Colony and Pattern Formation in Diatoma tenuis

Thomas Harbich

Independent Researcher, Am Briidenrain 18, 71554 Weissach im Tal, Germany

Author links:

https://orcid.org/0000-0002-9151-4052

https://www.researchgate.net/profile/Thomas Harbich

https://www.diatoms.de/en/

Abstract

The araphid diatom Diatoma tenuis C.Agardh forms chain-like colonies that can have
different structures. Populations consisting of one or more connected star-shaped
formations, each containing three diatoms, and transitional forms between these structures
are considered. It is shown that formation and reproduction of star-like structures can be
described by a deterministic Lindenmayer system. The formation of larger aggregates is
prevented by a breakage mechanism restricted to specific connecting points in the colony.
An extension of the Lindenmayer system to include information on the age of potential
break sites allows the simulation of chain sizes with hypothetical probabilities for the
breaks. This reveals that the breakage mechanism has a characteristic temporal behavior in
which the probability of breakage is low over one generation time and then increases
strongly. The occurrence of transitional forms which is not described by the Lindenmayer
system is a consequence of imperfect synchronism of cell divisions. It is discussed based
on observational data. Essential for a low sinking speed of the colonies is the symmetry of
the star-shaped structures. The distribution of angles between neighboring diatoms is
studied and the increase in sinking speed due to deviations from perfect symmetry is
estimated. Observations show that after cell divisions favorable angles are reached in a time
that is short compared to the generation time. The formation of the colony structures and
the mechanisms required for this are discussed in the context of evolutionary advantage.

Keywords: Diatoma tenuis, colony formation, pattern formation, stellate diatom

colonies, Lindenmayer system

1.1 Introduction

Diatoms form a class of unicellular algae found in almost all aquatic habitats as well as
in soil. They possess an exoskeleton (frustule) of hydrated silicate, consisting of two

halves of different sizes called thecae. The larger is called epitheca, the smaller
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hypotheca. Both comprise a valve and the cingulum, a number of associated girdle
bands. When diatoms reproduce by vegetative division, the thecae of the parent cell are
retained and the smaller hypothecae are newly formed to each. These relationships were
discovered by MacDonald 1869 [1.25] and Pfitzer 1869 [1.33] and have been
demonstrated for many species (e.g. Locker [1.24]). Details, particularly on
morphology, can be found in Round [1.39], for example. If, after such a division, the
cells remain mechanically connected for a period longer than the generation time, a
clonal colony is formed. Rimet [1.38] gives an overview of the forms that such colonies
take. In the formation of colonies of pennate diatoms, the case occurs in some species
that after cell division the diatoms fold apart from the parallel formation but remain
connected at their opposed poles by a pad of extracellular polymeric substances (EPS)
[1.3]. The colonies are then typically stellate or zig-zag-shaped. Star-shaped colonies
are formed, for example, by the species of the genus Asterionella. Stellate and zig-zag-
colonies occur in the genera Tabellaria and Diatoma. Diatoma tenuis C.Agardh ([1.1]
[1.35]) forms zig-zag-shaped colonies in which star-shaped structures may also be
inserted [1.19]. Some populations exclusively form colonies consisting of star-shaped
structures with three diatoms or of several such connected stars (see images in [1.4]).
We will restrict ourselves to these colony forms, which can be associated with a
planktonic way of life. Apart from that, D. fenuis also occurs epiphytically and (more
rarely) benthically [1.19]. An example of a single and a double star structure is shown in
Figure 1.1. In addition, transitional forms between these structures are often found.

The life-forms can only be understood in the context of the life history strategy.

Zig-zag-shaped colonies, such as Diatoma vulgaris, attached to one or more diatoms by

Figure 1.1 DIC images of D. tenuis colonies. The arrows point to the connecting EPS pads. (a) structure consisting of
three diatoms. (b) structure consisting of six diatoms, which can be thought as two connected star-shaped colonies.

means of adhesive pads [1.6] to the substrate, allow diatoms, especially in flowing
waters, to protrude far into the water body, improving access to light and nutrients. This

requires an adequate length and stability of the chains. Phytoplankton must have



sufficient floatability, i.e. low sinking speed, to be able to photosynthesize for a
sufficiently long time [1.28] and to reproduce. For this purpose, it is important to
achieve good buoyancy. On the other hand, faster sinking of diatoms that have reached
a resting state after a diatom bloom may also be advantageous [1.40]. To this end,
increased mucus secretion can cause rapidly sinking aggregates to form, and some
species are able to regulate their buoyancy to control sinking rate and position in the
water column ([1.2] [1.40] [1.12]). For the possibility of a long stay in the surface area,
the shape of the diatoms plays a central role. Several marine species have appendages
such as chitin fibres or spines that reduce sinking speed (for a review [1.28]). In the
genera Chaetoceros and Bacteriastrum, robust extensions, so-called setae, are found
which serve to mechanically connect the diatoms and assist floatation ([1.42] [1.41]).
Conway and Trainor [1.7] have shown on green algae of the genus Scenedesmus that
strains with spines sank more slowly than those with the spines removed. Walsby and
Xypolyta [1.44] experimentally demonstrated that the sinking rate of Thalassiosira
fluviatilis increases by a factor of 1.7 when the chitin fibrils are removed.

An alternative to reduce the sinking speed is the formation of star-shaped
colonies in which diatoms are directed radially outward from a center. Experimental
studies with models of Asterionella, show that such colonies have a sinking rate that
decreases with the number of diatoms involved in the stellate formation [1.32].
Moreover, the experiments prove that regular structures with identical opening angles
are advantageous [1.32]. It can be reasonably postulated that this is also the background
for the separate and connected star-shaped structures in D. tenuis. A low sinking speed
is only given for smaller colonies, which leads to the question of a mechanism to limit
the chain length. Gherardi et al. have studied the chain lengths of the colony-forming
species Chaetoceros decipiens and Phaeodactylum tricornutum experimentally and
theoretically [1.14]. They use a stochastic model, and in the case of Chaetoceros
decipiens they consider a cell-to-cell communication process likely.

