this approach
permitted us to quantitatively monitor each step of the development of the embryos in a
dynamic way and in different culture conditions, including the influence of liquid renewal
for on-chip cultures. We evaluated the usability of microfluidic growth chambers through
the study of the specimens’ developmental stages and compared their performance to
samples cultured in standard open-space in vitro environments using lab Petri dishes.
Furthermore, by building on the improved optical monitoring capabilities, we quantify
the effect of varying environmental illumination by analysing changes in the embryonic
development induced through the application of blue and red light. Finally, we demonstrate
the amenability of microfluidic devices to monitor local variations in growth through
confocal microscopy of on-chip calcofluor staining, the tracking of fluorescent microspheres
on the surface of the embryos, as well as the immunolocalisation of the specimen’s cell wall.
Altogether, these tools demonstrate the suitability of microfluidic environments for the
detailed investigation of embryonic growth, cell growth, and cell division patterns within
the monolayered cell sheet of the embryo of the kelp Saccharina latissima.

2. Results and Discussion
2.1. Characteristics of S. latissima Development and Growth

Saccharina latissima is a prominent marine model organism of interest for develop-
mental studies due to its heteromorphic diplophasic life cycle, as shown in Figure 1a [9].
Its diploid sporophyte grows following the successful fertilisation of the egg via a sperm
cell. Several parallel cell divisions of the zygote produce an embryo that first consists of a
stack of cells, before widening by perpendicular cell divisions to form a two-dimensional
monolayered cell sheet called a lamina or blade. This morphology persists for several
days until the embryo reaches a size of about one thousand cells, after which the cells start
differentiating and initiate the thickening of the lamina by tilting their cell division plane
into the third spatial axis.

This noteworthy sequential and tiered growth, further enhanced by the morphological
simplicity of S. latissima, makes it a suitable model to investigate the development of
brown algae. Additionally, the cell arrangement of the embryo is particularly original, as it
depicts a grid in which cells are in contact with their neighbours by means of “four-cell
junctions” [10]. This grid or “chocolate bar”-type of cell organisation is not observed
in plants and animals under normal conditions as intrinsic mechanisms prevent their
formation [11,12].

Given the repeated change in its dimensional growth, the detailed study of S. latissima
embryos relies on the availability of methods suitable to assess the whole embryonic
development in a single plane. However, S. latissima embryos, when cultured in open
environments such as the sea or in vitro Petri dishes, grow mainly upright—including
twisted and curved specimens—with only 9.7% of embryos growing parallel or nearly
parallel to the bottom of the Petri dish. This makes optical microscopy-based observations
of the whole embryo, especially in combination with time-lapse imaging, almost impossible
and prevents accurate assessments of their growth rates or the mapping of cellular features
within living embryos. Figure 1b shows an embryo growing in 3D while being attached
to the glass bottom of a Petri dish with neither its stipe nor its lamina being fully in focus,
demonstrating the limited accessibility for optical evaluations. Hence, the development
of novel protocols permitting the detailed observation of the whole embryo by restricting
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growth to a single focal plane is crucial to further our understanding of the organism'’s
development and growth behaviour.
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Figure 1. Biological specimen and density impact on culture. (a) Sketched life cycle of S. latissima. The
mature sporophyte produces mobile zoospores that will develop into female and male filamentous
gametophytes. Eggs hatched by the female gametophyte are then fertilised by swimming sperm
cells released by the male gametophyte. Upon a series of parallel cell divisions, the resulting zygote
develops into a multicellular embryo still attached to the female gametophyte before it develops
its own attachment system first made of rhizoids (shown in 1b) and then a holdfast. (b) Optical
microscopy image of a ~150-cell S. latissima embryo growing in a glass bottom Petri dish. Only the
base, which is attached to the bottom of the Petri dish by the rhizoids, is in focus. The lamina is
blurred as it is growing vertically within the water column. (c) Influence of culture density on egg
release in open space expressed as the number of eggs per female gametophyte (GP, red) and number
of eggs per total number of female gametophyte cells (blue). The number of eggs released by the
female gametophytes is drastically reduced at higher densities of both female gametophytes and
number of cells of female gametophytes. Asterisks indicate statistically significant differences relative
to 10 pL of stock gametophytes analysed using one-way ANOVAs (see detailed protocol in Materials
and Methods). No significant differences were detected for eggs per female gametophyte (red). Scale
bar: 100 um.

In addition, the in vitro cultivation of S. latissima embryos is further complicated due to
the release of cues by the algae which reduce the reproduction success, as reported in [13].
Given the reduction in the liquid volume within microfluidic growth chambers compared
to open-space cultivation, we, therefore, investigated how the density of S. latissima cultures
impacts the production of eggs. We inoculated Petri dishes with five different concentrations
of a mixture of short male and female gametophyte filaments (10, 25, 50, 75, and 100 pL in
2 mL of sea water, which relate to concentrations ranging from 1.26 to 12.6 gametophytes
per uL). Figure 1c and Supplementary Figure S1 show that, while the number of eggs per
gametophyte did not significantly change (red), increasing the density of gametophytes
(to more than 1.26 gametophytes per puL) significantly reduced the rate of egg releases per
total number of female gametophytes cells. Additionally, while no egg releases were ob-
served at higher concentrations, ongoing maturations of gametophytic cells into oogonia were
still monitored for all concentrations. In fact, oogonium differentiation was reverted into
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vegetative cells, as the cells started to divide and produce additional vegetative filaments
(Supplementary Figure S1f). Altogether, this suggests that Saccharina latissima gametophytes
negatively control egg differentiation and release in high culture densities, which is potentially
caused through the secretion of growth-inhibitory molecules in agreement with [13]. Hence,
this result highlights that the number of gametophytes doomed to be inoculated inside the
chips must be small enough to ensure the production of a sufficient number of embryos
available for observation.

