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STRESZCZENIE ROZPRAWY DOKTORSKIEJ

Niniejsza praca skupia si¢ na Jeziorze Van, najwiekszym jeziorze sodowym na swiecie, i
analizuje roznorodnos¢ biologiczna, taksonomie oraz molekularng filogeneze zespoléw
okrzemkowych (Bacillariophyta) w sodowych jeziorach Anatolii. Okrzemki, jako
pierwotni producenci w ekosystemach wodnych, odgrywaja kluczowa role w cyklach
biogeochemicznych oraz stuza jako wskazniki ekologiczne. Gléwnym celem badan byta
identyfikacja nowych gatunkow okrzemek wystepujacych w Jeziorze Van,
charakterystyka ich rdéznorodnosci molekularnej oraz zrozumienie ich adaptacji

ekologicznych do ekstremalnych, zasadowych warunkow jeziora.

W ramach badan pobrano prébki z siedmiu lokalizacji wokdt Jeziora Van. W celu
uzyskania monoklonalnych kultur przeprowadzono izolacje pojedynczych komorek.
Wyizolowane kultury okrzemek hodowano w optymalnych warunkach $wietlnych i
temperaturowych, aby zapewni¢ ich zdrowy wzrost. Dodatkowo, zastosowano
mikroskopie $wietlng oraz skaningowa mikroskopie elektronowa, aby kompleksowo
scharakteryzowa¢  morfologiczne cechy  wyizolowanych okrzemek. Oprocz
charakterystyki morfologicznej przeprowadzono takze izolacje DNA oraz amplifikacje
wybranych genéw w celu okreslenia réznorodnosci genetycznej oraz powigzan
filogenetycznych miedzy gatunkami. Analizy te doprowadzily do odkrycia trzech

nowych gatunkéw okrzemek nalezacych do rodzajow Navicula i1 Halamphora. Badania



te przyczynity sie do lepszego zrozumienia taksonomii okrzemek oraz ich relacji

ewolucyjnych.

Podsumowujgc, badania te nie tylko poszerzaja wiedzg taksonomiczng na temat
okrzemek zyjacych w ekstremalnych siedliskach, ale takze pogltebiaja nasze zrozumienie
ich charakterystyki genomowej. Biorac pod uwage ograniczone informacje na temat
Jeziora Van 1 jego specyficzne] flory okrzemek, niniejsza praca stanowi istotny wktad w

badania nad roznorodnoscia okrzemek w ekstremalnych srodowiskach.

Stowa kluczowe: okrzemki, Jezioro Van, ekstremalne srodowisko, filogeneza, jezioro

sodowe
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ABSTRACT

This study focuses on Lake Van, known as the largest soda lake in the world, and
investigates the biodiversity, taxonomy, and molecular phylogeny of diatom
(Bacillariophyta) communities in the soda lakes of Anatolia. As primary producers in
aquatic ecosystems, diatoms play a critical role in ecosystem cycles and act as
environmental bioindicators. The primary goal of this research was to identify new diatom
species in Lake Van, characterize their molecular diversity, and understand their

ecological adaptations to the lake's highly alkaline conditions.

To achieve this goal, samples were collected from seven stations around Lake Van.
Single-cell isolations were performed to establish monoclonal cultures. The isolated
diatom cultures were grown under specially optimized light and temperature conditions
to ensure healthy growth, resulting in robust and viable cultures. Additionally, detailed
light and scanning electron microscopy were used to comprehensively document the
morphological characteristics of the isolated diatoms. In addition to morphological
characterization, DNA extraction and amplification of selected genes were performed to
reveal genetic diversity and phylogenetic relationships among diatom species, followed
by molecular analyses. As a result of these studies, three new diatom species belonging
to the genera Navicula and Halamphora were discovered. The study has contributed to a

broader understanding of diatom taxonomy and evolutionary relationships.

In conclusion, this research contributes to enhancing the taxonomic knowledge of diatoms
living in extreme habitats while advancing our understanding of their genomic
characterization. Considering the limited information about the unique features of Lake
Van and its diatom flora, this study aims to make significant contributions to the diversity

of diatoms in extreme environments.

