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ABSTRACT. Formation of diatom siliceous cell walls occurs inside the cells and depends on the availability
of silicon from the environment. In the current work we have studied the valve morphogenesis of a
freshwater pennate diatom Ulnaria danica in a laboratory culture synchronized by silica starvation
and absence of light. Approximate timelines were established for the initiation of valve synthesis and
formation of its major components. It was shown that the silicon surge uptake takes place, e.g. silicon
concentration in the medium reduces during the first 30 minutes after the addition of silicon to a
synchronized culture. During the formation of main valve elements, intracellular silicon pool is lower
than it is after the end of synchronization, returning to the original level only 90 minutes after the
addition of silica and beginning of the morphogenesis.
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1. Introduction

Diatom algae are wunicellular autotrophic
organisms that create species-specific siliceous
structures at micro- and nanoscale. Mechanisms that
regulate a process of silicon absorption from the
environment and its transport to the silica deposition
vesicle are related to the subsequent valve formation
processes, but currently they are poorly understood.
Diatom cell wall consists of two structures called valves,
each connected to a system of ring-shaped girdle bands.
All cell wall components synthesized sequentially
inside the cell in a specialized organelle called silica
deposition vesicle (SDV) (Reimann, 1964; Drum and
Pankratz, 1964). Silicon is mostly available to diatoms
as undissociated silicic acid (Martin-Jézéquel et al.,
2000) which is imported to the cell by a SIT protein
(Hildebrand et al., 1997; Hildebrand et al., 1998;
Petrova et al., 2007; Sapriel et al., 2009). When silicic
acid is abundant in the environment, diatom cells use it
to build valves and girdle bands immediately after it is
imported. Under the culturing conditions, though, the
medium contains a limited amount of silicic acid. When
cells are starved for silicon, they start “preparing” for
a potential future silicon addition, and a small amount
of currently available silicon forms an intracellular
pool, which is probably stored in silica-containing
inclusions (Grachev et al., 2017). After silicon is added
to the environment, the cells respond by impulsively
consuming silicic acid and immediately spending it on
cell wall formation (Thamatrakoln and Hildebrand,
2008).

*Corresponding author.
E-mail address: marchenkov.am@bk.ru (A.M. Marchenkov)

297

The majority of valve morphogenesis studies
are performed on marine diatom species. Two most
common model objects are Thalassiosira pseudonana
(Thamatrakoln et al.,, 2012) and Phaeodactylum
tricornutum (Armbrust et al., 2004), a centric and a
pennate diatoms, both marine. Large-scale studies of
a freshwater diatom frustule morphogenesis are being
performed on the pennate species Fragilaria radians
(Kiitz.) D.M. Williams & Round for the last twenty years
by Limnological Institute SB RAS (Grachev et al., 2002;
Kaluzhnaya and Likhoshway, 2007; Safonova et al.,
2007; Kharitonenko et al., 2015; etc.).

Diatoms are quiet diverse group of unicellular
eukaryotes. Despite their common ability to synthesize
silica exoskeletons by silicic acid extraction from
water environment the phylogenetic diversities
between different diatom groups are comparable with
ones of humans and fishes. For this reason, to detect
unknown participants of valve morphogenesis it is
necessary to compare both species with a very different
valve structure and more similar ones. For example,
Fragilaria radians and Ulnaria danica (Kiitz.) Compere
& Bukhtiyarova are two closely related species. After
a recent revision of genus Synedra, its species were
reassigned to different genera: S. acus subsp. radians
is considered synonymous to Fragillaria radians (Kiitz.)
D.M. Williams & Round (Williams and Round, 1987),
and S. ulna subsp. danica is synonymous to Ulnaria
danica (Kiitz.) Compere & Bukhtiyarova (Bukhtiyarova
and Compére, 2006). A comparison of the processes
of valve morphogenesis and silicon uptake of such
morphologically similar species has not been carried
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out previously.

The aim of this work was to establish the
connection between cell wall morphogenesis and
silicon dynamics (inside and outside the cell)
in Ulnaria danica, as well as compare its valve
morphogenesis stages to those of Fragilaria radians.

