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Abstract

Diatoms are known for their unique ability to form species-specific silicon exoskeletons (shells) richly
decorated with various ornaments, outgrowths, and holes. The absorption of silicic acid from the envi-
ronment by cells is a critical step in this process. It is known that silicic acid is transported into diatom
cells by silicic acid transport proteins (SIT). However, the mechanism and regulation of the work
of proteins of this family currently remain insufficiently studied. In the present study, we attempted
to determine the stages of daughter valve morphogenesis in the pennate freshwater diatom Ulnaria
acus and to assess the expression level of sit-m genes encoding multiplexed silicon transporters. The
experiment showed that simultaneously with the formation of the main axial element of the daughter
valves (sternum) and first-order branching (virga), the level of sit-tri gene expression increases. While,
during the formation of second-order branching (vimin) and areoles, an increase in the level of sit-td
gene expression was noted, with a simultaneous decrease in sit-tri. Based on the data obtained, it can
be assumed that after duplication of sit genes in the diatom genome, with the formation of multiplexed
structures, their subfunctionalization occurs at different stages of daughter valve morphogenesis.
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Introduction

Silicon is the second most abundant chemical element in the Earth's crust after oxy-
gen. In the aquatic environment, dissolved silicon is present in various chemical
forms, usually designated as SiO¥(OH)*2. The most common form is silicic acid
Si(OH)4. Between 200 and 280*10"mol Si/yr of biogenic silica are produced in
the ocean annually (Nielsen 2014). A key role in this process is played by diatoms
(Bacillariophyta). These single-celled eukaryotes are one of the ecologically impor-
tant groups, including because they dominate among photosynthetic organisms
(Malviya et al. 2016). Modern diatom taxonomy is based on the fine structure and
symmetry of their shells and includes between 18 211 (Guiry 2024) and an esti-
mated 100 000 species (Mann and Vanormelingen 2013).

There is currently no complete understanding of how genetically programmed
mechanisms are able to create physical and chemical interactions that control the
morphogenesis of complex mineral structures. The process of uptake and transport
of silicic acid into diatom cells is one of the important stages of the morphogenesis
of daughter valves. The silicon content in the waters of the world's oceans averages
70 uM (Tréguer et al. 1995), while inside the cell it reaches 150 mM (Kumar et
al. 2020). At the same time, during the morphogenesis of the valve, the cell must
absorb a sufficient amount of silicon in a short time. When the level of silicic acid
in the environment is insufficient, depending on the diatom species, the cell cycle
stops in the G1, G2 or M phase and the cells begin to store nutrients, which can then
be used for division and growth (Brzezinski et al. 1990; Cavonius et al. 2015; Hilde-
brand et al. 2007; Martin-Jezequel et al. 2000). Thus, the capture of silicon from
the environment and its transport into the diatom cell is a strategically important
process for these organisms.

It was shown that with increasing concentration of silicic acid in the nutrient
medium, the rate of silicon (or its close analogue germanium, Ge) incorporation
into diatoms and the growth rate of the culture (the number of cell divisions per unit
time) initially increased, and with further increase in concentration they reached a
plateau (Sullivan 1977). This suggested that an agent obeying the Michaelis-Menten
law is involved in silicon utilization (Azam et al. 1974). An important achievement
in understanding this process is the identification of the silicon transporter (SIT)
protein in the marine diatom Cylindrotheca fusiformis (Hildebrand et al. 1997). It
was possible to establish the nucleotide sequence of five genes that form a closely
related family. Predicted amino acid sequences from nucleotide sequences showed
that the corresponding proteins are good candidates for the role of silicic acid trans-
porters (Hildebrand et al. 1998).

Currently, sit genes represent a family of paralogs and are found in various or-
ganisms of different taxa (Thamatrakoln and Hildebrand 2007; Grachev et al. 2002;
Likhoshway et al. 2006; Marron et al. 2013; Durkin et al. 2016; Marron et al. 2016;
Sapriel et al.; 2009 Marchenkov et al. 2018; Brytka et al. 2023; Kim et al. 2024). In
most species, 3-5 copies of genes of this family were found in the genome (Hilde-
brand et al. 1997; Alverson 2007; Thamatrakoln et al. 2006; Durkin et al. 2016).
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Based on the structure, three groups can be distinguished in the sit gene family:
sit-] encode proteins consisting of 5 TM, sit-encode proteins of 10 TM, and sit-m
encode multiplicated proteins of 20-30 TM (Durkin et al. 2012; Marron et al. 2016;
Marchenkov et al. 2018). Based on the results of structural and phylogenetic analy-
ses, it has been suggested that the sit genes were formed as a result of intragenic
duplication (Thamatrakoln and Hildebrand 2007; Brylka et al. 2023). Using phy-
logenetic analysis, SIT proteins were divided into five clades (A-D), which, as the
authors suggest, reflect their affinities for silicic acid (Durkin et al. 2016).