Keywords: diatom, Lake Van, extreme environment, phylogeny, Soda Lake,

Halamphora, Navicula, NGS
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INTRODUCTION

Diatoms

Diatoms are photosynthetic single-celled eukaryotes found in aquatic habitats worldwide.
The exact number of species of diatoms is unknown, but is estimated roughly as
approximately 100,000 species (Mann & Vanormelingen 2013) with distinctive
characteristics, inhabiting marine, saline, and freshwater environments (Round et al.
1990, Smol & Stoermer 2010). New species are frequently being discovered and
described. Their cell lengths range from 1 um to 500 pm or more, and they function as
producers in the food chain (Scala & Bowler 2001). Diatoms, as primary producers in
aquatic ecosystems, play a crucial role by utilizing solar energy through photosynthesis
to produce organic matter, which serves as the foundation of the aquatic food chain. This
organic matter supports other organisms, making diatoms essential contributors to
ecosystem dynamics. Beyond their role in the food chain, diatoms significantly influence
global biogeochemical cycles, impacting the overall functioning of ecosystems. Their
exceptional diversity and widespread distribution make them indispensable components
of aquatic environments, shaping the intricate structure of life within these systems

(Seckbach & Kociolek 2011).

Diatoms are sensitive to many factors that affect biological diversity and ecosystem
dynamics in aquatic ecosystems. Environmental variables such as light, temperature, flow
rate, salinity, pH, and oxygen influence the growth, reproduction, and distribution of
diatoms (B-Béres et al. 2023). In ecological, palaeolimnological, and biological
monitoring studies, diatoms are used as model organisms to assess the quality of aquatic
ecosystems and understand environmental changes (Anderson et al. 1990). The species
composition, abundance, and distribution of diatom assemblages reflect specific
environmental conditions, such as nutrient levels and pollution, thereby providing
insights into factors affecting the aquatic environment and the presence of other
organisms in the ecosystem. Diatoms exhibit notable adaptability to wvarious
environmental conditions. This characteristic, together with fast growth, makes them
sensitive bioindicators of aquatic ecosystem health. Their ecological preferences and
responses to environmental changes are reflected in significant shifts in species

composition, abundance, and distribution, providing invaluable insights into ecosystem



dynamics (Dixit et al. 1992, Stevenson et al. 1999, Bak et al. 2012). For this reason also,
diatom fossil records play a significant role in understanding past aquatic conditions in
palaeolimnological studies (Stoermer & Smol, 1999). Diatoms serve as sentinel
organisms in both ecological and palaeolimnological research, offering valuable
information about historical and current environmental conditions. By analyzing diatom
communities and fossilized remains, researchers can reconstruct historical environmental
changes, monitor anthropogenic impacts, and evaluate the resilience of aquatic

ecosystems over time (Smol & Douglas 1996).

When diatoms are used in ecological and paleoenvironmental research, their most

important trait is the structure of their external siliceous covering, termed the frustule.

Structure of the diatom frustule

Diatom frustules are formed by the overlapping of two thecae; the upper theca is referred
to as the "epitheca" and consists of a larger piece, the "epivalve" together with a set of
bands (“copulae”), which together form the “epicingulum”; the lower theca is termed the
"hypotheca" and consists of a "hypovalve" and a second set of bands forming the
“hypocingulum” (Figure 1, 2). The hypocingulum and epicingulum (often referred to
together as the “girdle”) combine to link the two valves. The axis connecting the apices
of the valves is referred to as the "apical axis", and its transverse dimension as the
"transapical axis". The axis perpendicular to the center of valves surface is the "pervalvar
axis". Valves can be radial, linear, lanceolate, or elliptical in shape (Figure 1, 2). The
copulae (girdle bands) can be few or many and often possess species-specific
ornamentation. The position of the frustule, when the girdle is visible from the front, is

referred to as a girdle view (Ross et al. 1979).
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Figure 1. SEM image of a diatom frustule (E'1: Epitheca — including the epivalve
(uppermost); H1: Hypotheca - the only part visible is the top of the hypovalve, the rest
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Figure 2. SEM image of a diatom in a girdle view.

"Areolae", which can be either circular or rectangular in shape, are holes present on the
surface of the valve. Areolae can either be empty or lined with an internal layer (hymen)
that forms different patterns (Riaux-Gobin et al. 2014). The formation of a row of areolae
is called a "stria". The stria arrangement on the valve surface is parallel, radiate, or
convergent. Usually, the arrangement of striae is uniseriate (single-rowed). In some
genera (such as Planothidium), the striae arrangement can be biseriate or even triseriate

(Potapova 2012).



