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Abstract

In this article, the morphology of a brown alga is revisited and compared to the
phyllotaxis of land plants. The alga, Sargassum muticum (Yendo) Fensholt has a
highly organized thallus with a stipe, the stem-like main axis, and hierarchically
organized lateral branches of successive orders. Around each of these axes, the
lateral organs: blades, side-branches, and receptacles grow in a spiral disposi-
tion. As in land plants, this organization is related to an apical mode of growth.
Measurements performed along the mature differentiated axes as well as in their
meristematic regions confirm the similarity of the large-scale organization of this
brown alga with that of the land plants. In particular, the divergence angle between
successive elements has similar values and it results from the existence around the
meristem of parastichies having the same Fibonacci ordering. This is remarkable in
view of the fact that brown algae (Phaeophyceae) and land plants (Embryophyta)
are two clades that diverged approximately 1800 million years ago when they were
both unicellular organisms. We argue that the observed similarity results from a
morphogenetic convergence. This is in strong support of the genericity and robust-
ness of self-organization models in which similar structures, here Fibonacci related
spirals, can be obtained in various situations in which the genetic and physiological
implementation of development can be of a different nature.
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Introduction

Etymologically, phyllotaxis concerns the arrangement (taxis) of the leaves (phyllon)
around the stems of plants. With this definition there can be, strictly speaking, no
phyllotaxis in brown algae (Phaeophyceae). They do not belong to the same lineage
as land plants and they do not have structures that are equivalent anatomically or
physiologically to stems or leaves. Furthermore, it is now established by phylogenetic
analysis that the most recent common ancestors to green plants and brown algae were
unicellular eukaryotic organisms and that the divergence between these two clades
(Fig. 1) occurred approximately 1800 million years ago (Mya) [1-3]. The transitions
to multi-cellularity occurred independently in the two lineages therefore their large-
scale structures cannot result from a common inheritance.

However, some brown algae have a morphology that resembles that of the aerial
part of land plants. In particular, they usually have an axisymmetric stem-like struc-
ture (a stipe) with lateral branches. These primary branches have themselves lateral
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Fig.1 Simple sketch of a phylogenetic diagram of the Eukaryotes showing the
four main clades that have developed multicellularity: the brown algae, the red
algae, the Chloroplastida (green algae, mosses and vascular plants), the metazoans
(animals), and the fungi. This sketch and in particular the estimates for the times
of divergence of the branches was done using the data available in references [1-3].
The common ancestor to brown algae and plants was a monocellular organism. The
same is true for the common ancestor of brown and red algae. The estimated times
for both divergences vary in the range from 1500 to 2000 Mya depending on the
authors, but are now sufficiently similar.

appendages, blades and secondary branches and the repetition of this process gives
the alga its global organization. At each level of the hierarchy, the lateral appendages
are spirally organized around the axis on which they grow. This had been observed
long ago and was described and discussed by Church in 1920 [4]. At that time, the
huge phylogenetic distance separating plants and brown algae had not been mea-
sured. Mosses and algae were seen by Church as precursors of land plants, in which
phyllotactic-like organizations had appeared first [4]. While this hypothesis may still
be valid for mosses [5], it has become unrealistic for brown algae. Because of the evo-
lutionary distance between brown algae and land plants, their organizations cannot
be homologous in the biological sense of the term. It is our aim here to examine how
analogous they can still be, and what could be the origin of this analogy.