2.2. Microfluidic Cultivation of S. latissima Embryos

Due to its ease of fabrication and its biocompatible properties, polydimethylsiloxane
(PDMS)-based microfluidics is of increasing relevance for developmental biology [14] and
has been widely applied for the investigation of various small organisms ranging from plant
specimens [15-17] to animal models [18-22]. Furthermore, microfluidic-based cultivation
has recently been reported as a suitable tool for the study of the filamentous growth of the
brown alga Ectocarpus silicosus [23].

Here, we propose a PDMS-based microfluidic device capable of limiting the specimen’s
growth to a single focal plane while minimising the potential limitations induced by nearby
channel walls or similar constrictions (Figure 2a,b). As detailed in the Materials and Methods
section, the device consists of a single-layer microfluidic chamber with a height of 25 um
to accommodate Saccharina embryos with an average thickness of approximately 15 pum.
Given the chamber’s large in-plane dimensions, a grid of micropillars is used to prevent the
chamber from collapsing, while also simplifying the loading procedure through the increased
availability of surface area to which the specimens can attach. The PDMS structures are fixed
to glass bottom Petri dishes before being filled and submerged in sea water. The application of
Petri dishes reduces the chance of contaminations through the additional cover of the sample
via a lid and allows for the simplified transfer of the specimens between incubation chambers
and microscopy setups, such as those used for extended time-lapse imaging under controlled
environmental conditions (Supplementary Figure S2).
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Figure 2. Microfluidic device enabling horizontally constrained growth of Saccharina culture. (a) Sketch
of the microfluidic device (top view) showing the main chamber containing a grid of PDMS pillars as
well as the inlet and outlet of the device. (b) Sketch of the side view of the microfluidic device with
a constant chamber height of 25 um and PDMS pillars with a diameter of 50 pm and a separation of
350 pum. (c) Brightfield image of a Saccharina monolayered lamina growing inside the device. This embryo
was grown in a Petri dish before inoculation. All cells of the lamina are within a single focal plane.
(d) Comparison of the same embryo growing inside the chip over a period of 100 h. Scale bars: 100 um.
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To assess the suitability of microfluidic cultivation, the chips were inoculated with dif-
ferent types of algal material, i.e., (i) unfertile and (ii) fertile female and male gametophytes,
as well as (iii) female gametophytes with zygotes. When inoculated with gametophytes
previously induced under white light for one week, the differentiation of eggs and sperm
cells took place as early as 1 day after inoculation (see egg release in Supplementary Movie
M1), which is similar to what has been observed when the material was cultured in open
environments [24]. In contrast, when fertile gametophytes were inoculated, the first zy-
gotes were observed 1 to 2 days after inoculation. Finally, inoculated zygotes initiated
embryogenesis immediately after inoculation. Imaging the embryo’s contour and the cell
arrangement was easy as the lamina was located horizontally (Figure 2c). Time-lapse
microscopy further showed that the cell division pattern within the embryo lamina and
the formation of rhizoids from the base of the embryo took place as observed in open
environments (Figure 2d and Supplementary Movie M2).

We further assessed the maximum duration of living embryos inside the chip. Although
the embryos remained alive during the whole 12-day monitoring period, a decrease in
pigmentation was observed after 9 days (data not shown). Hence, it is worth noting that the
monitoring of S. latissima growth within these chips should not be extended beyond 9 days,
which, however, is sufficient for the detailed evaluation of its embryonic development.

Additionally, to prevent a lack of nutrients caused by an increase in culture density
while simultaneously diluting potential growth-inhibitory molecules released by the neigh-
bouring specimens as described previously (see Figure 1c and Supplementary Figure S1),
the use of a continuous flow or periodic liquid renewal was investigated. As the applica-
tion of a continuous liquid exchange via a hydrostatic pressure difference has been found
practically unfeasible (see Materials and Methods), the use of a pump is recommended.
While the presented work relied on a pressure controller, in contrast to a passive solution,
pumps have the advantage of permitting periodic actuations, which enables the use of a
broad range of affordable, non-task-specific equipment, such as peristaltic pumps, even
for microfluidic applications. To allow for continuous liquid exchange while preventing
potentially damaging hydrodynamic forces, the pressure controller was set up to renew the
volume of the medium inside the chip roughly 100 times per day.

We demonstrated that the proposed microfluidic chips are capable of providing envi-
ronmental conditions suitable for the growth of Saccharina embryos in vitro, including cell
growth, differentiation, e.g., for rhizoid formations, and growth of the laminae. However,
it is worth highlighting that the current flow control and system performance could be fur-
ther enhanced by replacing the applied system with higher-end options such as dedicated
microfluidic syringe pumps. In the following sections, we assess whether the conditions
produced by the confined environment of the microfluidic device allow for the maintenance
of the early developmental transitions from the egg to the formation of an early embryo
and, hence, their study using state-of-the-art microscopy techniques.

2.3. Assessment of Saccharina Developmental Steps inside Microfluidic Devices

The growth of Saccharina starts with several identified embryogenetic steps [8]. These
steps are essential for the specimen’s development as they ensure the establishment of the
two main body planes of the adult algae, i.e., the apico-basal and the medio-lateral axes.
However, thus far, the effect of increasing temperatures and lower pH conditions induced
by climate change or the impact of chemicals and drugs on the specimen’s development
are unknown. Hence, the interest of these chips for further studies aiming to explore
the possible consequences for the embryogenesis of Saccharina latissima depends on the
chip’s amenability to allow Saccharina to undertake and achieve these embryogenetic steps.
Therefore, we performed a comparison of the main developmental steps observed between
the algal specimens growing inside microfluidic devices and outside the PDMS structure,
i.e., in the same glass bottom Petri dishes. The embryogenetic steps of S. latissima, as
introduced in Figure 1a, are 1. the egg release, 2. the fertilisation of the egg by the sperm
cells, 3. the first, parallel cell divisions of the zygote leading to a stack of ~8 cells, and 4.
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Total blade growth (um)

the widening of the embryo by changing the planes of the cell division to 90° from the
initial orientation.