The slits that divide the cell symmetrically or asymmetrically on the surface of the valve
in many diatoms, including the species studied in detail here, are termed the "raphe" and
are one of the most important characters in species identification. This trait is
characteristic of a group of diatoms called "raphid". The function of the raphe is in
locomotion (Round et al. 1990). In some genera, the raphe may be absent completely
(centric and araphid diatoms) or may occur on just one valve (monoraphid diatoms). The
raphe slit may appear as straight or undulate and terminates in central and polar regions.
The endings of the raphe located in the central region of the valves are termed "proximal
raphe ends". The endings of the raphe located in the polar regions of the valves are termed
"distal raphe ends". Both endings can be straight, curved, or hooked; the distal raphe ends
finish internally with a "helictoglossa" (having the shape of a pair of lips or a rolled

tongue) but may extend to the valve apex externally (Ross et al. 1979, Round et al. 1990).

In some diatoms, the raphes are simple slits. In contrast, "fibulae" represent a more
advanced structure, forming a partially closed channel (raphe canal) on one side of the
valve by creating a porous belt under the raphe (Figure 3). The fibulae are found in genera
such as Nitzschia and Surirella. In some genera (e.g., Lpithemia, Rhopalodia), "costae"

are observed. These structures resemble the ribs between the striae but form a complete

arch across the valve, parallel to the striae (Figure 3), unlike the fibulae.

Figure 3. SEM image of an internal view of Nitzschia sp. and Rhopalodia sp. valves.

Morphologically, diatoms are classified into two groups. These are defined as centric and

pennate diatoms.



Centric Diatoms

Centric diatoms include the class Coscinodiscophyceae. These diatoms are typically
species with a circular or disc-shaped morphology and radial symmetry (Figure 4).
Centric diatoms are commonly found in the plankton and are widespread in freshwater
and marine habitats. They absorb solar energy and produce organic matter through
photosynthesis, making them fundamental components of many ecosystems. In addition,
some other centric diatoms, while also having a valve pattern that is radially symmetrical,
have a valve outline that is triangular, multiangular or elongate. These are sometimes

separated into a separate class, the Mediophyceae (e.g. Sims et al. 2006), which probably

evolved from a group within the Coscinodiscophyceae.

Figure 4. SEM image of siliceous appendages in a centric diatom (Aulacoseira).



Pennate diatoms

Pennate diatoms are further divided into three morphological groups: 1. araphid; 2.
monoraphid; and 3. biraphid diatoms (Figure 5). Araphid diatoms (Figure 5A) lack a
raphe system. Their valve structure is simpler than in other groups. A characteristic feature
of some araphid diatoms are the rimoportulae, which look like openings in the valve and
are also present in many centric diatoms. On the internal valve face, the rimoportula
opening may have the shape of a pair of lips, while on the external valve face, it can be a
simple, round aperture or a tube extending out from the valve. Monoraphid (Figure 5B)
diatoms have a raphe on one valve only, while the other valve possesses a simple
longitudinal rib (the sternum) instead. The frustules of monoraphid diatom genera show
two different ornamentation patterns — this is called heterovalvy: the side of frustule with
a raphe is called the raphe valve and the side without a raphe is called the sternum valve.
Biraphid diatoms (Figure 5C) are a group in which the raphe is present on both valves;

many biraphid diatoms are bilaterally symmetrical (Figure 5C, but not always (Figure 3).

Figure 5. A-C. SEM microphotographs of diatom frustules. A. Example of araphid
diatom. B. Raphe valve of monoraphid diatom. C. Internal view of biraphid diatom

valve.



Diatom Ecology

Diatoms are widely distributed in habitats with water and sunlight. They can be found
under various physicochemical conditions, in environments ranging from fresh to fully
marine water, cave entrances and hot springs (Round 1990, Lauriol et al. 2006, Van de
Vijver & Cocquyt 2009). Diatoms spread across seas with different temperatures, from
the Arctic to the Antarctic, from the Pacific Ocean to the Baltic Sea (Snoeijs 1993, Poulin
2002, Riaux-Gobin & Poulin 2004a). They can inhabit estuarine areas, salt marshes, and
even sandy areas affected by tides (Al-Yamani & Saburova 2011). The proliferation and
continuity of diatom populations is controlled by many factors, including light, water
temperature and salinity. Studies have shown that species compositions can vary
significantly between low and high salinity areas (Sabbe et al. 1995, Stidolph et al. 2012).
However, also essential for diatom growth is the presence of nutrients, which is — for most
taxa — more important than other factors, e.g., water currents (Agla¢ & Balkis 2014, Tag
2014). The main nutrients influencing the continuity of diatom populations are
phosphorus, nitrogen, and silica. The ratio of these nutrients can be crucial for
determining the distribution and ecological classification of species (e.g. Shraoui et al.
2009). Eutrophication, characterized by an excess of nutrients, can also significantly
impact diatom populations. When favorable conditions exist, diatom communities may
consist of many species, while under unfavorable conditions, the community may be

represented by one or a few species only (Hendey 1964).