It is useful to recall first the main characteristic of the classical spiral phyllotac-
tic patterns observed in land plants to which we will refer. The first step in their in-
vestigation was the geometrical approach of Schimper [6], Braun [7], and A. and L.
Bravais [8]. They showed that if the leaves along the stem are linked by their order
of appearance they are disposed on a single spiral (the generative spiral). The basic
quantity here is the divergence ¢, the angle between the orthoradial positions of two
consecutive elements. Measurements of divergences on mature plants showed that
they were surprisingly close to the golden section: ® = 2n(1 — 1) = 137.5°, where t
= (-1 + V5)/2 = 0.61803... is the golden mean. The other striking result is that in
structures where a secondary elongation has not taken place (e.g., inflorescences) the
elements (e.g., florets) are tightly packed and the structure is better characterized by
parastichies, the conspicuous spirals linking each element to its nearest neighbors in
space. The pattern is formed of a number i of spirals running in one direction, and j
in the other. The striking feature is that i and j are usually two consecutive numbers
of the Fibonacci series : {Fi} = {1, 1, 2, 3, 5, 8, 13, 21, 34, ...} in which each term is the
sum of the two previous ones (the first two terms being 1 and 1). When microscopic
observations of the shoot apical meristem became possible, they revealed [9] how
the future leaves appear as primordia in the annular region surrounding the central
meristem. In this region in which the secondary elongation has not yet taken place,
the primordia are tightly packed, the relative positions of two successive ones can be
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characterized by the divergence angle ¢ between them and the plastochrone ratio R =
1, + 1/r, (see below Fig. 4) introduced by Richards [10]. As for the global structure, it
is better characterized by parastichies. This led Hofmeister [9] then Snow and Snow
[11] to put forward hypotheses in which the spiral organization resulted from the
iterative formation of successive repulsively interacting primordia around the central
apical meristem. Correlatively, van Iterson [12] suggested that there was a geometric
origin to this particular type of organization and that it was related to the possible
dispositions of elements of finite size around a disk or along a cylinder. Using these
hypotheses it was demonstrated (Douady and Couder [13]) that the Fibonacci spirals
could be obtained by pure self-organization during the iterative formation of succes-
sive finite size primordia in the periphery of a stable apical meristem. The relevance of
this self-organization process was demonstrated by obtaining phyllotactic patterns in
a purely physical experiment in which no biological process was involved [13]. This
was the precursor for systematic numerical simulations [14-16]. They showed that
all the phyllotactic modes of plants: spiral, whorled, bijugates, etc., could be obtained
with the same principles. Comparison of the results of this self-organization model
with botanical data revealed that this hypothesis led to precise predictions as concerns
the phyllotactic evolution during the whole ontogeny of a plant [17].

After this reminder we can turn to brown algae [18-21]. There are unfortunately
relatively few quantitative measurements of the algae architecture. Traditionally, the
main effort in phycology went into taxonomy and more recently into genetics. From
both these viewpoints architecture is not trustworthy. For instance, in plants, taxono-
mists do not use phyllotaxis as a classification criterion. This mistrust is justified: on
a lilac tree, while most branches grow in a decussate mode, some can be whorled or
spiral, not due to a mutation, but simply after a severe pruning (Y. C. unpublished
data). The genetic control on such assets as phyllotaxis is indirect since it creates the
conditions in which a physical self-organization takes place. This also means that in
reverse, as in the present work, observing a similar organization in two genera is in no
way a guarantee of a genetic or evolutionary proximity.

The review article by Popper et al. [22] suggests that the green algae ancestors of
land plants acquired their multicellularity 750 Mya, while the present brown algae
(Phaeophyceae) became multicellular only 200 Mya, so that as multicellular struc-
tures, they would be younger than plants. Common brown algae present a much
larger set of possible architectures than plants [18]. Many of them have a uniseri-
ate filamentary structure, while others develop complex parenchymatous thalli. In
the latter case, many different morphologies are observed, resulting from different
meristematic types of growth. We limit ourselves to the spiral structures observed in
Sargassaceae. This family, the largest in the class of Phaeophyceae (now approximately
350 species) was initially established by C. Agardh (1820) [23] as one of the five fami-
lies of the Fucoideae.

An early description of the spiral disposition of laterals by Church [4] concluded
to a relation to Fibonacci organization, but was limited to a single specimen of Cysto-
ceira ericoides (Linnaeus) Agardh. A much wider set of data on organization of lateral
branches in Sargassaceae can be found in the taxonomic study by Yoshida [24,25]
for the Japanese species. They are mostly spiral but Yoshida describes them as hav-
ing 1/2, 1/3, or 2/5 phyllotaxes, depending on the species. This terminology initially
introduced by Schimper [6] refers to the angular positions of the lateral organs, such
as leaves, around the stem. The denominator is the number of successive leaves sepa-
rating two leaves having the same angular position, the numerator the number of
turns of the generative spiral around the stem in between them. If the coincidence in
angular positions was indeed perfect, the divergence angle would be in these three
modes 180°, 120°, or 144°, respectively, and the organization would be linked to the
rational numbers.