Figure 3 shows that all of the abovementioned steps were successfully conserved
within the device. The release of eggs inside microfluidic chips has been observed repeat-
edly (Figure 3a) and the eggs were successfully fertilised (Figure 3b). However, the very first
cell division of the zygote was rarely observed for on-chip cultures as several eggs struggled
to pass this developmental stage. This can be explained by the weak attachment of the eggs
to the female gametophytes, which only consists of their flagella [25], in combination with
substantial shear forces and high peak flow rates (estimated at 10'~10?> mm s~!) inside the
chip during the inoculation. To circumvent this issue, vegetative gametophytes can be
loaded to have eggs differentiated and released into the device long after the inoculation.
Another observation is that zygotes managing to induce the first cell division often fail to
elongate and, hence, to break the initial radial symmetry of the eggs.
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Figure 3. Assessment of the normal growth in the microfluidic device. Different developmental
stages of S. latissima embryos observed while growing inside the chip: (a) induction of gametogenesis
through egg release (three eggs have been released), (b) zygote formation after fertilisation and
early embryo development (two cell divisions took place (arrow)), (c) first longitudinal cell division
allowing growth and embryo expansion in the medio-lateral axis (arrow). (d) Growth rate comparison
between embryos growing inside, with and without flow, as well as outside the chip. Statistically
significant differences between the blade lengths of the different conditions within each day are
indicated by the asterisks and were analysed using a two-way ANOVA (see Materials and Methods
section). Scale bars: 50 um.
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For the abovementioned reasons and if the devices are only intended to allow for the
detailed investigation and imaging of laminae, it is recommended to inoculate either elon-
gated zygotes or embryos, which were shown to thrive within the device and consistently
developed into large 2D monolayer laminae (Figure 3c and Supplementary Movie M2).

In addition to the evaluation of the different developmental stages, the impact of the
microfluidic device on the specimen’s growth behaviour has been investigated. Comparing
the growth rate inside the device with and without liquid renewal as well as outside the
device, i.e., in the same Petri dish next to the PDMS structure, provided us with clues about
the general health of the specimens growing inside the device and allowed for the detection
of possible drawbacks, e.g., in terms of access to nutrients. To quantify the effect of the
device onto the growth of the embryo, we measured the apico-basal growth rate, i.e., the
daily change in distance between the stipe and the apex of the lamina in both the specimens
growing inside the chips and specimens growing in an open environment. For the latter
condition, only specimens with a horizontal or near-horizontal orientation were considered
to reduce measurement errors induced by the out-of-plane growth.

As shown in Figure 3d, the embryos inside the microfluidic devices with liquid
renewal (blue, n = 15) kept growing qualitatively similar to the specimens outside the chip
(green, n = 15), although, due to the low growth rates, no significant differences in the total
blade growth between consecutive days were detected for specimens with liquid renewal
following day 3 (or throughout the experiment for specimens without liquid renewal).
Additionally, the growth dynamics of the specimens in devices with liquid renewal were
similar to those of specimens growing in open space (Supplementary Figure S3a), with
no significant differences in growth rates being observed within individual conditions
for consecutive days. However, as indicated, the overall growth rate inside the device
was, even with liquid renewal, substantially lower throughout the growth period and the
differences in growth rate became significant after day 2, which further led to significant
differences in the total blade growth from day 3 onwards. Interestingly, the length-width
ratio (Supplementary Figure S3b) of the on-chip specimens with liquid renewal and samples
growing in open space were not significantly different, while the outliers with higher ratios
in the open environment can be accounted for by occasional twistings of the blades which
reduce their width. The generally observed lower growth rates inside the chip could be
caused by a reduction in light intensity due to absorption by the PDMS layer [26]; however,
additional effects caused by the spatial confinement cannot be excluded. Furthermore, it is
important to note that the on-chip growth rates and growth behaviours were only compared
to specimens growing (near-)horizontally within the same Petri dishes, which suggests
that variations between the observed conditions caused by gravitational effects can be
neglected. However, gravimetric factors, such as gravitropism, which have been argued to
influence growth hormones, e.g., auxin, in algal development need to be considered when
comparing developmental data obtained via horizontally constricting devices, such as our
microfluidic setup, to other literature [27,28]. Additionally, while our approach might be
suitable for gravimetric investigations by mounting the chip vertically onto an appropriate
microscopy setup, further design adjustment might be required, such as the re-orientation
of the chamber axis to enable horizontal liquid renewal and prevent hydrostatic pressure
differences or a reduction in chamber width to ensure equal distribution of nutrients and
reliable medium exchange.