Diatom groups are divided into two categories based on their habitats. These are
"planktonic diatoms," which are found floating in the pelagic zone of oceans, and "benthic
diatoms" which are associated with bottom sediments in the littoral zone. Planktonic
diatom forms have morphologically distinct structures (e.g. Tas & Hernandez-Becceril
2017). Along with dinoflagellates and cyanobacteria, they play a significant role during
algal blooms or they may be the sole group responsible for a bloom, for example in spring
in temperate latitudes (Tas et al. 2016). On the other hand, benthic diatoms have been
found to have a significant impact on grazer animals in shallow habitats (Cox et al. 2020).
Epiphytic diatoms grow on the surfaces of plants, while epizoobiontic diatoms live on
other organisms (Kaleli 2018). Benthic diatom communities are typically found clustered
on the shallow bottom of water bodies. They tend to form dense aggregations where the

water is calm.



Some diatoms are notable for their ability to survive in extreme environmental conditions,
particularly in ecosystems characterized by high salinity, alkalinity, and low nutrient
concentrations. An example of extreme environments are the so-called soda lakes
characterized by high pH values (high alkalinity). Diatom communities found in soda
lakes can optimize their metabolism to sustain growth and reproduction under such harsh
conditions. Their adaptations to extreme environments are supported by genetic diversity
and specific morphological traits, making them fundamental components of such
ecosystems (Kociolek 2007). An example of an extreme, alkaline environment is Lake

Van in Tiurkiye.

In this context, two genera, Halamphora and Navicula, exemplify the diatoms that have
adapted to extreme environments, and studying them will in future undoubtedly showcase
the unique physiological and ecological traits that allow them to thrive under challenging

conditions.

Halamphora

The genus Halamphora, which is a raphid pennate diatom, was first described by Cleve
(1895) as a subgenus of Amphora, and later reclassified as a separate genus by Levkov
(2009). Species within this genus are typically characterized by valves with a dorsally
outwardly curved margin and a ventrally flat or slightly swollen margin. The valves
exhibit round or capitate apices and a narrow raphe sternum, and the bands are punctate.
The raphe, positioned near the ventral margin, is either straight or slightly curved (Round
et al. 1990; Levkov 2009, Stepanek & Kociolek 2018). According to current taxonomic
classifications, there are 157 recognized species within the genus Halamphora (Guiry &

Guiry 2024).

Although species of this genus are commonly found in inland water bodies with high
conductivity, which can include both freshwater and brackish environments (Sala et al.
2007), they can also inhabit freshwater and semi-terrestrial environments (Levkov 2009,
Van de Vijver et al. 2014, You et al. 2015). However, the majority of Halamphora species
are primarily found in marine and brackish water habitats (Cleve 1895, Stepanek &

Kociolek 2013).



Navicula

The genus Navicula, also a representative of the raphid pennate diatoms, is one of the
most species-rich genera within the Bacillariophyceae, largely due to its historical use as
a "catch-all" category for bilaterally symmetrical raphid diatoms with simple structural
characteristics. The genus was first established in 1822 by Bory in his Dictionnaire
Classique d’Histoire Naturelle (Bory de Saint-Vincent 1822). The name Navicula,
meaning "small ship" in Latin, was chosen to describe the cell shape, resembling a
weaving shuttle. Cells are generally solitary and motile, though some species may exist
in mucilaginous tubes (Millie & Wee 1981). Navicula species possess two parietal
chloroplasts, one on each side of the girdle, and their valves are symmetrical in both apical
and transapical views, with rounded, acute, or capitate ends. The central area of the valves
is often distinctly expanded (Patrick 1959, Cox 1979, Round et al. 1990). The areolae of
Navicula species are elongate (parallel to the apical axis, as they are also in related genera
such as Pseudogomphonema, Seminavis, Hippodonta and Trachyneis (e.g. Round et al.

1990), and contrast with the rounded areolae present in many other raphid diatom genera.

Navicula 1s an extremely widespread and ecologically versatile genus, occurring in fresh,

brackish and marine waters, in various types of benthic habitat.



AREA OF STUDY

The studies described in this work were conducted in Lake Van (Figure 6). Van, located
in the eastern Anatolian plateau of Turkiye, is a notable volcanic lake formed around
600,000 years ago by the eruption of the Nemrut volcanic mountain. Surrounded by
towering mountains, it holds the distinction of being the largest soda lake globally,
spanning an expansive area of 3764 square kilometres. Positioned at an average altitude
of 1646 meters above sea level, Lake Van boasts an average depth of 171 metres, with its

deepest known point plunging to 451 metres.
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Figure 6. A map of Tiirkiye (A) with location of Lake Van (red frame, B).