An origin of such organizations in Sargassaceae could lie in a global symmetry
of the branch. The sections of the branches, as described by Yoshida [24], are often
not cylindrical. Alternate dispositions 1/2 are observed in Sargassum nigrifolium or S.
giganteifolium where the branches are flattened, 1/3 dispositions are found in S. micro-
canthum, in which the section is triangular. These observations seemed to suggest that
a rational divergence angle could result from a global symmetry of the axis. In such a
case the spiral organization would be different from the Fibonacci phyllotaxis which
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is linked to irrational numbers. However, the terminology using fractions (1/2, 1/3, or
2/5) is ambiguous, being often used as a rational approximate of a really non-rational
organization in which there is only near coincidence. To lift the ambiguity and assess
the possible analogy with land plants, we re-examine in this article the spiral organiza-
tion using quantitative measurements.

For that purpose we revisit the structure of Sargassum muticum (Yendo) Fensholt.
This particular species has been widely investigated recently [26-29], mainly because
of its invasive character. Originally from Japan, it reached western America in the
1940s and Europe in the 1970s. In both cases, it had been brought with Japanese oys-
ters imported for aquaculture. A description of its global morphology can be found in
Yoshida [24] and Critchley [29]. It can be summarized as follows.

This brown alga has a hierarchically organized thallus (Fig. 2). It is anchored on
a substrate (e.g., a rock) by a holdfast, above which grows a stipe, a short cylindrical
main axis that is perennial. This axis grows slowly through the activity of its apical
meristem and generates primary laterals (fronds). These lateral branches are only
locally submitted to the dominance of the apex of the stipe. Some distance from it
they assume a fast growth during summer. By a large inter-nodal elongation, they
become the largest structures of the seaweed and can be several meters long. Each of
these primary lateral branches has a meristematic apex that produces lateral struc-
tures: leaf-like blades and axillary branches. The secondary lateral branches that they
generate have a more limited growth, being submitted to apical dominance, but they
also produce lateral tertiary branches. This hierarchical construction can continue to
higher orders for very large specimens that were not investigated here. The branches
of any order carry flattened blades attached to them by short stalks that make them
look like leaves. Associated to these blades, the lateral branches of the next order grow
in axillary position. On fertile fronds the reproductive receptacles are also axillary. A
simple inspection of the branch organization shows that, at all hierarchical levels, the
lateral elements are spirally arranged (Fig. 2). It also shows that the branches have a
cylindrical section so that the global axisymmetry of the system is respected. We will
measure as accurately as possible the orthoradial positions of the laterals on mature
primary or secondary branches as well as the disposition of the primordia in the apical
region.

Material and methods

The specimens we examined were collected in March in Roscoft (North Brittany,
France), in April in Berder (south Brittany, France), and in the beginning of Octo-
ber in Dieppe (Normandy, France). They were collected at low tide in intertidal rock
pools. They were kept in a cool seawater aquarium and examined shortly after return-
ing to the laboratory. The specimens collected at different times of the year differed
by the length of their fronds. Those collected in fall had lost most, but not all, of their
longest reproductive fronds.

For the sake of comparison we also used in this work the specimens of a wild type
ecotype Ws Arabidopsis thaliana. There were grown in greenhouses as described in
Peaucelle [30].

Several types of measurement were done in order to correlate the spatial distribu-
tion of the lateral elements around the primary lateral branches with the structure of
the apical region. The main difficulty in measuring the relative angular positions of
the successive blades is linked to the lack of rigidity of algae (as compared to plants).
For this reason we used a small apparatus described in Peaucelle [30] in which the
branch is attached at both ends and held vertically. The axis of the branch coincides
with the center of a 360° protractor. By sliding the protractor vertically we can mea-
sure the successive positions of the laterals.

The extremity of a branch is a tightly packed structure similar to the terminal bud
of plants. The outer blades that cover it were cut so that the central region was ob-
served with a low magnification microscope. After identification of the order of the
successive primordia we measured their relative positions, using an Image] software
(30,31].
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Peaucelle and Couder / A convergence: Fibonacci spirals in a brown alga

Fig. 2 Photographs of some parts of the thallus of Sargassum muticum (Yendo) Fensholt. a Terminal part of a
fertile frond with its lateral appendages. b Close-up of mature region of a primary branch showing the various ap-
pendages. A - a primary lateral branch; B - an axillary secondary branch; C - a leaf-like blade; D - an air bladder
(pneumatocyst) that contributes to keeping the branch buoyant; E - an axillary receptacle. ¢ The extremity of a
young primary branch showing the spiral arrangement of the blades (numbered by age).