Finally, the applicability of the chip for physiological studies has been tested. Sea water
filters longer wavelengths more than shorter ones, resulting in red light being unable to
penetrate water columns deeper than 2 metres, while blue light is present up to 200 metres
deep depending on the turbidity of the water. Brown algae live attached to the bottom
of the sea at depths of 1 to 40 metres along coastal regions and several studies have
already shown the developmental response of Saccharina to blue light at different stages
of its life cycle and especially for the growth of the gametophytes and the induction of
fertility [29,30]. Here, we tested the suitability of the chip to investigate the impact of blue
and red lights on the development of the early embryos of Saccharina. Saccharina embryos
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were grown in the chip exposed to either red or blue light (Supplementary Figure S4) for
five days. Figure 4a,b,g h highlights the difficulties concerning the evaluation and imaging
of embryos growing outside the chip, as illustrated by the slices of strong red fluorescence
(chloroplast autofluorescence) cutting through the embryos. Embryos within the chip
displayed different morphologies depending on whether they were growing under blue
(Figure 4c—f) or red (Figure 4i-1) light. Embryos under blue light displayed distorted
morphologies characterised by a higher length/width ratio (Figure 4d—f) and several
growth axes (Figure 4d). In contrast, embryos grown under red light (Figure 4i-1) displayed
a morphology similar to the one under white light (see Figure 2c,d). These results not only
strengthened the conclusion by Wang et al. based on experiments with embryos grown
in open environments (glass slides in a flask or Petri dish), which reported higher length-
to-width ratios under blue light [31], but also showed that our device provides images
permitting accurate measurements by forcing the Saccharina blades to grow horizontally
within the chip. The amenability of the chip design for confocal microscopy will also open
the way for deeper studies concerning the role of the blue light receptor Aureochrome [32]
during Saccharina embryogenesis.

Blue light Red light

Figure 4. Morphogenetic impact of blue and red lights in the embryogenesis of Saccharina.
(a,b,g,h) Confocal microscopy images of embryos grown outside the chips. (c—f, i-1) Confocal
microscopy images of embryos growing inside the chips. (a-f) Embryos growing under blue light.
(g-1) Embryos growing under red light. The embryos grown under blue light display distorted
morphologies. Note that embryos with distorted shapes were also present outside the chip under
blue light. Red: autofluorescence of the chloroplasts. Scale bars: 50 um.
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Chloroplasts

2.4. Cell Biology Protocols to Accurately Image the Cells of the Kelp Embryos

Increasing our knowledge of the mechanisms involved in the embryogenesis of kelp
requires not only quantitative values of the growth rate, such as those obtained by time-
lapse brightfield microscopy, but also cell characterisations at the sub-cellular level. The
use of transgenic lines expressing fluorescent proteins would be the ideal approach, as they
permit us to monitor the localisation of proteins over time in living algae. However, while
the expression of reporter genes was reported in S. japonica via a biolistic approach [33],
it has never been repeated and, since, doubts about this approach in Saccharina were
raised [34]. Therefore, we assessed the efficiency of several cell biology protocols that were
previously developed for the filamentous brown alga Ectocarpus [35,36].

First, the cell wall was labelled with calcofluor white. Cellulose, a rigid polymer of
[3(1-4) glucose reported in brown algae’s cell walls at a level of approximately 10% [37], can
be stained by calcofluor white, that is a vital fluorescent probe that binds to (3-glucans [38].
We used it to stain S. latissima gametophytes and embryos inside the chip. Figure 5a,b
displays a uniformly labelled embryo, as a representative of the whole population inside
the chip. In addition, we did not observe any loss of specimen during this experimental
procedure, supporting the fact that the gentle washing steps were compatible with this
protocol. Interestingly, as calcofluor white is a vital stain, monitoring the fluorescent signal
over time makes studies of the growth dynamics within the chip possible.

Cell wall

Figure 5. Microscopy-based imaging using on-chip cultures to track localised specimen growth.
(a) Brightfield confocal microscopy image of an embryo blade with the auto-fluorescent chloroplasts
(displayed here as grey dots). (b) Calcofluor white imaging of the same Saccharina blade. (c—e) Time-lapse
tracking of fluorescent microspheres. (c) Brightfield and fluorescence microscopy images of function-
alised red-fluorescent microspheres with a diameter of 200 nm were attached to the side of a monolayered
cell sheet inside a microfluidic device on day 0. (d) The same location of the S. latissima lamina 76 h later.
(e) Overlap of the two fluorescence microscopy images aligned. The time-lapse tracking highlights the
difference in growth between the location of microsphere x (to x’) and microsphere y (to y’) for a growth
period of 76 h. Scale bars: (a,b) 50 um, (c-e) 25 pm.
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As the microfluidic device restrains growth to a 2D plane, it further allows us to obtain
accurate outlines of the embryo shape and the precise contour of cells with calcofluor
labelling. To add temporal and spatial precision to the growth mode of the algal specimen,
we used fluorescent microspheres that stick to the cell surface. Microsphere-based tracking
has previously been proven suitable to study growth in microfluidic environments, e.g.,
by Shaw et al. for the investigation of Medicago truncatula root hairs [39]. Additionally, the
same beads have successfully been applied for the study of the brown alga Ectocarpus [36].
Hence, measuring the relative displacement of a microsphere over time in the same focal
plane permits us to obtain quantitative data about the rate and direction of growth. The
precision of the measurements directly depends on the size of the beads (down to 200 nm
in the present study; see below) and on the parameters of the image acquisition (resolution
down to ~200 nm in confocal microscopy). This high level of spatial accuracy should permit
monitoring the trajectory of the beads, a necessary insight to further characterise the mode
of cell growth [40].

Given the limited amount of detail currently known about the various developmental
stages of the specimen and the cell wall of brown algae in general, different types of micro-
spheres were tested, i.e., green-fluorescent carboxylate-coated spheres with a diameter of
500 nm and red-fluorescent amine-coated spheres with a diameter of 200 nm. Although the
amine-coated red-fluorescent microspheres seemed to be adsorbed onto both gametophytes
and sporophytic embryos, the carboxylate-coated green-fluorescent microspheres attached
almost exclusively to gametophytes. This further demonstrates that Saccharina’s outer cell
wall composition differs in gametophytes and sporophytes and that the type of beads has
to be carefully chosen.