In this work, the morphogenesis in the observed star-shaped structures of D.
tenuis will be studied. The focus is on the rules that lead to the development and
reproduction of such structures. Essential to the appearance is the location of the
connection points, which can be investigated by the same methods we used in [1.16] for
explaining the formation processes in D. vulgaris. To understand the colony size
constraints, the possible fracture locations and the rupture behavior at these sites need to

be modelled. For the question to what extent transitional forms between star-shaped



colonies occur, the synchronicity of cell divisions has to be investigated, because
connected stellate structures in large numbers can only form if the durations of cell
divisions do not deviate too much from the mean. Against the background of the
evolutionary advantage of the structures, the degree of symmetry achieved and its effect
on the sinking speed is of further importance. In this context, the timing behavior of the
opening of the angles between neighboring diatoms needs to be addressed as well. Out

of consideration are deeper chemical or mechanical mechanisms.

1.2 Materials and Methods

1.2.1 Cultivation

Some diatom colonies of the species D. fenuis were sampled from the water body of the
river Neckar (Germany 49°04'41.8 N 9°09'17.9 E) on 18. October 2021. The typical
apical length was 73 um. The colonies were made up entirely of single and compound
stellate structures. The appearance of this planktonic diatom in the flowing water can
probably be explained by upstream barrages. D. tenuis was cultured in polystyrene Petri
dishes and grown in an f/2 medium according to Guillard [1.15] at light intensities
between 200 Ix and 500 Ix. A fluorescent lamp with a radiation temperature of 6000 K
served as illumination, with the light phase lasting 11 hours and the dark phase 13
hours. The ambient temperature was 19° C to 21° C. Under these conditions, it is
sufficient to inoculate a new batch culture with diatoms every three weeks. However,
since most observations required a low density of diatoms, it proved convenient to

inoculate new cultures weekly.

1.2.2 Recording technique

The study of dynamic processes requires observation times of several hours to several
days. They were recorded in the cultures using an inverted microscope (Zeiss Axiovert
Al). Statistical data (colony shapes, angles between neighboring diatoms) were
collected in sedimented cultures based on image series, because a sufficient number of
objects is present there and disturbing influences from external forces can be eliminated
to a large extent. Images that required high resolution (e.g. to identify the species or to

visualize the EPS pads) were taken using an upright microscope (Zeiss Axioplan).



1.2.3 Notation of concatenation, types of concatenation and processes of

splitting

The basis for the analysis of the structure of zig-zag colonies, as well as stellate colonies
is a notation, which allows to describe the sequence of connections. Figure 1.2a shows a
hypothetical short diatom chain or fragment of a chain in girdle band view, with the
EPS pads indicated by small circle segments. For the definition of the notation, it should
not matter whether this sequence of connections exists in a species in nature. Since only
connectivity is considered, the angles between diatoms are irrelevant here. For star-

shaped colonies, the angles are reduced for the purpose of illustration.
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Figure 1.2 (a) Exemplary colony consisting of eight diatoms with the binary notation of the location of the EPS-pads
in a selected position. (b) The four possible types a, b, ¢ and d with assignment to the binary notation.

The position of the chain to the viewer is horizontal, otherwise arbitrary, but fixed. One
can distinguish between an upper lower band and assign the position of the EPS pads to
them. By indexing the connection with 1 if the pads are at the upper band and with 0
otherwise, a binary sequence is obtained, which characterizes the sequence for a given
view unambiguously and without redundancies. Except at the ends, an EPS pad
corresponds to a connection point. Light microscopically, the EPS pads are usually not
recognizable at the ends, so that initially no indices can be assigned to them.

In modeling, it proves convenient to consider successive pairs of identifiers,
each enclosing a diatom, and give them a new identifier. In this manner, the 2-tuple
(0,1) characterizes a diatom of type a, as shown on the left in Figure 1.2b. Each diatom
is assigned a type a, b, c, or d in this way. Note also here that the identifiers change
when you rotate or mirror the chain. As successive 2-tuples always have a binary index
in common, the possible sequences of two elements are ab, ac, ba, bd, cc, cb, dd, and
da. Thus, an alternative description of the chain in Figure 1.2a is the string dabdacba.
Types a and b have the pads at diagonally opposite points of the diatom and shall be

referred to as "diagonal types". Correspondingly, ¢ and d are called non-diagonal types.



This nomenclature was introduced in [1.16] to model the formation of D. vulgaris
colonies. It is essential that the notation presented does not restrict the possible
processes of division, nor does it suggest any such process.

When a diatom divides, a new contact point is formed between the daughter
cells, which is assigned either the index O or 1. In Figure 1.3, the possible processes are

shown in the nomenclature according to Figure 1.2b and numbered by Roman numerals.
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Figure 1.3 (a) to (d) show the possibilities of a division of the four elementary types.

Since a particular view of the horizontally oriented colony was chosen, it is of
importance how the processes transform under a different choice. If one rotates a chain
by 180° with a vertical view on it, the types a and b remain invariant, while ¢ and d
interchange. The string describing the chain inverts its order. Thus, processes I and 11
exchange their roles, as do III and IV. A systematic description of how the processes
transform when mirrored with respect to a vertical (corresponds to the view of the

colony "from below") or horizontal axis and rotated by 180° is given in [1.16].
1.3 Results
1.3.1 Separation processes

1.3.1.1 Observation of the separation processes

When the formation of daughter cells is completed, the opening of the neighboring



diatoms occurs before the next division can be seen. Thus, no more than two parallel
connected diatoms occur, as is often observed in D. vulgaris or Diatoma ehrenbergii.
Similar to D. vulgaris or D. ehrenbergii, in phase-sensitive light microscopic
techniques, such as DIC, EPS pads after splitting are observed only at the connecting
points of the diatoms (see Figure 1.1 ), but not at the unconnected apices. If one
observes the development of colonies with respect to the division processes according
to Figure 3, the difficulty therefore arises that one cannot clearly assign a type to the
outer diatoms. In the case of a star-shaped colony of three diatoms, only the type of the
middle diatom is known. With the orientation of the colony according to Figure 1.1 this
is the type d. This diatom always divides into the sequence ab according to process VII.
The process of products a and b can be followed, and one observes processes II and III,

i.e.:

d-ab VID)
a—-da (1N
b-bd (110)

(1.1)

There was no deviation from these rules in subsequent generations or in any other
colonies studied. A diatom of type c is never formed in these processes and, indeed, no
colony is found in which both non-diagonal types occur simultaneously. These rules
were derived solely from the observed division of type d. Assuming that the adjacent
diatoms of a star-shaped colony divide according to the same rules, one recognizes that
they always have a diagonal type, so that the initial colony can be described by the
string bda.