Recently, sit gene expression has been studied in marine and some freshwater
centric diatoms. Much attention has been paid to understanding at which stages
of the cell cycle individual paralogs are expressed (Hildebrand et al. 1998; Thama-
trakoln and Hildebrand 2007; Brytka al. 2023) or what conditions can affect the
expression of these genes. Lack of nitrogen and silicon in the culture medium are
considered as factors (Durkin et al. 2016; Kim et al. 2024). However, all these studies
are focused on understanding the function of sit genes encoding proteins with 10
TM domains. Since we have previously identified genes encoding SIT-M proteins
in freshwater pennate diatoms and described the structure of the cluster encoding
their genes in the genomes of two species of the genus Ulnaria, it is of interest at
what stages of morphogenesis of daughter valves the activation of sit-m genes oc-
curs.

In our work, we analyzed for the first time the expression of sit-m genes in the
freshwater pennate diatom Ulnaria acus (Kiitzing) Aboal. Although the study only
touches upon the work of multiplexed SIT-M proteins, it provides important in-
formation about the strictly coordinated work of paralogs of this family not only at
the stages of the cell cycle, but also at different stages of morphogenesis of daughter
valves. The obtained results allow us to come closer to understanding the general
patterns of morphogenesis in diatoms.

Materials and methods

Cultivation conditions

An axenic monoclonal strain of the pennate araphid freshwater diatom Ulnaria
acus (Kitzing) M. Aboal BK497 was isolated in February 2020 from an under-ice
phytoplankton sample near the settlement of Bol'shiye Koty (Lake Baikal, Russia)
according to the method described earlier (Shishlyannikov et al. 2011). Cells were
grown in sterile Diatom Medium (DM) (Thompson 1988) in 100 ml Erlenmeyer
flasks at 8 °C and 16 pmol/m2/s illumination with a day/night cycle (12:12). Axenic-
ity of the culture was checked by DAPI staining using an Axiovert 200 microscope
(Zeiss, Miinchen, Germany) and a UV filter.
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Cell synchronization

The biomass of the cells was then filtered through analytical track-etched mem-
branes filters with 3um pores (Reatrack, Russia) The cells were transferred to a sil-
icon-free medium, where they were cultured for 72 hours in the dark. Cells were
synchronized according to the protocol published earlier (Bedoshvili et al. 2019).
After three days of culturing, U. acus were concentrated using a filter and the cells
were placed in DM medium with silicon. The cell biomass for RNA extraction was
collected after 30, 60, 90, 120 and 180 min, also before adding silicon. In order to
increase the preservation of RNA, the biomass was fixed with IntactRNA solution
(Eurogen, Russia), according to the manufacturer, after which the components were
stored at - 80 "C.

RNA Isolation and cDNA Synthesis

To isolate RNA, the samples were defrosted and centrifuged at 5,000 g for 5 min,
then the supernatant was removed. The cells were transferred to nitrogen-cooled
mortars and ground to a homogeneous state. After evaporation of liquid nitrogen,
RLT bufter was added and RNA was isolated using the RNeasy Plant Mini Kit (Qia-
gen, Germany), according to the manufacturer's instructions. The isolated RNA
preparations were treated with 3U DNase I (Thermo Fisher Scientific, USA) for
60 min at 37 °C. DNase inactivation was performed using 6 pl DNase Inactiva-
tion Reagent (Thermo Fisher Scientific, USA) for 5 min at room temperature, then
centrifuged for 1.5 min at 10 000 g, the supernatant was collected and used for the
synthesis of the first strand of cDNA. cDNA synthesis was performed in 20 pl of
a reaction mixture containing 1x First strand buffer, about 200 ng of total RNA
treated with DNase I, a mixture of dNTPs (1 mM each), 1 uM oligo-(dT)18 primer,
1 mM DT, 20 units of RiboLock RNase inhibitor (Thermo Scientific, USA), and
100 units of MMLV reverse transcriptase (Eurogen, Russia). The reaction was car-
ried out for 60 min at 37 °C. Reverse transcriptase was inactivated for 10 min at 70
°C. To control DNA contamination, a reaction without the addition of transcriptase
(NoRT) was performed.