Using the derived parameters, we observed that the microspheres (pink dots) suc-
cessfully attached to the outline of the embryos as shown in Supplementary Figure S5.
While the majority of particles were present around the blade, additional microspheres
were present in other focal planes. Furthermore, both the shapes and the autofluorescence
wavelength of the chloroplasts (Supplementary Figure S5) show that the embryo is in
good health. This latter observation further supports our conclusions based on the on-chip
growth rates.

The resulting time-lapse monitoring of a growing embryo coated with red-fluorescent
microspheres is shown in Figure 5c—e. The overlay of the two fluorescence microscopy
images recorded at t = 0 h and t = 76 h display the rate of growth.

Finally, to assess the possibility to perform experiments of immunolocalisations within
the chip, we used the BAM10 monoclonal antibody that recognises guluronates present in
the cell wall of brown algae [37]. Figure 6 shows that, similar to embryos growing outside
the chip (Figure 6a), BAM10 successfully labels the surface of early (Figure 6b) and late
(Figure 6¢) embryos within the device. In addition, in both conditions, BAM10 antibodies
label the dome of tip-growing gametophytic cells (Figure 6a, right side) as well as rhizoids
(Figure 6d, inside the device)—a pattern that is reminiscent of the BAM10 labelling of the
apical cell of the filament of the brown alga Ectocarpus [41]. Hence, this work demonstrates
that immunolocalisation experiments aiming at localising cell wall components in both
embryo and gametophyte tissues of Saccharina are achievable inside the microfluidic chip.
This opens avenues for the study of spatial distributions of molecular factors at the tissue
and even organism scale, made possible thanks to the in-plane imaging conditions provided
by the chip.
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Epifluorescence microscopy

Chloroplasts

Figure 6. Immunolocalisation of guluronate alginates in the cell wall of Saccharina embryos. Different
stages and tissues of Saccharina embryos are shown, from the zygote stage to the ~25-cell stage.
(a) Labelled embryos grown in a Petri dish. An eight-cell-stage embryo showing a strong labelling in
the outer cell wall is displayed (left: brightfield; right: epifluorescence), in addition to eggs, zygotes,
and cells of the gametophytes showing labelling at the tip (white arrows). (b—d) Embryos growing
within the microfluidic chip. (b) A ~15-cell-stage embryo labelled in the outer cell wall. Note the
emerging rhizoid, which is strongly labelled (white arrow). (c) ~25-cell embryos showing a labelled
outer cell wall. (d) Rhizoid showing an accumulation of guluronates in its dome (white arrow) and
distal shanks. Green: Alexa-488 secondary antibody recognising the BAM10 primary antibody. Red:
Autofluorescence of the chloroplast (displayed only in b, ¢, and d. Note that rhizoids have very few
chloroplasts, which explains why the red autofluorescence signal is weak). The contrast has been
enhanced linearly in b and c. Scale bars: (a,c) 25 um, (b,d) 10 pm.

3. Conclusions

The in vitro investigation of marine specimens is crucial to further our understanding
of their development and their interaction with these complex environments. Here, we
report the first use of microfluidic chips for the study of kelp, specifically Saccharina latissima.
While these algae are usually large-sized organisms growing upwards in the sea, we suc-
cessfully demonstrated the suitability of microfluidic devices to monitor the initial steps of
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their embryogenesis within a chip restricting their amplitude of growth to 25 um in height.
This was made possible due to the specimen’s early-stage embryogenetic development,
which leads to the formation of a monolayered cell sheet of only 15 um thickness. We
showed that, in this confined environment, Saccharina realises the main embryogenetic
steps in conformity with the observations made in open environments. Furthermore, build-
ing on the investigation capabilities enabled by the microfluidic device, we qualitatively
analysed the influence of varying illumination conditions, i.e., blue and red light, onto the
specimen’s embryonic development. Finally, together with the in vivo labelling of the cell
surface and on-chip immunolocalisation of cell wall components, this chip enables accurate
observations of the specimen’s development over time, which provides new possibilities
to study the embryogenesis of this organism in more detail and will help boost further
knowledge increase for this important class of marine organisms.

4. Materials and Methods
4.1. Production of Saccharina Embryos: General Conditions (Genotype, Storage of the Gametophytes)

The Saccharina latissima embryos were produced from one isolated female gametophyte
and one isolated male gametophyte, which were both derived from the same sporophyte,
as described in [24]. In brief, female and male gametophytes were cultivated in PES1X
(Provasoli-Enriched Seawater, see [42]) medium at 13 °C under red light, with a light
intensity of about 16 pE s—1 m—2 (lower than 30 pE s—1 m—2 in all cases) with a long
photoperiod of 14:10 (L:D). This maintained the gametophytes in a vegetative state. Ga-
metogenesis was induced by transferring the gametophytes to white light with the same
conditions of temperature and light intensity as indicated above. Five to ten days later, the
gametes were released and fertilisation occurred. PES medium was made with natural sea
water pumped at ~30 m under the sea level, filtered at 100-101 um to remove debris, and
autoclaved. Provasoli’s solution (see concentration below) was then added to this sea water
to make different PES media. A concentration of PES1X (300 uL of PES in 1 L of natural sea
water) was used for the culture of the gametophytes, while PES2X (600 uL of PESin 1 L of
natural sea water) was used for the culture of the sporophytes (embryos and adults).