Looking at a colony from a view rotated by 180°, in which type ¢ occurs, the

observed processes are:

c—>ba W)
a—-ac @) (1.2)
b->ch (1v)

One can obtain these results by rotating the processes (1.1), but also a vertical mirroring
(horizontal mirror axis) leads to this outcome. There is a view in which processes occur

according to the rules (1.1) with d as non-diagonal type a second view according to



(1.2) with ¢ as non-diagonal type. As diatoms develop independently, apparently the
diagonal types have a hidden asymmetry with respect to the horizontal, which is passed
on to daughter cells. In three-dimensional space, this means an asymmetry with respect
to the transapical plane. It is possible to extend the presented nomenclature to take into
account the asymmetry in the types, as shown in the appendix. For the following
considerations this is not necessarily required, because the views can be transformed in
the mentioned way. In the following, a view of the colony according to processes (1.1)

is assumed as a convention.

1.3.1.2 Lindenmayer system

The development of diatoms of a colony strictly follows the processes (1.1) or (1.2),
respectively, but the appearance of a colony additionally depends on the times needed
for the cell divisions, which are not necessarily identical. For the following
considerations, we assume synchronicity of the divisions on the regarded section of the
colony. Then the formation of the colony is given by a Lindenmayer system (L-system).

An L-system is a triple ([1.22], [1.23]) consisting of:

e Alphabet
e Replacement rules (production rules)

e Initial sequence @ (Axiom)

The alphabet is made up of the set {a, b, ¢, d}. The replacement rules are described by
the processes (1.1) or (1.2) depending on the perspective chosen. In the case of D. tenuis
colonies, a simplification results if one fixes a view. If one considers the chain such that
d is the non-diagonal element, one can restrict oneself to the reduced alphabet {a, b, d}
and the rules (1.1). Formally, one can use any string consisting of the letters of the
alphabet as the initial sequence, but biologically only the sequences occurring in nature
are meaningful, i.e., in particular, the letters of the alphabet representing individual
diatoms (e.g., the initial cell).

The substitution rules are applied to the initial sequence (generation Go = w),
creating a first generation Gi. By iteratively applying these rules, subsequent
generations G2, G3, G, ... are formed. For simplicity, the term "generation" is also used

here for the string that describes a generation.



Thus, there is a one-dimensional, deterministic, and context-free L-system
(DOL-system) [1.27]. Context-free means that the replacement rules depend only on one
element, but not on their neighbors. Because of this property, one can also compute the
formation of a section of a colony without looking at its neighborhood. This is
important because the observed colonies in D. tenuis represent fragments of previous
colonies.

Already in 1987, a one-dimensional L-system was successfully applied by
Koster and Lindenmeyer for describing the size sequence in the cyanobacterium
Anabaena catenula [1.10]. One-dimensional L-systems are used in the context of
diatoms to calculate the size sequence of diatoms in clonal colonies ([1.43] and [1.17]),
as well as pattern formation in D. vulgaris [1.16]. More complex L-systems allow the

generation of a wide variety of plant structures (see Prusinkiewicz [1.36]).

1.3.1.3 Sequence of diatom types

If one begins the formation of the cultures according to the rules of the L-system with a
single diatom, then it is without importance whether one begins with the type a or b.
The types a and b, as well as the processes II and III change into each other by
mirroring at the vertical and because of the mirror symmetry of the process VII also the
sequences of the generations of @ and b are mirror images of each other. The type d
provides the concatenation of the sequences generated from a and b because of d — ab.

With the initial value a and the processes (1.1), we obtain:

Go=a

Gi=da

Gx=a(bda)

G3=da(bda)(bda) (1.3)

Gs=a(bda)(bda)bda)(bda)bda)
Gs=da(bda)bda)bda)bda)bda)bda)bda)bda)bda)bda)

From generation G2 onwards, we recognize the appearance of the star-shaped structure,
which shall be denoted by S (S = bda). For structuring purposes, they have been
grouped together in brackets, which have no semantic meaning. For simplicity, a chain

consisting of k& connected star-shaped colonies will be denoted £S. Except for the



beginning of the sequence, which alternates between a and da, a sequence of connected
stellate structures emerges. As the number of diatoms doubles with each iteration, the
two elements at the beginning of each generation hardly play a role in the overall
picture of a real culture. Star-like structures generate two connected stars 1S — 25
within one iteration according to the replacement rules. This development is illustrated
in Figure 1.4. To illustrate the formation, the divisions of the middle diatom and those
of the outer diatom were not shown simultaneously, but sequentially, even though this

does not correspond to the assumption of a synchronous division.

b —>bd\.

Figure 1.4 Shown is the evolution of the star-shaped colony within one iteration according to (bda) —» (bda)(bda).
The order of divisions was chosen arbitrarily. Depending on the order, different transitional forms arise. In the colony
(bda)(bda) the separations were marked, which in the next generation lead to four connected stars.

The small red circles indicate where the connecting EPS pad is located in the upcoming
separation. To assign types to diatoms, note that diagonal types a and b can be rotated to
an orientation as in Figure 1.2. If one performs an additional iteration, four connected

star-shaped colonies are formed in the subsequent generation.
1.3.2 Breaking of colonies

1.3.2.1 Frequency of the colony forms

The vulnerability to breakage in diatom colonies varies among species, and breakage as
a result of grazing and flow can have an effect on chain length ([1.45] [1.29]). Some
marine diatom species are capable of reducing their chain lengths when stressed by

grazing [1.37]. A simple experiment demonstrates that rapid ejection of a sample



through a narrow-opening pipette in older D. fenuis cultures is sufficient to produce a
large number of fragments of widely varying sizes. However, in D. tenuis, spontaneous
chain breaks also occur in cultures where there is only a very low flow velocity, caused
by thermal convection. In observations in cultures as well as water samples, no chains
of more than 12 diatoms are found, so that chain breakage must always occur before the
formation of larger structures. Specifically, one observes star-shaped colonies consisting
of three diatoms and connected star-shaped colonies with up to four such stellate
structures, as well as colonies in transitional forms. As observations show, colonies in
transitional states also break and contribute to smaller irregular fragments. Thus, in
addition to the rules for generating the sequence of types, breakage of D. tenuis colonies
is an essential intrinsic mechanism for structure formation.