© The Author(s) 2016 Published by Polish Botanical Society Acta Soc Bot Pol 85(4):3526
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For cytology investigations, the Sargassum apices were fixed in sea-water FAA
[formaldehyde 3.7%, acid acetic 5%, ethanol 50%, artificial sea water (Instant Ocean:
43, rue Gambetta, 57400 Srasbourg, France) 45%]. The Arabidopsis apices were fixed
in pure water FAA (formaldehyde 3.7%, acid acetic 5%, ethanol 50%, water 45%).
Both were dehydrated and imbedded in paraffin wax as described at http://www.its.
caltech.edu/~plantlab/protocols/insitu.htm. Samples were then cut in 5-um slices
using a Leica RM2245 Semi-Automated Rotary Microtom. Cuts were then positioned
on Glass Probe One Plus (Fisher Biotechnology, USA) glass slides. The samples were
then dewaxed using xylene, followed by rehydration using an ethanol series: 100%
(vIv), 95%, 70%, 50%, 30%, and 10%, incubated in pure water for 20 minutes. Cell
walls were stained using calcofluor white, nuclei using propidium iodide. Labeled sec-
tions were mounted in ProLong Gold Antifade Mountant (Life Technologies, USA)
with a coverslip and sealed. Images were taken with a Zeiss LSM 700 confocal micro-
scope equipped with a 203 0.8 numerical aperture (NA) dry objective.

Results

As is usual for plants, a quantitative characterization of the spiral organizations was
obtained by two types of measurements.

The first one concerns the disposition of the lateral appendages on a mature
branch. Three photographs of the structure of a primary lateral are shown in Fig. 2. As
in spirally organized land plants, the elements are disposed successively along the axis.
The length of the “internodes” separating them is mostly approximately constant. In
the samples that we measured it was of the order of 0.35 cm. It has been shown [27]
that this elongation depends strongly on the season. If we link the appendages in their
order of appearance, the resulting curve forms a single helix. This is analogous to the
land plants generative spiral. Using a hundred specimens we measured the direction
of winding of this helix and found that 54 grew clockwise and 46 anticlockwise. As
for the land plants, the direction of winding is thus with equal probability left or right.
We then measured the post-meristematic divergence angle, the orthoradial angular
distance @py between the bases of two successive blades when projected in a plane
perpendicular to the main branch axis. Its measurement is more difficult than in land
plants due to the lack of rigidity of the alga. For this reason, we had to stretch each
branch vertically in the above-described experimental set-up before measuring all
the divergence angles. We then repeated the procedure on several branches. Separate
measurements were done on the disposition of the laterals along primary and second-
ary branches. The results being identical we could gather them in order to improve
the statistics. We have thus collected 479 values of the divergence angle. Fig. 3a (white
boxes) shows a probability distribution function of the measured values. The global
average value for the angle is <@py3¢> = 143°. As a comparison, we measured 467
divergences on Arabidopsis thaliana inflorescences in the same conditions and ob-
tained <@py*™*> = 155° a result similar to that reported in Peaucelle et al. [30]. The
distributions of the divergence angles are similar in Arabidopsis and Sargassum. In
both cases, most of the values have a Gaussian distribution around a central value of
approximately 137.5° but the average is shifted by the existence of long tails of very
anomalous values. They are due to the local permutations of the order of primordia
formation that will be discussed below.

All the branches of the alga are terminated by an apex of the type, shown in Fig. 4a.
As in land plants, the most recently formed lateral blades cover and protect the meri-
stem in a structure very similar to a plant terminal bud. When the older blades are
micro-dissected the inner structure of the apex can be observed (Fig. 4b). As in land
plants, there is a central zone equivalent to the apical dome. However, it is in the
form of a pit instead of a dome. At low magnification, tightly packed multicellular
primordia-like protrusions are observed, distributed around the central zone. The
order of their formation can be deduced from both their distance to the center and
their size so that they can be numbered by increasing age (see Fig. 4c). Their relative
position can be measured by the plastochrone ratio and by the divergence angle ¢y
between successive primordia. The mean value of the plastochrone ratio R = r,,,/r, in
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the case shown in Fig. 4c was <R%%> = 1.13. As for ¢, we performed systematic mea-
surements and Fig. 3a (black boxes) shows the histogram obtained from 474 of them.
The mean value we obtained was <¢\’8> = 138.8° with a standard deviation of 13°.
As a comparison, we measured 551 values of the divergence on Arabidopsis thaliana
inflorescences (Fig. 3b, black boxes) and obtained <@\*™*> = 136.7° with a standard
deviation of 14°, a result similar to that reported in Peaucelle et al. [30]. The similarity
of the distributions observed in Sargassum and Arabidopsis is striking. In both cases,
all the measured divergence angles were distributed around the ideal angle 137.5°.
Furthermore, both presented a similar variability.