Real-Time PCR and Statistical Analysis

For real-time PCR, primers for sit-tri and sit-td genes (Table 1) were used, which
were selected based on the previously published sequence of KX345281.2 (March-
enkov et al. 2016). 18S rRNA was used as a reference gene (Liu et al. 2020), and
primers were used from a previously published work (Table 1, Bayramova et al.
2024).

The amplification reaction was carried out in 20 ul and the mixture contained
(1x reaction buffer, 1.25 units of Tag DNA polymerase activity, 0.2 mM dNTP mix,
2.5 mM Mg, 0.2 uM each of primers, 0.2 ul SYBR Green I, 0.4 pl ROX, 1 pl (reac-
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tion mix after reverse transcription). The reaction temperature profile was as fol-
lows: 95 °C for 3 min, 40 cycles (95 °C for 30 sec, 57 °C for 20 sec, 72 °C for 20 sec).
A reaction mix without cDNA was used as a negative control. Each real-time PCR
was done in triplicate to calculate the standard deviation.

The relative gene expression was assessed via reference gene valuation followed
with the delta-delta Ct method (Livak and Schmittgen 2001). Data was presented as
mean * standard deviation and was analyzed using two-way ANOVA (Fig. 3; Table
2) and two-sample t-test (Table 2).

Table 1. Primer sequences for real-time PCR

Gene Primer Sequence 5'>3'

sit-tri Uasit-tri_QPCR_7408F GTAGACGAGAAAGAGAATGTTGAGG
Uasit-tri_QPCR_7506R AGAGAGGATGAGCAATACGGTG

sit-tri/sit-td  Uasit_QPCR_11189F AGACATTTTTGAATACGGGACTGA
Uasit_QPCR_11334R AAGCAGCAAACAAACTCTGATGA

185 rRNA  18S_QPCR_I316F CTTCTTAGAGGGACGTGCGTTC

(LSU) 185_QPCR_1445R TCTCGGCCAAGGTACACTCG

Table 2. Marginal means of sit and sit-tri values of different groups and their effect over
time (two-way ANOVA and two-sample t-test)

SS between  SS within F P-value t-statistics Dispersion
groups the group

0 min 0.815 0.032 49.55 0.019 4.01 0.166

30 min 6.367 0.301 42.28 0.02 -6.04 0.196

60 min 3.19 0.26 24.15 0.03 -6.56 0.001

90 min 124.24 1.23 201.53 0.004 19 1.1

120 min 39.16 0.09 797.45 0.001 4.15 11.82

180 min 3.96 1.53 5.15 0.15 1.33 1.2

Scanning electron microscopy (SEM)

Scanning electron microscopy (EM) was used to analyze the stages of morphogen-
esis and determine the proportion of daughter cells. From each sample, 50 ul of
sediment were taken and treated with 6 % SDS for 30 min at 95 °C, then washed five
times with distilled water. The sediment was incubated with concentrated nitric acid
for 60 min at 95 °C, washed three times with ethanol and kept for 24 hours with 36
% hydrochloric acid. After treatment, the sediment was washed five times with dis-
tilled water and resuspended in 500 pl of 70 % ethanol, applied to SEM tables, dried
at room temperature and sputtered with gold. The suspension of cleaned valves was
pipetted onto a coverslip, dried, mounted on a stub for SEM, and examined in a
QUANTA 200 scanning electron microscope (FEI, United States). in the Collective
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instrumental center "Ultramicroanalysis” at the LIN SB RAS. The counting of di-
viding valves was performed in three replicates among 100 randomly encountered
valves. The counting of valves at different stages of morphogenesis was carried out
according to the features described previously (Kaluzhnaya and Likhoshway 2007;
Kharitonenko et al. 2015).

Results

Identification of daughter valves and understanding of the dynamics of their forma-
tion in U. acus were carried out in the first 3 hours after adding cells to a silicon-
containing medium. It should be noted that after 72 hours of cultivation in a silicon-
free medium, approximately 18 % of the cells formed new valves (Fig. 1). However,
most of the forming valves were at the last stages IV and V (Fig. 2), when vimins
(second-order branches) and areoles are formed, and valves thicken. This may be
due to a slowdown in the formation of daughter valves in the absence of silicon in
the medium.