Cultures with exponential growth have a characteristic frequency distribution of
shapes. Figure 1.5a shows a histogram obtained by counting 1539 colonies in an
exponentially growing culture (generation time about 980 minutes) of low density. All
colonies with the same number of diatoms were grouped together so that different
structures could contribute to one column. Among colonies with three diatoms, one out
of a total of 123 colonies was not star-shaped (abd or dab), and among colonies with six
diatoms, five out of 1140 were not type 2S. The highest proportion of "non-regular"
structures is found in colonies formed by nine diatoms. Only four of 18 colonies
consisted of connected stellar structures. In addition, four of the five colonies with 12
diatoms were formed from four stars. The proportion of 4S5 structures is higher than in
the case of 3§, but the absolute number is so small that it is not noticeable in the
histogram. In all observations on exponentially growing cultures, the 2.5 structures

clearly dominated. The second most common form was simple star-shaped colonies

(18).
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Figure 1.5 (a) Normalized frequency of the number of diatoms in a colony observed in a culture in exponential
growth. (b) Theoretical frequency of S colonies, where k indicates the number of star-shaped fragments in a colony.
A low constant fragmentation probability was assumed. (c) Simulation as in (b), but with high fragmentation
probability. (d) Simulation with some suitably chosen probabilities.

The distribution is different for cultures that entered the stationary phase due to lack of
resources, i.e., where the generation time increases strongly. Here, the proportion of
single star-shaped colonies increased continuously with the age of the culture and

clearly exceeded that of double star-shaped colonies.

1.3.2.2 Importance of the size limit of a colony

A simple observation of sinking D. tenuis colonies in a Petri dish shows that single and
double star-shaped colonies sink predominantly in a horizontal orientation in
turbulence-free water, exhibiting comparable sinking speeds. At the typical angles
between neighboring diatoms of about 120°, the structure of the colony becomes closed
at three stars. In the case of four connected stars, as it occurs in the subsequent
generation of the double star structure, the diatoms of a colony can already collide when
arranged in the plane and form irregular structures due to spatial limitation. As the
frequency distribution in Figure 1.5a shows, these structures occur only rarely, which is
interpreted as an indication of disadvantages in a planktonic lifestyle. Even larger

colonies are completely avoided.

1.3.2.3 Observed breaking points

Without application of external forces, colonies break up only between type a and b



diatoms, i.e., at locations in the colony with the sequence ab. These are the connection
points of star-shaped colonies (see generations according to (1.3)). In contrast, the
connection points with sequences bd or da are stable. Therefore, a 2§ colony always
separates into two 1.5 colonies in case of a break, which preserves the ideal star-shaped
structure. In a 45 colony, there are three possibilities for a break, with the most common
break occurring in the middle of the colony, giving rise to two 2. structures. In a view
according to Figure 1.2a, all possible separation points are in the upper band. As no type
¢ elements are possible in the chosen view, only ab-contacts are found in this band.
Thus, there is an apical side to the diatoms whose connections are always also potential

breaking points.

1.3.2.4 Consideration of the breaking points in the L-system

It is postulated that the dynamics of the breakage of an ab-connection depends on the
length of time between the formation of an ab-connection and its breakage, and that no
exchange of information between diatoms about the size of the colony is required. For
the investigation of the probabilities of the temporal behavior of the breakages, the age
of the ab-connection points is to be introduced in units of generation times. Consistent
with modeling by an L-system, we restrict ourselves to the times at which the
generations are formed, so no continuous variable is needed. An ab-connection arises
according to (1) by the process d — ab. The rules according to (1.1) do not allow any
other generation of this sequence. It is also essential that, according to the production
rules (1.1), an ab-transition is preserved in successive generations (ab — dabd). We
supplement the alphabet to {a, b, d, No}, where Ny denotes the set of natural numbers
including zero. For considering the age of the ab-connections, the production rules are

extended as follows:

d-aOb (VI

a—-da (un (1.4)
b-bd ()

k- k+1mitk €N,

Each time an ab-connection is created, 0 is entered as the age of the connection.
According to the last rule, the age is incremented in each subsequent generation. The

analogous representation for the view according to (1.2) is omitted. Using (1.4), we



obtain the substitution rule S — SO0S. If we start with axiom a, we get for example for

the fifth generation:
dal15053505150525051S50S (1.5)

If one begins the development with an S, then a symmetrical string arises, as it is
contained in the above development (bold printed). It emerges from the S of the second

generation G> = a S.

1.3.2.5 Frequency of colony forms and Monte Carlo simulation.

If axiom a or b is taken as a basis, the first possible breaking point arises with the
formation of the 2 structure in the third generation. In synchronous divisions, another
generation time passes until 45. We consider a larger ensemble of colonies in
synchronous division. Let the probability that an ab-connection breaks already within
the first generation time after its formation be denoted by p1, so that at the time of
formation of the next generation the complementary part is maintained with probability
1 — p;. Correspondingly, let pk be the probability of a break between the (k-1)th and Ath
generations after the formation of an ab-connection. Assuming statistical independence,
the probability of a connection existing after k generations since formation is given by
Qr = (1 —p1)(A —py) ... (1 — py) and the complementary probability of a break by

1 — Q.

Under model assumptions of certain values for pk, the expected chain lengths
can be estimated numerically with the help of a Monte Carlo simulation. For this
purpose, a long chain (18 iterations were used) is calculated with the rules of the L-
system (1.4). At the possible breaking points, according to the age of their formation,
given by the index £, it is determined by means of a random process whether a break
occurs. The lengths of the fragments are then determined, and a histogram is formed
over the length of the colonies. To achieve low statistical fluctuations, an average is
taken over a larger number of simulations runs (typically 100).

A simple assumption would be that the probabilities for a decay in a generation
time are constant, that is p = py, as known from radioactive decay. This assumption is
made in [1.14] and describes well the colony length in Phaeodactylum tricornutum.
There is no aging of the connection points, and the existing proportions of the

connection points drop exponentially because Q;, = (1 — p)¥. At the same time the



connection points double in each generation. One can achieve that there are more 2S5
than 1S structures by choosing p small. A simulation with p = 0.05 is shown in Figure
1.5b. In this case, very long chains and a characteristic structural pattern occur. If, on
the other hand, a p close to 1 is chosen, long chains do not occur, but 1§ colonies are
then predominant, because connections break mainly within the first generation, as
shown in Figure 1.5c.