We can also describe the primordia arrangements in the classical way used for
plant apices. Because the primordia are tightly packed there, their distribution can be
described by linking each element to its nearest neighbors. Two sets of intersecting
parastichies with opposite directions of winding are thus defined. In Fig. 4d, we see
the result of this geometrical construction on a Sargassum apex: it is characterized by
three clockwise spirals and five anticlockwise spirals. In a usual terminology this is a
regular (i = 3, j = 5) Fibonacci pattern. This Fibonacci organization was observed in all
the apices we measured. For comparison, we chose randomly the inflorescence apex
of a wild type Arabidopsis thaliana, in which the mean plastochrone ratio turned out
to be <RA> =116, a value close to that in Sargassum <R%"¢> = 1.13. As can be seen by
comparing Fig. 4c,d and Fig. 4e.f, and as expected from the self-organization models
[14-16], the similarity of the values of <R> leads to the same parastichy organizations
(i=3,j=5).
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Peaucelle and Couder / A convergence: Fibonacci spirals in a brown alga

Fig. 4 a Photograph of the apex of a primary lateral as seen from the side. As in plants the older lateral
blades cover and protect the meristem in a global structure very similar to a bud. b The apex was micro-dis-
sected and the older blades had been removed to reveal the pit-shaped apical “meristem”. ¢,d Organization
of the “primordia” around the meristem. In (c) they are numbered with increasing age and their relative
position is measured by their distance r, to the center and by the divergence angle ¢ that separates them.
d The same apex on which the parastichies have been drawn. Note that if the phyllotaxis was a 2/5 organi-
zation with a 144° divergence, a primordium of order n would be radially aligned with the primordium of
order n+5. This is clearly not what is observed. e,f The apical structure of Arabidopsis thaliana (wild type)
inflorescence shows a very similar organization even though the meristem is a dome instead of a pit.
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It is noteworthy that the parastichy order appears more regular than the values of
the divergence angles and there is a difference in the probability distribution functions
and average values obtained in the measurements of @py and @y.

A first possible origin of the dispersion of the divergence values @y is related to
environment. In land plants, the stem is usually rigid, while the branches of Sargassum
are very flexible. Being submitted to waves and tidal currents their axis can be twisted.
The observation of drying branches shows that sometimes such twists have remained
permanently. In this case, the measurements of @py are disturbed. This could be at the
origin of the slightly larger dispersion of the angles in Sargassum post-meristematic
phyllotaxis than in the Arabidopsis plants grown in a windless environment.

However, the scatter in the values of <@py> and <@\> has a more fundamental ori-
gin [15,17,32,33]. The phyllotactic patterns are generated sequentially by the forma-
tion of successive primordia. Each of them forms in an optimum position determined
by its nearest neighbors. For this reason, the new primordium will contribute to the
build up of an ordered and robust parastichy structure. However, the order in which
successive sites become available around the meristem results from the existing pat-
tern. It is thus determined by the history of the previous growth that built it up. When
the phyllotaxis becomes complex, several locally favorable sites, all coherent with the
parastichy order, become available around the meristem at approximately the same
time. As was demonstrated by simulations [15] and by measurements performed on
the stem of sunflowers [17], permutations in the order of formation of the primordia
can then become frequent. The effect of a natural noise on phyllotaxis has been inves-
tigated recently by Mirabet et al. [32] and Refahi et al. [33] and was shown to generate
such permutations, in excellent agreement with the botanical data. These permuta-
tions have little effect on the parastichy order but the plastochrone values as well as the
sequence of angles are both strongly disturbed. This is why the histograms of @py and
¢ differ slightly from each other (Fig. 3). The secondary elongation of the branches
amplifies and reveals the fluctuations of the plastochrone. The rare permutations of
the order of the laterals formation are thus easily observed along the axis. They are
responsible for the very anomalous values (¢ around ¢ ~ 85° and ¢ ~ 220°) measured
in the post-meristematic measurements. In contrast, these permutations remained
usually undetected in the apical measurements because the irregularity of the plas-
tochrone results in practically undetectable shifts in the primordia radial positions.
The divergences due to these permutations can be filtered-out by eliminating in the
post-meristematic measurements all the values of ¢ smaller than 90° and larger than
180°. The averages found on the truncated distributions are then <¢'p\**#> ~ 134° for
Sargassum and <@'p**> ~ 137° for Arabidopsis. These values are in good agreement
with those measured in the apex. They are also in agreement with the mean value <¢>
~ 135.3° measured by Church [4] on a single branch of Cystoseira ericoides.