4.2. Design and Fabrication of the Microfluidic Device

The microfluidic design consists of a single chamber with a length and width of 7 mm
and 5 mm, respectively, with an inlet and an outlet with diameters of 1.2 mm. The inlet
is connected to the chamber via a funnel to ensure the uniform distribution of sea water
and nutrients and to prevent the trapping of air bubbles. Additionally, to increase chamber
stability as well as to simplify the trapping of specimens during the loading procedure, the
chamber is filled with a grid of pillars with a diameter of 50 um and a spacing of 350 um. To
allow the devices to be submerged in sea water inside small glass bottom Petri dishes with
diameters of 2 cm (Model No. 801001, Wuxi NEST Biotechnology Co. Ltd., Wuxi, China),
the outside dimensions of the polydimethyl-siloxane (Sylgard 184, Dow Corning, Midland,
MI, USA) structures are 7 mm by 11.5 mm. The mould used for PDMS replication was
fabricated using single-layer photolithography. A silicon wafer was prebaked at 200 °C for
10 min before being cooled down to room temperature and used as a substrate. Photoresist
(SU-8 25, MicroChem Corp., Newton, MA, USA) was applied with a maximum speed of
2000 rpm to achieve a thickness of 25 um and soft baked at 65 °C and 95 °C for 3 min and
15 min, respectively, before being cooled down to room temperature on the hotplate. An
exposure dose of 170 mJ/cm? was applied to transfer the design pattern (Film Photomask,
JD Photodata, Hitchin, UK) into the photoresist. The wafer was post exposure baked for
1 min at 65 °C and 3 min at 95 °C before being developed for 3 min 30 s (SU-8 Developer,
MicroChem Corp.) and hard baked for 10 min at 150 °C. PDMS with a ratio of 1:10 was
poured onto the mould and cured under vacuum at room temperature overnight before
being cut into individual chips and punching the inlet and outlet with a 2 mm diameter
sterile biopsy punch. The PDMS chips were then dusted with compressed air and Scotch
tape (Model 7100069922, 3M, Saint Paul, MI, USA) before being exposed to oxygen plasma
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in a plasma cleaner (Model PDC-32G-2, Harrick Plasma, Ithaca, NK, USA) for 45 s together
with the Petri dishes and being brought into contact to seal the chambers chemically. These
chips in dishes were then filled and submerged with PES2X and sterilised overnight under
UV lights before hosting embryos.

4.3. Chip Inoculation

The chips were inoculated with different types of algal material, which differed in their
position in the life cycle. It was (i) a mix of unfertile female and male gametophytes, (ii) a mix
of fertile female and male gametophytes, or (iii) a mix of gametophytes with early-stage
embryos. However, for most of the lab-on-chip experiments presented in this article, early-
stage embryos growing on female gametophytes were used. For all cases, after quickly and
gently replacing the culture medium with 1 mL of PES2X, the bottom of a Petri dish containing
embryos with fewer than 10 cells was softly scraped with a cell scraper (Model No 83.3950,
Sarstedt AG & Co. KG, Niimbrecht, Germany). The embryos were then resuspended in
the medium by gently shaking the Petri dish, and then carefully sucked with a 1000 uL
pipette with disposable tips large enough to allow for a continuous flow of embryos. The
specimens were directly injected in the inlet of the chip (punctured with a biopsy punch of
2 mm diameter) and introduced into the chip by a gentle flow. Slowly emptying the tip into
the chip took up to 30 s and a gentle up and down movement—using the flexibility of the
PDMS—helped the embryos flow further into the device. This operation was easier when
assisted with a stereomicroscope. The inoculated chip was then submerged with PES2X and
transferred back to a 13 °C culture chamber with a long day schedule (14:10) of white lighting
of around 16 pE s~! m~2, along with other embryos.

4.4. Hydrostatic Pressure-Based Liquid Renewal

The volume flow resulting from a constant height difference can be simplified
as follows:
Q=AP/Rh 1)

where Rh is the hydraulic resistance and the pressure difference AP can be expressed as
AP = —pgAh with p, g, and Ah being the volumetric mass, the gravitational constant, and
the height difference, respectively. Additionally, the hydraulic resistance induced by the
microfluidic device and the tubing with an inner diameter of 500 pm and a length of 30 cm
can be approximated with 1012 kg m~* s~! and 2.5 x 1011 kg m~* s}, respectively. Hence,
the resulting height difference needed for a sufficiently slow liquid exchange, e.g., suitable
to renew the internal chip volume about once a day, is located in the pm scale.

4.5. Pump-Based Liquid Renewal

A modular pressure controller (Flow EZ, Fluigent, Le Kremlin-Bicétre, France) was
used to allow for continuous medium renewal inside the microfluidic devices. Given the
extended duration of the culture and to reduce the risk of contaminations, the pump was
connected to the chip via platinum-cured silicone tubing with an internal diameter of
0.5 mm (Model No SHE-TUB-SIL-0.5*0.8, Darwin Microfluidics, Paris, France). The liquid
renewal rate was estimated based on the excess media in the dish.

4.6. Setting Up the Protocol for Time-Lapse Monitoring

The acquisition of images and time-lapse monitoring was performed using an inverted
epifluorescence microscope (microscope: Leica DMI6000B, objective: Leica Microsystems
HC PL APO 40x/0.85 CORR, camera: Leica DFC450C, software: LAS X 3.7) and an inverted
confocal microscope (TCS SP5 AOBS, Leica Microsystems, camera: Leica DFC450C). The
observations were made in the same lighting and temperature conditions as in the regular
culture room. For this purpose, the microscope was placed in a room cooled to 17 °C and
framed by a carbonate-glass chamber fitted to a thermostatically controlled air flow system
(Model: CUBE & BOX, Life Imaging Services GmbH) to further cool the sample down to
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13 °C. Two LED lamps were placed inside the chamber to provide adapted lighting (see
Section 4.3 for detailed conditions).