A more realistic picture in the context of the assumption of synchronicity
requires a small p1, so that only a few breaks occur until the formation of a 4S5 structure.
Furthermore, p3 = 1 so that larger colonies are no longer observable. For Figure 1.5d,
p1 = 0.005, p, = 0.9 and p; = 1 were chosen. As expected, almost only 2S colonies
occur. When these have evolved into 45 colonies, they are very likely to break in half
shortly after their formation, so that only a few 45 structures can be found. Indeed, one
can observe these separations. With the parameters presented and the resulting small
colonies, a large chain length is not required for simulation because of the self-
similarity of the sequence. However, it is used to obtain a large number of events.

The described temporal behavior shows that it is neither an unchanged
probability of breakage over time nor a slow reduction of the cohesive force, but rather
a very rapid breakdown of the bond after a certain time. In observations of the
separation processes, it is striking that they are often associated with a jerky change in
the position of the two remaining fragments. The cause could be the presence of a
mechanical stress of the in the area of the connection point immediately before
disconnection.

When colonies no longer reproduce exponentially due to a lack of resources, i.e.,
the generation time increases continuously, then the probability that 2.5 structures
separate before the formation of the next generation also increases. In a stationary
culture, there are only separation processes, but no vegetative reproduction. However, a

certain proportion of 2§ structures seems to persist for a long time.

1.3.3 Synchronicity

1.3.3.1 Basic assumptions

Except for a few diatoms at the chain ends, the L-system is limited to the formation and

separation of connected star-like structures, as synchronous divisions were taken as a



basis. Although each separation meets the division processes or production rules, a
colony or a fragment of it cannot be described by a single generation if the time
between cell divisions is not equal. Unequal doubling times lead to transitional forms
that occur, at least temporarily, between stellate structures (see Figure 1.5a). It is to be
examined to which degree synchronism is given.

A synchronization of the divisions can happen by periodic influence of
environmental parameters. The alternation of brightness and darkness by the day-night
rhythm can induce this. However, a favorable choice of periodic light exposure is more
successful ([1.34], [1.30], [1.31]). Furthermore, synchronicity can be achieved by
periodic silicate addition in cultures maintained under silicate deprivation ([1.21], [1.5],
[1.8], [1.9]). In the D. tenuis cultures, no synchronization with periodic illumination (a
light-dark cycle in 24 hours) could be observed. Global synchronism within a culture is
not required for the emergence of the observed S structures. It is sufficient if there is
adequate synchronism of divisions from a single diatom to the formation of a chain of
four star-shaped colonies.

Doubling time is to be understood as the period between successive vegetative
cell divisions. The generation time is the mean doubling time within the culture. It
depends on environmental parameters such as nutrient concentration, light intensity or
temperature, which are assumed to be homogeneous within the culture. The doubling
time is a stochastic quantity that can be characterized by a density function [1.11]. Let
its expected value, i.e., the generation time, be ¢ and its standard deviation o. In the
following, we will assume that successive doubling times are statistically independent,
which is not true for all species [1.18]. In addition, we assume that the statistical
properties of daughter cell doubling times are identical. This assumption is also not
always fulfilled [1.20]. If we approximate the density function of the doubling time by a

normal distribution, it is given by:

L e (1.6)
fl(t) = We 202

Considering k consecutive divisions starting from one diatom, where the doubling times
are t, t,, .. ty, the density distribution of the total period t = ¥'¥_, t; is given by

convolutions of the density function [1.13]. Again, a normal distribution is obtained:



1 _ (t=k? (1.7)

where the mean is given by y;, = k * u and the standard deviation by o), = Vko. Even
if f; (t) deviates from a normal distribution, the density distribution f}(t) approaches
the normal distribution with increasing k due to the central limit theorem. The mean
values of the density functions are equidistant, while the standard deviation increases
with increasing number of divisions, so that the curves f;(t) and f; ; (t) overlap more
and more as j grows. With strong overlap it is no longer unlikely that a j+1th division

precedes a jth division.

1.3.3.2 Observation of synchronism

In a long-term observation, doubling times were recorded. The observation covered a
light phase and a dark phase, with the LED illumination of the inverted microscope
switched on in addition to the culture illumination. It was found that in the dark phase
(microscope illumination only), doubling times increased by approximately 5%.
Therefore, only the observed divisions of the light phase were used for the following
results. The mean of the 23 doubling times was 983 minutes, and the standard deviation
was 47.32 minutes, so that /u = 0.048. These values are used as a basis in Figure 1.2,
which shows the functions f; (t) to f5(t). In each curve, the range p;, + oy is marked by
a horizontal line segment, within which 68.27% of all k-th divisions lie. The dotted line
segment below denotes the range p; + 203,. About 95.45% of all divisions lie within

this range.

1.3.3.3 Synchronicity and probability of breakage

We consider the subsequent generations of a diatom of type a (generation Go), as it was
assumed in the calculation (1.3). This cell has an age given by the duration since the last
cell division (separation at time t = 0). In the interval in which it is not yet divided with
very high probability, it is visualized in Figure 1.2 as a short line (one diatom of type a).
Correspondingly, there is a region between the maxima of f; and f> in which the colony
G1 =da is observed with a very high probability. This continues accordingly, with the
intervals between successive maxima in which (almost) no separations occur becoming

smaller and smaller as the distribution functions increases. The colony forms are drawn



in the intervals. Transitional forms are located in the areas between the intervals. The
existence of such non-overlapping intervals up to a certain maximum generation
justifies the assumption of sufficient synchronicity over this period. On the other hand,
the broadening sections containing separations indicate the limitation of the description

by an L-system.
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Figure 1.6 Density functions for the first to fifth divisions starting with a single diatom. The forms of the colonies are
illustrated in the sections where there is a high probability that no divisions occur. In the intervals between the
maxima of fi(¢) and fi+1(¢) one finds the forms of the generation Gy, in the region of the maxima the transition forms
between them.