So far we have seen that the phyllotactic pattern and its maintenance are strik-
ingly similar between Sargassum and Arabidopsis. We will now examine the simi-
larities and differences of the geometry in which these patterns are formed. At low
magnification, as shown in Fig. 4b, the aspect of the apical structure with primordia
forming at the periphery of a central zone appears very similar in the Sargassum and
in the representative of a land plant. However, the observation of the meristematic
region at high magnification reveals large differences. Fig. 5a—d shows a systematic
comparison of two apices; longitudinal sections at two magnifications of a Sargassum
apex (Fig. 5a,c) and similar sections of an apex of Arabidopsis during its transition to
flowering (Fig. 5b,d). In Sargassum, the center of the meristem, instead of a dome, is a
pit-like structure surrounded by smaller pits positioned in a phyllotactic pattern. The
central pit is deeper than the surrounding ones. Each of these pits has a large cell at
the bottom. The lateral pits are asymmetrical with an outer bulging part. These bulges
grow fast to become the primordia-looking bumps seen in Fig. 4c, then the blades.
The resulting structure will thus be similar to that observed in land plants differentiat-
ing into both a leaf-like structure (blade) and an axillary apex. However, in Sargassum
the order of formation is reversed, the secondary pit (and thus the future lateral apex)
forming before the blade primordium.

The shape of the cells at the bottom of the pits can be deduced by sections of the
type shown in Fig. 5e,f. Its transverse section is triangular while its longitudinal sec-
tion is oblong. This observation is in agreement with the central cells previously
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Fig.5 a-d Comparison of longitudinal cuts through the apices of Sargassum muticum
(a,c) and Arabidopsis thaliana (b,d) at different magnifications. These are composite images
in which the gray scales correspond to transmission microscopy, the blue to calcofluor white
(staining the cell walls), and the red to propidium iodide (staining the nuclei and the cell
walls). (a) and (b) are low magnification cuts showing the terminal portions of the axes. (c)
and (d) are zoomed-in images of the apical regions. In Sargassum (c), a large pit (arrow) is
present in the center of the apical zone. It is surrounded by the thallus extensions contain-
ing smaller pits (arrows). In contrast, in Arabidopsis (d), the meristem is dome-shaped and
surrounded by protruding primordia. e,f The central apical cell at the bottom of the pit in
Sargassium muticum. In (e), a cut stained with propidium iodide shows its triangular trans-
verse section. In (f) a longitudinal cut at a larger magnification and stained with calcofluor
white shows its oblong section in this direction.
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described in the Sargassaceae [4,18,19,25,34,35]. It can be noted that the terminal cell
of Sargassum is in some aspects similar to the apical cells observed in mosses as first
emphasized by Church [4]. There are differences however. In mosses the apical cell is
tetrahedral and it is not at the bottom of a pit but forms the tip of a conical structure.
Furthermore, as noticed by Church [4] the existence of this central cell of triangular
section in Sargassaceae does not imply (as it does in mosses) a three-fold symmetry of
the global structure. The phyllotactic organization appears here to be fixed at a larger
scale by the growth of the global meristematic tissue surrounding this cell [34].

These first results call for a wider investigation of the organization of algae having
an apically dominated growth. As noted in the introduction, other species of Sargas-
saceae were described as having 1/2 or 1/3 phyllotaxes. Some of them could be related
to the deformations of the axis. However, in the cases of cylindrical symmetry, we
believe that they are all Fibonacci related organizations, 1/2 being the distichous mode
with ¢ = 180° and 1/3 corresponding to apical parastichies (i = 1, j = 2) that can have
a divergence angle 128° < ¢ < 180° [14]. This should be checked by observations of
other apical structures, a task that could not be performed in the present work by
lack of access to fresh specimens of different species. It can also be noted that after
searching the available data on the morphologies of Sargassaceae we did not find any
report on observations of whorled organizations (2,2) or (3,3) that are common in
plants.