4.7. Growth Rate Measurements

The growth was calculated by measuring the length and the width of the embryo,
respectively the distance between the apex and the base of the embryo, and largest width,
every 24 h in embryos growing (i) within the chips with flow, (ii) within the chip without
flow, and (iii) in the Petri dish outside the chip. All conditions were applied in a single Petri
dish, and 15 marked specimens for each condition were monitored for 7 days by time-lapse
microscopy as described in 4.6. For long-term measurements outside the microfluidic
device, only embryos growing horizontally were selected. Measurements were performed
using the Fiji distribution of Image]2 [43], from which the total length (L), the length/width
ratio, and the growth rate (L4171 — Ln)/(tnh+1 — tn) were plotted as a function of time (t).

4.8. Duration of Embryos Viability in Microfluidic Devices

We assessed how long the embryos could stay alive in the microfluidic device by using
four inoculated microfluidic devices loaded with 5 to 10 specimens each. These devices
were placed in a 13 °C culture chamber with long day illumination (14:10). After opening
the Petri dishes in a laminar flow hood, the devices were flushed manually every day with
approx. 101-102 uL of PES2X using a 1 mL pipette. Embryo viability was evaluated for
up to 12 days and viability was monitored through growth (or stagnation) as well as the
colour of the embryos’ pigments.

4.9. Cultures and Assessment of the Impact of Culture Density

To assess the effect of the density of female gametophytes in the formation of eggs,
a stock of female and male gametophytes was crushed into ~5- to 10-cell gametophyte
filaments, mounted and optically inspected to ensure the required filament length, and 10,
25,50, 75, and 100 pL of this mixture diluted in 2 mL PES1X (roughly 0.6 uL of PES per dish)
were transferred to Petri dishes. After 2 weeks, the emerging eggs were imaged using an
inverted microscope (Leica DMI-8). Each condition was observed in three Petri dishes and
from two independent stock cultures. Counting was conducted from two snapshots taken
on two different positions in the dishes. The number of eggs released was counted relative
to the sum of dead + alive gametophytes as organisms and as their total cell number. The
concentration of gametophytes per uL was derived as 252 (124 female GP and 128 male
GP) using Malassez counting.

4.10. Assessment of the Embryonic Developmental Stages

The algal material was loaded in the chips and observed as described in Sections 4.3 and 4.6.
No flow was applied to the system for the duration of the observation. Time-lapse monitoring for
5 days allowed the observation of different transitions of the life cycle, especially those involved
in the formation and development of Saccharina embryos.

4.11. Impact of Blue and Red Lights in Embryogenesis

Three-week-old embryos of Saccharina were inoculated in the chip with PES2X and
cultivated for 5 days under red (9.2 uE-m~2.s71) or blue (5.1 pE-m~2.s71) light with a 16:8
(L:D) photoperiod. The light spectra are shown in Supplementary Figure S4. Brightfield
and autofluorescent embryos were observed in confocal microscopy (Argon laser, SP5,
Leica Microsystems, Wetzlar, Germany). The autofluorescence of the chlorophyll was
observed through a PMT with a 675-745 nm passing band.

4.12. Staining the Embryos with Calcofluor

Cellulose was stained by filling the microfluidic device with 20 uM calcofluor white
solution (fluorescent brightener 28, F-3543, Sigma-Aldrich, St. Louis, MI, USA) diluted in
PES2X. The incubation lasted 45 min at 13 °C (RT) in the dark. The solution was injected
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into the inlet of the device by pipetting. Observation was performed under UV light
(excitation wavelength: 380 nm, emission wavelength: 475 nm) using epifluorescence
(DMIS, Leica Microsystems) and confocal microscopy (405 nm emission laser, PMT band of
450-500 nm; SP5, Leica Microsystems) after flushing the channels with fresh PES2X at least
twice and after incubation for at least 15 min at 13 °C between each rinsing step. No major
bleaching effects, induced by the white light illumination needed for the cultivation of the
specimen, were observed.

4.13. Marking the Embryo Surface with Fluorescent Beads

The embryos were marked with amine-coated 0.2 pm red-fluorescent microspheres
(FluoSpheres™ ref. F8763, Invitrogen™, 580/605, Waltham, MA, USA). The concentration
of the microspheres was found to be an important parameter for successful labelling, as
the beads should uniformly label the specimens while still being distinguishable. Working
solutions were prepared by diluting the beads to 0.05% in 500 uL of PES2X (w/v) in a 1.5 mL
Eppendorf tube. Before dilution, the beads were scattered by 1 min of fast vortexing and
1 min of sonication (50 Hz, amplitude 40 Pa) with a probe cleaned with 70% ethanol. These
working solutions were used to mark the surface of embryos grown in Petri dishes with
diameters of 20-35 mm, as described below. Under a sterile laminar hood, the working
solution was poured onto the embryo cultures previously emptied of sea water. In order to
help the beads to attach to the embryos, the Petri dishes were carefully shaken in a circular
motion for 1 min. The solution was then discarded and 1 mL of PES2X was added to wash
off excessive beads during 1 min of circular motion. After five similar washing cycles, the
dish was refilled with culture medium. These marked embryos were directly transferred
into a chip for observation. Alternatively, they were placed back to the culture room.

Carboxylate-coated 0.5 um green-fluorescent microspheres (FluoSpheres™ ref. F8813, In-
vitrogen™) were also tested, but they were only faintly attached to gametophytes and embryos.