The first ab-connection appears in the generation Gz = a(bda). It is marked with a small
arrow in the subsequent generation G3 = da(bda)(bda). According to the rules for
colony breakage, the separation into da and the 2§ structure occurs with high
probability before the beginning of the formation of generation Gs. Therefore, the break
in G4 has been drawn so that a 45 colony is formed. Similarly, another arrow is drawn in
G4, leading to the formation of two 2. structures before Gs. A possible breaking of ab-
connections into two 1S structures after one generation was not considered in Figure
1.6.

As the breaks already occur after a few generations, one can also start the
considerations with a diatom which is part of a colony. It always creates a 4S structure
that quickly breaks. Each diatom in a colony is the starting point of a development as

shown in figure F6. Although the synchronous sections between successive density



functions become increasingly narrow, leading to a loss of global synchronization in a
culture, this is irrelevant for the observed structures because of the breakup of the

colonies.
1.3.4 Angles between neighboring diatoms

1.3.4.1 Influence of the angles on the sinking speed

The sinking speed of phytoplankton is well described by Stoke's law because of small
Reynolds numbers. Besides the density difference of phytoplankton and surrounding
water, it depends essentially on the shape of the sinking body. The ratio of sinking
speed vgof a considered body to that of a sphere with the same volume and density vy is
given by vg = v,/® with the dimensionless form resistance @, which depends on the
shape of the body. Modifications of Stoke's law presented in [1.26] will not be taken
into account here.

In the experimental study of Judit Padisék et al. [1.32] the sinking speed of
differently shaped models, including star-shaped Asterionella colonies, was measured in
glycerin. The form resistance for a symmetrical colony of three diatoms (all angles
between diatoms are 120°) was determined to be about 3.24 (value was taken from
Figure 3 of this publication), so the sinking speed is reduced by a factor of
1/® = 0.307 compared to the equivalent sphere. Because of the similar shape of the
colonies, this can also be used for D. fenuis. Deviations from the ideal symmetry lead to
a smaller form resistance, i.e. to increased sinking speeds. If we denote the angles by a1,
o2 and a3, as shown in Figure 1.7a, then the form resistance depends on two angles
because of a3 =360° - a1 - az. In [1.32], a measure of the deviation from ideal symmetry

is defined by:

(1.8)

3
A= Z|aj — 120°|
j

This quantity takes the value 0° in the symmetrical case (a; = a; = az = 120°). The
measured values of the form resistance as a function of 4 show large fluctuations, but
have a clear tendency, which is characterized by a best fit line. Using the slope m taken

from Figure 3 in [1.32], we obtain



® =3.24+mA (1.9)

where m = -0.0033/degree.

As the sinking rates of 1§ and 2S colonies differ only slightly at best, it is also
favorable for 25 colonies to have only a small asymmetry in each of their stellate

substructures. Two aspects of asymmetry will be considered:

e The distribution of angles reached after complete opening of adjacent daughter
cells.
e The dynamic process of angle change after the separation of newly formed

diatoms.

1.3.4.2 Distribution of angles and sinking speed

As angles asymptotically reach a final value, the study of the achieved symmetry was
carried out on a culture that was already in a steady state. In such a state, no divisions
occur and therefore no small angles are found. However, because of the slow approach
to the final angle, it cannot be excluded that some angles may still change slightly. In
total, the angles a1 and a2 of 500 simple stellate colonies were measured. Repeated
measurements showed that the accuracy of the angle measurement is less than one
degree. The distribution of angles a1 and o are to be assumed identical for symmetry
reasons, especially because no specific view can be defined. Figure 1.7b shows a
histogram of the frequencies of the measured angles. The mean value of the 1000 angles
is 121.5 degrees and the standard deviation amounts to 8.44 degrees. A normal
distribution with these values is plotted in the diagram. For each colony, the parameter
A of the asymmetry can be determined according to equation (1.8) and using equation
(1.9) the shape resistance @. Since the sinking speed is of particular interest, a
histogram of the relative frequencies of @' is shown in Figure 1.7c. Except for the

scaling of the abscissa, this approximates the density function of the sinking speed.
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Figure 1.7 (a) a1 and a2 are the angles between diatoms connected by an EPS pad. (b) Frequency of the measured
angles in a histogram where the bars have a width of 3 degrees. The normal distribution, parameterized by using the
mean and standard deviation of the measurements, is a good fit to the histogram. (c¢) Histogram of 1/® values
obtained from 1000 measurements. (d) Scatter plot of a1 and a2. Each measured value is represented by a point in the
plot.

The mean value of the values of 1/® is 0.315 and the standard deviation is 0.00325.
Thus, the mean value is just under 2% below the sinking speed in the case of ideal
symmetry. Given the presumably high inaccuracies of the slope of the best fit line (1.9),
this should be considered a rough approximation. However, it proves that the observed
deviations from symmetry increase the sink rate only slightly.

If the diatoms of a star-shaped colony touch each other at the apical ends, they
form a small triangle (see Figure 1.7a). If the diatoms have the same state in the division
process (identical valve spacing of the diatoms), and the optimal angles are reached, i.e.,
a, = a, = 120°, this triangle is equilateral. This idealization is inaccurate even in the
case of a culture in steady state, because one can see non-uniform developmental states
and irregular EPS pads that do not connect the diatoms exactly at one point. In addition,
the optimal angles are often not reached. As long as the diatoms do not touch each
other, i.e., no such triangle is formed, the angles a1 and a> can still increase. As soon as
the diatoms touch at their apices, a1 and a2 can no longer grow unhindered and the angle
a3z = 360° — a; — a; 1s mechanically limited, and thus, the sum angle a; + a,. Plotting
o1 against ao, as seen in Figure 1.7d, reveals an anticorrelation between a; and o, with a
correlation coefficient of -0.743. Without such a constraint, one would expect the

standard deviation of the remaining angle a3 to be larger than that of a1 or az, but it is



smaller (6.04°). The limitation of a; + a, probably contributes to an improvement of

the symmetry properties.