Discussion and conclusion

The present investigation, though limited to one species, confirms a previous obser-
vation in another species of Sargassaceae [4] of Fibonacci spirals. Their similarity to
those of land plants, necessarily result from two independent evolutionary processes,
the last common ancestor of brown algae and land plants being a mono-cellular struc-
ture. It is thus a case of convergence. It is interesting to note that this convergence
extends to other features of the architectures of these two distant groups of photo-
trophic eukaryotes. There is a clear similarity in the presence of axillary growth in
both systems. Furthermore, a plant-like apical dominance has been demonstrated to
exist in Sargassaceae [28].

Convergences can have two distinct origins. They can appear because they bring
the same evolutionary advantage, or they can result from similar phenomena of self-
organization. Here, it appears that the two types of convergences are present and co-
operate to give a real similarity in form (homoplasy).

A well-known example of evolutionary advantage in the animal world is the aquisi-
tion of the ability to fly. There is a similarity in the acquired function but the means
by which this function is obtained can be completely unrelated. For instance, there is
no developmental or morphological relation between the wings of insects and those
of birds.

There are such evolutionarily based similarities in land plants and brown algae
leading to what looks like similar developmental “strategies”. As summarized by Bo-
gaert et al. [20], brown algae and land plants, in spite of their phylogenetic distance,
share many common developmental features. Both have an open-growth strategy, in
which meristematic cells produce an unlimited sequence of new organs. In such lin-
eages as the Sargassaceae, the meristems are able to divide in three dimensions gen-
erating parenchymatous tissues. This is due to mitotic divisions of cells that remain
attached to each other, producing a multicellular tissue. These cells remain embedded
in a rigid extracellular matrix having cellulose fibrils and maintain a cytoplasmic con-
tinuity through the formation of plasmodesmata. In both clades, the multi-cellularity
has opened the possibility of building-up very large individuals that have two evolu-
tionary advantages common to land plants and Sargassaceae. Lateral leaves or blades
attached to branches are good organizations to collect light. Long branches are a way
to release the reproductive structures in the regions of the surrounding fluid where
they will be easily spread: by the wind, far from the ground for land plants and by
water currents and waves, far from the sea floor, for algae. The incredibly rapid inva-
sion of European coasts by Sargassum muticum is due to this efficiency.
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As explored by D’Arcy Thompson [36], there is another possible origin of conver-
gences. The organisms can use the same generic self-organization mechanisms. Liv-
ing entities are part of the physical world and they use physical phenomena for their
organization, but this exploitation of the same physical effects can be implemented by
a different physiology.

The investigation of patterns resulting from growth phenomena in physics has re-
vealed the existence of archetypes due to symmetries that generate morphological
analogies in systems apparently unrelated to each other. This universality of morpho-
logical processes can be illustrated first by physical examples. In physics, two growth
processes leading to the spontaneous formation of complex forms are viscous fin-
gering and solidification (reviewed in Couder [37]). In the former, a fluid of weak
viscosity pushes a fluid of high viscosity out of, e.g., a porous medium. In the latter, a
crystal grows in, e.g., an undercooled salt solution. In both situations, there is propa-
gation of an interface separating two media. A flat interface is not a stable solution
so that it destabilizes and protrusions form and grow. The remarkable feature is that
in spite of the different nature of these systems, in both of them these protrusions
can have the same two possible morphologies [37]. If the front is homogeneous and
isotropic, the protrusions will be smooth and destabilize dichotomously (by “a tip
splitting instability“ for the physicists). If the system is anisotropic, or if it has local-
ized singularities, the tips of the protrusions become stable and they form the axis of
large structures endowed with lateral branches (“by a side-branching instability“ for
the physicists).

The parenchimatous growth of either algae or land plants is characterized by the
coexistence of two dominant morphologies. Amongst brown algae, the growth of a
thallus characterized by repeated dichotomous divisions is frequent (as in, e.g., Fucus
vesiculosus), but in Sargassaceae growth generates stable axes. The same two organiza-
tions exist in land plants. Dichotomous divisions are observed in liverworts (March-
antiophyta) while vascular plants have shoots forming stable axes of growth. There
is thus in both clades coexistence of two morphologies with a remarkable analogy
with those obtained in the above-mentioned physics experiments (as briefly noted in
Couder [38]).