2. Materials and methods

The Ulnaria danica culture was grown in glass
bottles with volume at 15 L during 16 days in DM
medium for freshwater diatoms (Thompson et al.,
1988) under natural illumination. Then cells were
synchronized according to the protocol published
earlier (Kharitonenko et al., 2015). Briefly, the cell
biomass was concentrated on the polycarbonate
filters with pore diameter 5 um (Reatrack, Russia)
and passed to DM medium without silicon. The cells
were exposed during three days in the darkness at
16 °C in polycarbonate bottle with volume 16 L
and then concentrated again. The part of these cells
was used in the further experiment for SEM and
silicon concentration determination. The main part
of cell biomass were passed into the DM medium
with silicon in the form of sodium metasilicate
(Na,Si0,*9H,0, 57 mg/L). After this five samples
were taken after 30, 60, 90 and 120 minutes. The
cells for determination of intracellular silicon pool
were frozen with liquid nitrogen and then stored
at -20 °C.

For further electron microscopy, the cell
culturewas concentrated by sequential centrifuging,
washed in three changes of 6 % SDS for 30 minutes
in a water bath (95 °C), washed five times in
distilled water, placed in concentrated 68.4% nitric
acid and incubated for 1 hour in a water bath (95
°C). After an hour, nitric acid was removed, and
cells were washed thrice with ethanol, treated for
24 hours with 36 % hydrochloric acid and washed
in water at least five times. Suspensions of cleaned
valves were placed on SEM stubs, gold-coated in
an SCD 004 sputter coater (Balzers) and examined
on the Quanta 200 FEI Company (USA) scanning
electron microscope. Valves were counted among
200 randomly encountered.

Silicon concentration in the medium and
inside the cell was measured according to the
published protocols (Guideline 52.24.433-95;
Hervé et al., 2012). For determination intracellular
silicon pool the frozen cells were resuspended in
1 ml of distilled water, incubated at 95 °C for 10
min, cooled and concentrated by centrifugation
(1450 g) with centrifuge Allegra X-12R, Beckman
Coulter (USA). The intracellular silicon in samples
of supernatant as well as samples of the medium
DM was measured using the silicomolybdate assay
(Guideline 52.24.433-95) with standard sample of Fig. 1. The sequence of morphogenesis stages in U. danica

silicon solution (EKO-analitika, Russia) in a range ~ (SEM). @ — stage I, thread-like filament; b — stage II, virga
£0 to 12 mg/L. All measurements were taken in formation; ¢ — stage III, virga growth; d — formation of valve
?riplicate /L mantle; e — vimin formation; f — mature valve. The scale is 10 um.
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Fig. 2. The apex of U. danica valves at various morphogenesis stages. a — stage I; b — stage II; ¢ — stage IV; d — stage V;
e — mature valve. White arrows point to rimoportula, short ones point to apical pore area. The scale is 1 pm.

3. Results

Valves of a synchronized culture taken during
120 minutes after silicon addition were studied with
SEM. Valve morphogenesis stages were identified
by markers described for a related species F. radians
(Kaluzhnaya and Likhoshway, 2007; Kharitonenko et
al., 2015). The earliest stage that we have managed to
register (stage I) is a sternum, long siliceous filament
(Fig. 1a) with forming first-order branchings (virgae)
that later merge and form mature virgae. At this stage
the position of future rimoportula is yet unmarked (Fig.
2a) and the entire structure is rigid; unlike later stages,
when valve can even bend in half, sternum always
appeared straight.

The first signs of rimoportula appear on stage II
(Fig. 1b, Fig. 2b) when virgae have already formed and
are growing (stage III, Fig. 1c). Axial pore area starts
developing from separate thin filaments at stage IV;
by this time, valve mantle has started forming (Fig. 1d,
Fig. 2¢). Creation of second-order branchings (viminae)
and axial pore area happens during stage V (Fig. le,
Fig. 2d). Growth of velums on areolae apparently
continues even after valve mantle is finished and valves
appear to be fully formed (Fig. 1f, Fig. 2e).

Valves on different stages were found in all
SEM preparations. However, in the sample taken
120 minutes after silica addition, all valves were on
morphogenesis stages IV-V. The presence of the valves
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on different morphogenesis stages is shown in Table 1.

Measurements of silicon concentration in the
medium have shown that it drops to less than half of
the original level during 30 minutes after finishing
three days of synchronization and introducing silicon to
diatom culture (Fig. 3). For the next 2 hours the silicon
concentration was either decreasing insignificantly
or not decreasing at all. Silicon concentration in the
intracellular silicon pool of synchronized culture (Fig.
4) was also decreasing during the first 60 minutes and
returning to the original level after 90 minutes. The
measured silicon concentration in the medium was
above 57 mg/L, ranging from 62 mg/L to 83 mg/L.
We suspect that this is caused by the DM preparation
protocol, which involves using sodium metasilicate to
reach the required pH.