1.3.4.3 Angle between neighboring diatoms as a function of time

The presented analysis of the angles was based on a culture in a stationary state, thus
largely excluding the time-dependent splitting of newly formed daughter cells from
consideration. The measure of asymmetry 4 can be used for quantitative evaluation of
the dynamic development only in exceptions, as the splitting begins in the region of the
transitions between the star-shaped structures, in which star-shaped structures of the
next generation are just developing. In addition, it is likely that several such angular
openings will occur overlapping in time, resulting in a very large number of possible
forms. It is convenient to study the angle between neighboring diatoms as a function of
time. If it reaches a value close to 120 degrees in a time interval that is small compared
to the generation time, then the time interval in which the star-shaped structure exists
(between the maxima in figure F6), will predominantly have a favorable configuration
with a high form resistance.

As in D. vulgaris and D. ehrenbergii, the detachment of the diatoms starts with a
sudden unfolding [1.16] into a V-shape. Since in video recordings at 30 fps this process
always occurred completely between two frames, it should take considerably less time
than 1/30 seconds. The extracellular polymeric substances extruded at the apical pore
fields, which are not visible by light microscopy, must be liquid and, after formation of
the adhesion, possibly build up a mechanical tension by interaction with the surrounding
water, which then leads to spontaneous detachment of adjacent valvular surfaces (see
discussion in [1.16]). After that, the angle starts to grow steadily. A typical example is
shown in Figure 1.8, which shows the observed opening of a bd-connection (equivalent

to da-connection).
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Figure 1.8 Typical function of the angle between diatoms as a function of time.

This development over time is part of the already described long-term observation,
which also served to determine the doubling times and yielded a generation time of 983
minutes. One recognizes a step to about 14° at the beginning, which is quite typical.
However, there is a larger variability here. An exponential function is plotted, based on
the assumption that the change in angle is proportional to the difference from the final
angle reached (in this case 113°) to the current angle. The proportionality factor was
adjusted. In several observations, this proved to be a good approximation for the range
of steep rise and flat rise for large times. Without exception, there was an irregular
gradient below the exponential function in between, varying from observation to
observation. The two dotted lines mark the reaching of 75% and 90% of the value at the
end of the observation. In this measurement, they are reached after 77 minutes and 170
minutes. These are about 8% and 17% of the generation time. The irregular gradients
lead to a strong variation of these reference values. Nevertheless, they were small

compared to the generation duration in all observed cases.

1.3.5 Example of the formation of a colony

One example of a temporal development of a colony will be shown to illustrate the
described aspects. Figure 1.9a shows a colony consisting of 10 diatoms, which

represents a transitional form between a 25-colony and a 4S-colony. It can be observed



when, starting from a 2§ structure, all diatoms have divided except for the connecting
ab elements (see Figure 1.4). Chronologically, this structure is in the region around the
maximum of the density function fi(¢) (see Figure 1.6). Therefore, a short time later, the
two diatoms of types a and subsequently b separate, which can be seen in Figure 1.9b
and Figure 1.9c. There are 22.66 minutes between these separations, which is 2.3% of
the generation time. Note that the ab-pair was formed by d — ab at the same time and
this occurred just one generation ago. In this case, both separations showed a large
initial angle. Although the time difference between separations is small, the angle of
separation a — da (on the left side in Figure 1.9¢) is significantly larger than any of
separation b — bd (on the right side in Figure 1.9¢), indicating rapid opening compared
to generation time. The result is a 4S colony which continuously varies in its outer

shape by changing the angles (Figure 1.9c and Figure 1.9d).

Figure 1.9 Time section of a development starting with a transitional form containing 10 diatoms. It comes from the
long-term observation presented in section 1.3.3.2, where the generation time was 983 minutes.

The break in two 2S-structures (Figure 1.9¢) occurs 102.7 minutes (10.4% of the
generation time) after the formation of this structure, well before the next expected
separation. Apparently, all angles of neighboring diatoms are already close to the ideal
120° for both 2§ colonies. In most cases, the 2§ colonies go through the same
development to the 45 structure, but Figure FOf shows the case where one of the 25
colonies breaks into two 1§ structures (55 min after the breakup of the 4S structure in
Figure 1.9¢). This is notable because the culture is in exponential growth.

According to the observed breakages in Figure 1.9¢ and Figure 1.9d, the ends at

the breakage points are not located directly next to each other. Apart from tiny



displacements due to convection, this is caused by the offset at the moment of
detachment. In the sequence of images, which is the basis of figure 9, a brief rotation of
the colony in vertical direction (tilting to the optical axis) is also noticeable. Both

indicate an active separation.

1.4 Conclusion

For the observed regular colony structures to form, several mechanisms and temporal

boundary conditions must be satisfied:

1. Production rules for generating the &S structures,
Mechanism for breaking the chain at certain positions,
Appropriate timing of breakups to prevent large colonies,
Sufficient synchronism,

Low asymmetry in star-shaped colonies,

A O

Rapid angular opening after completed cell division.

These criteria are not independent of each other. Production rules and disconnection
points are jointly involved in pattern formation at colony level. The temporal conditions
3, 4 and 6 are related to the generation time. The mechanisms lead to the formation of
kS structures with a maximum of k = 4, which decay rapidly. In all phases of the
development of a culture, 1.5 and 28 structures dominate the appearance due to the
breakage mechanisms. With the observed high symmetry, these structures lead to a
large form resistance and thus a low sink speed. This advantage is lost if even one of the
conditions is not met. For example, if larger colonies appeared, irregular shapes would
be formed due to the mechanical constraints, resulting in a larger sinking speed. With
the sinking of a large colony, many diatoms are lost at the same time.

The treatment of the pattern formation of the colony structure by an L-system
does not distinguish between star-shaped or zig-zag-shaped structures. The identified L-
system describes the structures of the concatenation that result from deterministic or
stochastic selection of the processes. Thereby, a context dependence of neighboring
diatoms is conceivable. Also, a memory in the form of a dependence of the choice of
the processes on past processes, is imaginable. However, this modeling would go

beyond the L-system.



Analysis of the processes can reveal asymmetries that are not reflected in the
morphology of diatoms. For example, any preference for process I over process 11
demonstrates asymmetry. A symmetric model could be a non-deterministic L-system
where the alternative processes are statistically independent and equally likely. A term
for symmetry related to the processes of colony formation, analogous to "isopolar" at
the level of valve structure, might be helpful.