The idea of a convergence due to the existence of growth archetypes is reinforced
by the possible observation of similar morphologies in a third clade, the red algae
(Rhodophyceae). As shown in Fig. 1, they have diverged from Phaeophyceae 1800
Mya and from land plants approximately 1700 Mya. Some of the species [18] have
developed a form of pseudo-parenchymatous growth. Although they are unrelated
to brown algae, similar morphologies are observed. For example, in Chondrus crispus
the growth is characterized, as in Fucus, by repeated dichotomous divisions. In Lau-
rencia, there is a stable apex and growth of axes with lateral appendages. Furthermore,
there is evidence (though poorly documented) of a spiral organization when the axes
are cylindrical as for instance in Laurencia papillosa or in Laurencia pinnatifida. A
drawing of a transverse section of an apex of the latter species by Kylin [39], quoted
by Fritsch (see Fig. 204 in [18]) exhibits parastichies (i = 5, j = 8) hinting that this may
be one more case of Fibonacci organization. Unfortunately, information on the cor-
responding apical structures in red algae is very scarce.

The fact that Fibonacci spirals result from a self-organization was demonstrated by
the possibility of obtaining them even in physics experiments having no relation to
biology [13]. Naturally, this way of understanding the dynamics triggers many ques-
tions that concern the genetic and physiological processes by which the necessary
geometry and interactions are implemented in plants, in brown algae and possibly in
red algae. Owing to the remarkable robustness of the self-organization process, these
implementations could be quite different from each other. They are well beyond the
scope of the present article; we can only add a few comments.

We can first consider the possible origin of the very anisotropic growth of land
plants and Sargassaceae. In land plants it has been clarified. There is a self-induced
phenomenon in which the growth itself generates mechanical stresses that orient the
cortical microtubules of the cells [40]. This is followed by an oriented deposition of
cellulose microfibrils in the cell walls that corsets the stem below the apical meri-
stem. There is (at present) no evidence in Sargassaceae for a generation of anisotropy
by a similar mechanism since their vegetative cells do not have the same cortical
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microtubule organization [41]. However, they have peripheral actin that acts on the
cellulose deposition [41]. Another possibility is that, as noted in physics experiments
[37,38], an anisotropic type of growth could also be triggered by a unique singularity
at the tip. In Sargassaceae, the apical cell, always present at the center of the meristem,
could form such a singularity and its presence could, by itself, be responsible for the
stabilization of the axial growth

Several recent works have led to a better understanding of the formation and dis-
position of the laterals in plants. The formation of primordia is linked with a forced
flow of auxin pumped from cell to cell by PIN proteins [42]. The concentration of
auxin in convergence regions modifies the mechanical properties of the cellular tissue.
As shown by Peaucelle et al. [43,44], the tissue is softened by the demethylesterifica-
tion of the cell walls pectins in sub-epidermal cell layers, resulting in the formation of
bulging multicellular primordia.

In algae, the investigation of the role of phytohormones (auxins, gibberellins, cyto-
kinins) is complex [45,46], because of the diversity of the clades. A recent review can
be found in Tarakhovskaya et al. [47]. As concluded in this article, there is no doubt
that these hormones play a role in growth and morphogenesis, and tantalizing data
indicates that their polar transport is also important in differential growth [48]. It will
be interesting to see if the signaling pathways involving auxin and its polar transport
could contribute to the convergence of morphologies at the multicellular level.

It is remarkable that similar global morphologies are observed in land plants and
in brown algae. In both clades, the evolution of multicellularity has led to comparable
modes of growth. However, competition has not (or has not yet) led to the same dis-
tribution of the various morphologies. On land, some of the non-vascular liverworts
(Marchantiophyta) have a morphology (see, e.g., Metzgeria furcata) comparable to the
dichotomous organizations common amongst brown and red algae. However, they
are only present in limited ecological niches and the vascular plants with an axial
structure have become dominant almost everywhere. This is not the case in the sea
where competition between algae has not led to such a strong domination of one
type of morphology over the others. However, the invasive character of Sargassum
could be an indication that in this environment too axial structures are favored. Will
exobiology reveal that on outer planets, as on Earth, the axial growth and Fibonacci
organization are dominant amongst motionless multicellular entities? For the time
being, there is little risk of seeing this hypothesis disproved!
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