4.14. On-Chip Immunolocalisation

The protocol was adapted from Charrier et al. [23]. The algal material in the chip was
fixed for 2 1/2 hours with 2% PFA prepared in H20. PFA was added as gently as possible
to avoid too high pressures and distortions of the embryos inside the chip. Similarly, all
mechanical pressures, e.g., applied manually directly onto chip, were avoided. All solutions
were passed through the chip at least three times to ensure complete and homogeneous
flooding of the chip volume. Primary and secondary antibodies were incubated for at least
2 h at 4 °C in the dark. The secondary antibody was coupled to Alexa488 and the signal
was observed either in epifluorescence microscopy (DMIS, Leica Microsystems) with an
FITC filter or with a SP5 confocal microscope (Leica Microsystems) with an Argon laser at
488 nm for excitation and through PMT with a band of 500-530 nm for emission.

4.15. Statistical Evaluation

Statistical evaluations were performed in Prism 6 (GraphPad). The culture concen-
trations (Figure 1c) were analysed using a one-way ANOVA in combination with Tukey’s
multiple comparisons test to detect differences between individual culturing conditions.
Blade growth (Figure 3d), growth rate (Supplementary Figure S3a), and blade length-width
ratios (Supplementary Figure S3b) were analysed using two-way ANOVAs, while Tukey’s
multiple comparisons tests were applied to detect significant differences between the ex-
perimental conditions within days as well as between consecutive growth days within
individual experimental conditions. Asterisks indicate the results (adjusted p-values) of the
corresponding tests: * < 0.05, ** < 0.01, ** < 0.001, and **** < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /bioengineering9110718/s1, Supplementary Information I1 con-
taining Figure S1: Effect of sample density on growth behaviour, Figure S2: Microscopy setup with
controlled environmental conditions, Figure S3: Comparison of daily growth rates and blade shapes
between on-chip cultures with and without liquid renewal and open space, Figure S4: Blue and red
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light spectra for physiological investigation, Figure S5: Time-lapse growth tracking using micro-
spheres, Caption for Movie M1, Caption for Movie M2; Supplementary Movie M1: Transition from
oogonium to egg; Supplementary Movie M2: Growth of mature embryos; Supplementary Data D1:
Data used for the production of the presented graphs.
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Supplementary Figures

a b
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Figure S1. Different concentrations of Saccharina latissima gametophytes left to induce gamete release
and embryo growth. From the initial crushed gametophyte stock culture, (a) 10, (b) 25, (c) 50, (d) 75, or

(e) 100 pL were taken and diluted with 2 mL of natural sea water inside Petri dishes. Egg release was
drastically reduced at higher density of gametophytes even though the stage of the gametophyte should

still allow oogenesis. (f) If left to grow in unfavourable conditions, the cells (that normally differentiate
into an egg-producing oogonium) form more gametophyte cells instead of eggs. Specimens were cul-
tured under white light for (a) — (e) 2 weeks or (f) 3.5 weeks. Scale bars: 250 pm.
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Figure S2. Microscopy setup with controlled environmental conditions. The setup consists of an in-
verted microscope incubation chamber. Light intensity equal to standard culturing conditions is pro-
vided via two lateral LEDs. The glass-bottom Petri dish containing either the samples directly or the
microfluidic device with the specimens is highlighted at the centre of the image. For experiments re-
quiring automatic liquid renewal, the microfluidic device was connected to a pump (left side) while the
liquid waste was collected on the right side through tubing connected to the device's outlet.
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Figure S3. Comparison of daily growth rates and blade shapes between on-chip cultures with and

Blade length-width ratio

without liquid renewal and open space. (a) Growth rates of specimens cultured in open space, i.e., in
glass bottom Petri dishes, are on most days significantly higher than for specimens growing inside
microfluidic devices with and without liquid renewal. (b) Specimens growing inside the device with
liquid renewal show similar blade shapes with regard to their length-width ratio as samples growing
outside the device, while specimens inside the chips without liquid renewal are less elongated. Aster-
isks indicate statistically significant differences in growth rate and blade length-width ratio between
the culturing conditions on specific days as analysed using with two-way ANOVAs (see Materials and
Methods).
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Figure S4. Blue and red light spectra for physiological investigation.

Microspheres ——
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Figure S5. Confocal microscopy image of a monolayered lamina labelled with fluorescent beads for live
tracking. (a) Brightfield image of the monolayered lamina. (b) Autofluorescence of the chloroplasts. (c)
200 nm red fluorescent microspheres attached to the lamina. Only the beads stuck at the outline of the
lamina were imaged, thereby making sure that they are in the same focal plane. (d) Merged microscopy
image of the fluorescence channels showing the chloroplasts (red) and the functionalised microspheres
(purple). (e, f) Brightfield and fluorescence images of a monolayered lamina labelled with fluorescent
microspheres growing over ~ 4 days. The triangle joins 3 red beads at 1 h (blue) and 99 h (white). The
larger white triangle illustrates the higher distance between the beads and, therefore, growth of the
embryo in this area. Scale bars: (a-d) =25 um; (e, f) =50 pm.



Supplementary Movie Captions:

Movie characteristics: Movie duration: 20 sec, with 5 image acquisitions per sec (total 100 images). Each
image acquisition corresponds to one hour of time-lapse microscopy (one image every hour). Total
duration in real-time is approximately 4 days.

Movie S1. Time-lapse movie showing a growing monolayered sheet of a Saccharina embryo and a
maturating gametophyte. Note the hatching of 3 eggs over time, each in less than one hour.

Movie S2. Time-lapse movie showing a growing monolayered sheet of a Saccharina embryo differen-
tiating rhizoids. Note one of the rhizoids pushing the small embryo lamina in the bottom left side of
the movie, thereby showing that all the algal material grows in a single plane.
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