A small subset of the colony formation choices is formed by the DOL-systems.
Even nondeterministic systems may be approximated by a DOL-system, as has been
shown for D. vulgaris [1.16]. With a selected view on a chain there are 2* = 16
possibilities to pick the processes for the four types from Figure 1.2b. The number is
reduced by the fact that symmetries occur which do not represent new systems but only
other views. It should also be considered that not all types according to Figure 1.2b need
to be present. The simplest possible DOL-system occurs in Asterionella formosa. The
star-shaped colonies are formed by only one type, which is non-diagonal. If denoted by
d, there is only d — dd as the relevant process (process VIII according to Figure 1.3d).
The system is equivalent to the representation with the element ¢ and the process ¢ =
cc.

Assuming that life form is an evolutionary adaptation, identical L-systems
across genera and species indicate similar environmental requirements. The colony form
of A. formosa, for example, is also typical for other species that exhibit a planktonic
way of life, such as Tabellaria fenestrata. Systematic studies could not be performed
yet, but we hypothesize that the colony formation in D. vulgaris with respect to the
deterministic approximation and benthic Tabellaria flocculosa are based on the same
DOL-system. L-systems represent a classification that allows cross-references to be
made between environmental requirements for different species. This classification
differentiates more specifically than a zig-zag or star-shaped-colony categorization.
However, as the comparison of the planktonic D. tenuis and 4. formosa shows, the
selection pressure of minimizing the speed of sinking leads to a similar appearance, but
the rules of formation are different (convergent evolution). This is expressed in the fact
that in A. formosa there are no chained stellate colonies and no transitional forms in
terms of non-star-shaped colonies.

Other colony forms of D. tenuis [1.19] represent other adaptations and are
probably enabled by the interaction of different mechanisms. As no structural changes

of the colonies occurred during cultivation for more than one year, and thus the



processes, breakage mechanisms, and temporal relations remained unchanged, the
question arises about varieties in a genetic sense or, alternatively, the environmental
conditions influencing structure formation. In flowing waters, a chain with attachments
to the substrate could be advantageous. It should be mentioned that in clonally
cultivated D. ehrenbergii, large sessile zig-zag-shaped colonies and planktonic star-
shaped colonies of three diatoms, as well as connected star-shaped colonies were found
in coexistence in sufficiently dense cultures. The smaller planktonic colonies are formed
when small colonies multiply, as well as by breaking off from the long benthic chains.

Apart from the continuously changing nutrient concentrations in batch cultures,
the observations made were made under largely uniform environmental conditions.
Further investigations could provide information on the dependence of generation time,
breakage probability, angle opening etc. on environmental conditions such as light
intensity, nutrient concentrations, and temperature. It is to be expected that from a
change of one parameter the generation time and the fracture probability are not
affected to the same extent, so that, for example, the proportion of 1.5 and 2§ structures
is altered. The situation shown is to be understood as an exemplary observation.

The phenomenological modeling presented follows observations and does not
provide an explanation for the underlying physiological mechanisms at smaller size

scales. Clarification is needed in particular:

e The nature of asymmetry with respect to the transapical plane. D. fenuis is
described as isopolar but has a rimoportula located near an apex. A relationship
with this asymmetry would be a possible hypothesis.

e The formation of the EPS pads. The secretion of the EPS could occur on only
one valve or both or could be initiated by one.

e The origin of the mechanical stress build-up that leads to the sudden opening of
the daughter cells into a V-shape and the chemical or physical processes that
play a role in this process.

e The mechanism of the breakages and the forces involved. The jerky separation
suggests that it is an active separation in which one or both adjacent diatoms
control the existence of the connection and separate the connection when it

reaches a certain age.

According to the observations [1.14], very short chains do not occur in Chaetoceros



decipiens. In their model, the authors assume that separations do not take place when
the distance to a chain boundary falls below a certain number of cells. To explain this, a
cell-to-cell communication process is discussed, in which a diatom receives information
about the chain. The mechanism for separation presented here is based only on the local
information of age. It also allows the avoidance of short chains by assuming a minimum
age of connections for breaking. It is possible that this is also an explanatory model for
other colony-forming organisms. Controlled breaking of colonies also offers the
possibility of adjusting the duration of a link's existence to the current generation time.
This could explain why a certain proportion of 2§ structures persist in D. tenuis of a

stationary culture.

Appendix
Modeling the asymmetry

One method to model the asymmetry of chain formation is to extend the types and
symbols presented. Analogous to the procedure in [1.16], an arrow is added to the
element a pointing to the apex where the EPS pad is formed in the next division, as

shown in Figure 1.10.

ll

Figure 1.10 Diagonal types with information about orientation

The corresponding notation a refers to a position in the coordinate system as
chosen in Figure 1.10 for the representation of the string. Only one diagonal element is
needed, because an element corresponding to the representation of b is obtained by
reflection on the vertical. In this position it is denoted as b (Figure 1.10). Oriented
elements with arrow pointing upwards are obtained by rotating the elements by 180°
with the same viewing direction. The element d is asymmetrical to the horizontal and
mirror symmetrical to the vertical axis and can be converted to ¢ by mirroring at the
horizontal or rotation by 180°. A marking to indicate an orientation of this element is

not necessary in D. tenuis. One non-diagonal and one diagonal type is sufficient for



description. With these definitions, the observed processes (1.1) can be represented in a
uniform manner, taking orientation into account, as shown in Figure 1.11ato Figure

l.11c.
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Figure 1.11 (a) The direction of the arrow in process II (Figure 11a) is maintained in the product generated, as the
next division follows the same rule. (b) If process II is mirrored on the vertical, process 111 is generated. (c) The
products at process VII must have the orientations shown so that the subsequent processes II and III are carried out
correctly. (d), (e), (f) These processes are created by rotating 180° from the processes shown above.

If one rotates the view of the chain by 180° so that it is in inverse sequence in
front of one, one obtains the processes according to (1.2) as shown in Figure 1.11d to
Figure 1.11f. T stands for the operator of the rotation. For the rotated diagonal elements,
one could introduce own identifiers. This is not necessary in the context of the
description.

In practice, one recognizes the orientation of the chain by the occurrence of ¢ or
d. Only in the case of very short chains or single diatoms, one must follow the
development until a non-diagonal element appears. Then one can take a preferred
orientation. Therefore, this explicit representation of the asymmetry is mainly of formal
interest. However, it shows that two types (@ and d) and two processes (II and VII) are

sufficient, and all other types and processes can be generated by mirroring and rotation.
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