4. Discussion

The stages of U. danica morphogenesis are similar
to those in a previously described related species F.
radians (Kharitonenko et al., 2015), although the earlier
stages of valve forms happen quicker for U. danica than
for F. radians, despite its larger size. Most of the primary
valve morphogenesis (horizontal differentiation—
Schmid and Volcani, 1983) took place during the
first two hours after the end of synchronization. The
order in which various morphological structures have
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Fig. 3. The dynamics of silicon concentration in the
medium.

appeared is the same as in F. radians; silica deposition
itself first happens horizontally (like in other species
— Schmid and Volcani, 1983), then the valve starts
vertical differentiation and getting thicker.

It is interesting that forming sternum seems
to have no flexibility, unlike valves on the later
stages of development. This fact can demonstrate the
variance in the state of silicic acid or general chemical
composition of SDV contents between earlier and
later morphogenesis stages. It is visible that at earlier
stages virgae are more numerous and narrow; they are
likely to merge at later stages similarly to F. radians
(Kaluzhnaya and Likhoshway, 2007), but scanning
electron microscopy cannot visualize this process in
U. danica. Our data also show that even if rimoportula
does indeed start forming at the earliest morphogenesis
stages, it is not detectable at the sternum stage. The
loop that later becomes rimoportula (Kaluzhnaya and
Likhoshway, 2007, Fig. 26) doesn’t appear until at
least Stage II, during virga formation. Thus, the details
described in this work extend the previously available
information about valve morphogenesis in pennate
diatoms (Cox and Kennaway, 2004).

It is known that assimilation of silicon by diatoms
occurs according to Michaelis-Menten kinetics, and
that silicon-starved cultures tend to quickly consume
silicon from the environment when it becomes available
(Conway and Harrison, 1977). The chemical analysis

Intracellular Si pool, pg/cell
7

O | ! | ! ] ! | ! I
0 30 60 0 120
Time, min

Fig. 4. The dynamics of silicon concentration in the cells.

of silicon concentration has shown that it is consumed
immediately, but for the first 60 minutes (during which
the valve is built) its concentration inside the cell does
not increase. T. pseudonana has slightly different kinetics
of silicon use under similar conditions (Thamatrakoln
and Hildebrand, 2008). Unlike U. danica, T. pseudonana
does not store a significant amount of silicon during
starvation, but does increase the intracellular silicon
concentration after the cells are placed into a silicon-
rich medium. The species we have studied, on the
other hand, can accumulate silicon during starvation or
keep its level constantly low; during silicon starvation,
morphogenesis does not start, because otherwise the
cell may not have enough material to finish the valve,
which would probably be lethal. The intracellular
silicon levels drop at the earlier stages of morphogenesis,
when silica is actively deposited to the forming valve.
Later, though, silica deposition speed decreases and
intracellular silicon pool replenishes (this happens
90 minutes after providing silicon to synchronized
cultures), because at later stages silica deposits slower
and therefore is not consumed as quickly. That is why
there is no significant silica concentration decrease
in medium after the initial surge uptake (Fig. 3). The
difference in silicon acquisition in spending between
T. pseudonana and U. danica can be caused by the scale
valve morphogenesis, since valve thickness and division
time is several times higher in the latter. T. pseudonana,

Table. 1. The distribution of valves on different morphogenesis stages along sampling times.

Time, min
Stages of 0 30 60 90 120
morphogenesis
I, Fig. 1a, Fig. 2a - + - - -
11, Fig. 1b, Fig. 2b - + + - -
IIl, Fig. 1c - + + + -
1V, Fig. 1d, Fig. 2c Sporadically | Sporadically + +
V, Fig. le, Fig. 2d Sporadically | Sporadically + +
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which has smaller cells and less thick walls, can afford
to spend silicon on building valve and girdle bands
as it is being absorbed from medium. The creation of
intracellular silicon pool or maintenance of certain
silicon level during its shortage in the environment
has been documented in other diatoms (Azam, 1974;
Sullivan, 1976; 1977).

Thus, in U. danica silicon accumulation is
linked to the valve morphogenesis. This species can
accumulate silicon inside the cell, although not during
horizontal valve differentiation (at that time all
incoming silicon is immediately consumed); but when
there is no active silica deposition, its intracellular level
remains constant.
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