Number of daughter valves, % _
N [ » a 2] ~ =3 © [=3
o o o o o o o o o

-
o

0 30 60 90 120 180
Time, min

Figure 1. Total number of daughter valves relative to the total number of valves after syn-
chronization (0) and after cultivation in a medium with silicon (30, 60, 90, 120 and 180 min).

Thirty minutes after adding the silicon-containing medium to the cells, an in-
crease in the number of daughter valves to 54.5 % was observed (the maximum
number of daughter valves for the entire experiment) (Fig. 1). Most of the daughter
valves were at stage II of morphogenesis. 10 % of the daughter valves were at stage I
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with the formation of the sternum (Fig. 2A, B). At the same time, a decrease in the
number of valves at later stages was noted (Fig. 2F, G). Similar dynamics were de-
scribed earlier for U. danica (Bedoshvili et al. 2019). Over the next 60 min, a gradual
decrease in the number of valves was observed at the first stages of morphogenesis
and an increase in the number of valves at stage IV, and then at stage V, during
which the formation of second-order branching (vimin) and the formation of are-
oles occurs (Fig. 3A, E, G). After 120 minutes from the beginning of the experiment,
the number of valves of stages II and III increased again, while the number of cells
at stage IV decreased (Fig. 3A, C-E). After 180 min from the addition of cells to
the silicon-containing medium, desynchronization of division occurred (Fig. 3A).
Thus, the formation of the main valve structures in U. acus occurs within the first
two hours, as in another representative of the genus Ulnaria — U. danica (Bedoshvili
et al. 2019).

Analysis of the expression level showed that before adding silicic acid to the
medium, the transcription level of the sit-tri and sit-td genes in synchronized cells
is approximately at the same level (Fig. 3). 30 min after adding silicic acid to the
DM, active division begins and the formation of daughter valves is accompanied
by an insignificant increase in the expression level of the sit-tri gene and a decrease
in sit-td (Fig. 3). After 60 min, the virgi expand and a valve bend is formed in most
daughter valves, while the transcript levels of both genes remain at the same level. A
sharp increase in the sit-td gene expression level (13-fold) is recorded at 90 min dur-
ing the formation of vimin and areoles, while the sit-tri level decreases 14-fold (Fig.
3). After 120 min, the sit-td gene expression level decreases by 30 % (Fig. 3). After
another 60 min, when the daughter valves are fully formed and gradually thicken,
and the sternum is laid down in the new valves, the level of sit-td gene transcripts
decreases by 2 times, and the level of sit-tri expression increases by more than 13
times (Fig. 3).

After statistical evaluation of the expression level of sit-td and sit-tri genes, it
is seen that the level of dispersion begins to increase after 90 min and reaches a
maximum at 120 min, and then it decreases (Table 2). The maximum level of the
t-statistics value is observed at 90 min, and at 120 min the level of the t-statistics has
almost the same value as at 0 min (Table 2).

Discussion

In recent years, diatoms have attracted increasing attention because understanding
the cellular mechanisms underlying biomineralization may be promising for use in
various applications. As is known, one of the decisive roles in this process is played
by SIT proteins, facilitating the import and intracellular transport of dissolved sili-
con. It is important to understand the mechanisms that control Si absorption dur-
ing active formation of daughter valves, when free diffusion of silicon is insufficient.
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Figure 2. Daughter valves of U. acus at different stages of morphogenesis. A - Proportions
of daughter valves at different stages of morphogenesis (here and below, relative to the total
number of valves examined) at different time points; B - stage I, formation of sternum; C -
stage II, formation of virgae (branches from sternum of the first order); D - stage III, growth
of virgae to the valve mantle; E - stage IV, formation of viminae (second-order branches);
F and G - stage V, formation of areolae from the inside and outside of the valve, respectively.
SEM. Scale bars: B and C 2 pm; D and G 5 pm. Error bars indicate standard deviations.
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Figure 3. Change in relative levels of sit-tri (red column) and sit-td (blue column) gene
expression in a synchronized U. acus culture before (0 min) and after addition of silicon-
containing medium (30 min, 60 min, 90 min, 120 min, 180 min). Data on sit-tri and sit-td
gene expression are presented in multiples. Means with different letters were significantly
different (p < 0.05). Error bars indicate mean with SD (two-way ANOVA).

The cell cycle of U. acus is about 24 hours. It is known that the general structural
plan of daughter valves in the morphologically similar species E radians (formerly
known as Synedra acus subsp. radians) is formed during the first 3.5 hours after
the addition of silicon, whereas the main part of the primary morphogenesis of the
closely related species U. danica occurs within 2 hours (Kaluzhnaya and Likhosh-
way 2007; Kharitonenko et al. 2015). In connection with these data, it is relevant to
study the expression of silicon transporters in the first 3 hours after the addition of
silicon to the medium.

Our study provided the first information on the behavior of silicon transporters
during sternum initiation and subsequent valve formation. Comparison of molecu-
lar biology data and SEM analysis of daughter valve formation dynamics allowed us
to establish that SIT-TRI and SIT-TD proteins are active at different stages of daugh-
ter valve morphogenesis. SIT-TRI is involved in the initial stages of morphogenesis
during initiation of a new valve and formation of first-order branching, whereas
SIT-TD is more active at later stages during formation of vimins (second-order
branching), areolas, and gradual thickening of the daughter valve. This is consistent
with and expands on previously proposed assumptions about the method of silicon
uptake control - induction and suppression of transport activity during certain pe-
riods of the cell cycle (Sullivan, 1977). Thus, control of the activity of silicon uptake
and transport depends not only on the stages of the cell cycle, but also on the stages
of morphogenesis, the passage of which can be greatly delayed with a deficiency of
intracellular silicon. This is confirmed by the fact that in the U. acus culture, after
72 hours of incubation in a silicon-free medium, valves were found at late stages of
morphogenesis IV and V.
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As is known, the predicted amino acid sequence of SIT-TD of U. acus consists
of two domains SIT1B and SIT2, and the predicted amino acid sequence of SIT-
TRI of U. acus consists of three domains SIT1A, SIT1B and SIT2. When pairwise
comparing the domains SIT1B of SIT-TD and SIT1B of SIT-TRI and SIT2 of SIT-
TD and SIT2 of SIT-TRI, they are identical, thus, SIT-TRI differs from SIT-TD by
the presence of the domain SIT1A at the C-terminus (Marchenkov et al., 2016). It
remains unclear whether individual SIT domains can undergo subfunctionaliza-
tion and have, for example, different affinity for silicic acid or different intracellular
localization.

Recently, data have been obtained for genes encoding non-multiplicated SIT
proteins in several marine diatoms (Hildebrand et al. 1997; Sapriel et al. 2009;
Thamatrakoln and Hildebrand 2007; Shrestha et al. 2012). Such proteins are similar
in structure to individual SIT-M domains. Different paralogs of these sit genes have
different transcription levels at different periods of the cell cycle. For example, three
sit genes were found in Thalassiosira pseudonana Hasle & Heimdal; when assessing
their expression levels, it was shown that the expression level of all three genes was
highest 180 min after the addition of silicic acid to the medium in the S-phase dur-
ing the formation of girdle rims, but before the formation of the daughter valve. The
expression level of the sit3 gene is significantly lower than the expression levels of
sit] and sit2. The authors suggest that the SIT3 protein acts as a sensor for silicic acid
rather than a transporter (Thamatrakoln and Hildebrand 2007). Similar results were
obtained in the analysis of transcriptome data in this species (Shrestha et al. 2012).
Five paralogs of this family were found in the genome of the marine diatom Cylin-
drotheca fusiformis Reimann & J.C. Lewin, and the expression of all sit was induced
simultaneously, immediately before the period of maximum silicon deposition in
the cell wall, and the levels decreased by the end of this period (Hildebrand et al.
1998). When assessing the expression level of sit genes in Thalassiosira eccentrica
(Ehrenberg) Cleve 1904, it was shown that the expression level of the sit3 gene re-
mained almost unchanged during the cell cycle, while the expression level of sit1/2
genes initially increased sharply, then reached a plateau and decreased by the end
of the experiment. The authors of the work suggest that the sit genes of T. eccentrica
have different intracellular localizations, one of the sit genes is located on the cyto-
plasmic membrane and transfers silicic acid into the cell, while the other is involved
in intracellular regulation (Kim et al. 2024). The assumption about different locali-
zations of SIT proteins in diatom cells can be indirectly confirmed by previously
obtained data on the expression of the chimeric protein SIT2-GFP Phaeodactylum
tricornutum Bohlin 1898 in cells, where it was shown that the protein is localized in
the cytoplasmic membrane (Sapriel et al. 2009).

Thus, in our work, the activity of sit-m genes was shown for the first time using
the pennate freshwater diatom U. acus as an example. Understanding how silicic
acid is absorbed at different stages of daughter valve morphogenesis using different
representatives of the silicon transporter family will allow us to approach the deci-
phering of the general patterns of species-specific morphogenesis.
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