The area around Lake Van has long been a focus of interest for ecologists due to its unique
ecological characteristics and considerable biodiversity. Worldwide, there exist 35
biodiversity hotspots, three of which are situated within Turkiye: the Mediterranean,
Caucasian, and Iran-Anatolia regions (Marchese 2015). In the latter, Lake Van stands out

as an important area, the largest lake in the Iran-Anatolia region.

Despite the lake’s prominence, the biodiversity of its animals is surprisingly under-
explored (Kempe & Degens 1978). However, there are two known endemic species of
fish: Alburnus tarichi Giuldenstddt, 1814, a species adapted to the salty and alkaline
environment that lives near the mouths of the streams flowing into the lake (Danulat &

Kempe 1992), and Oxynoemacheilus ercisianus Erk'akan & Kuru, 1986, a stone loach
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inhabiting the lake’s microbialites (see below). The invertebrate biodiversity of Lake Van
is still poorly understood as well, though recent studies have identified species new to

science (Arslan et al. 2018).

On account of its unique characteristics, Lake Van has fascinated geologists,
palaeoecologists and biologists. The fascination with Lake Van has been steadily growing
since the groundbreaking research conducted by Degens et al. 1978, followed by the
influential work of Landmann et al. in 1996. The significance of Lake Van has been
underscored by the International Continental Scientific Drilling Program (ICDP), which,
since 2001, has been conducting a project exploring the lake's sedimentary records (Litt
et al. 2009). A unique feature of Lake Van is the presence of microbialites. These are
sedimentary deposits that can soar to impressive heights of up to 40 meters above the
bottom in Van, marking them as some of the largest in the world (Kempe et al. 1991).
Microbialites are carbonate structures, like stromatolites, and they also result from the
metabolism and activities of cyanobacteria. They are home to a diverse community of
alkaliphilic heterotrophic bacteria (Lopez-Garcia et al. 2005). According to the pioneer
research by Kempe et al. (1991), the microbialites from Lake Van share similarities with
stromatolites from Precambrian oceans and are therefore interesting models to study the
development of life in Precambrian times. Akkus et al. (2021), in their study on the fishes

living inside microbialites, noted that the microbialites are covered with various algae.

However, despite its prominence, Lake Van remains relatively unexplored in terms of its
diatom flora. Approximately 80 years ago, Legler & Krasske (1940) conducted
pioneering research on Lake Van, resulting in the description of 24 diatom taxa. Among
these, they described 6 new diatom taxa, including Amphiprora paludosa var.
densestriata, Nitzschia incognita, Rhopalodia musculus var. suprasemicirculatus, and
Surirella invicta. They laid the foundation for diatom research in Lake Van. Subsequently,
Lange-Bertalot et al. (1996) further examined and documented some of these species
using light microscopy (LM) and scanning electron microscopy (SEM). Since then, there
has been a notable absence of taxonomical studies on Lake Van diatoms. Therefore, until
now, Legler & Krasske's (1940) pioneering work, along with the subsequent re-
evaluations by Lange-Bertalot et al. (1996), constitutes the bulk of the research conducted
on diatoms in the lake. Recently, however, Solak et al. (2021) contributed to this body of
knowledge by utilizing modern molecular tools to provide evidence for the existence of

a cryptic diatom species in Lake Van, Nitzschia anatoliensis.
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THE AIMS AND HYPOTHESIS

In view of the unique characteristics of Lake Van and the paucity of knowledge on its
diatom flora, the overarching objective of the research leading to this thesis is to explore
the diatom assemblages of Lake Van to characterize their ecology, taxonomy, and
molecular phylogeny. This way, this research study will contribute to the knowledge on

diatom diversity, and biodiversity in general, in extreme environments.

In this thesis, this objective has been narrowed down to test the following hypotheses with

reference to representatives of two genera (Halamphora and Navicula):

Hypothesis 1: The Lake Van diatom assemblages contain new, undocumented, diatom
species that should contribute to our understanding of diatom diversity in extreme

environments.
This hypothesis will be tested by addressing the following research questions:
o Can Halamphora and Navicula species new to science be found in Lake Van

e How does the knowledge on Lake Van diatoms contribute to our understanding of

diatom taxonomy in extreme environments?

Hypothesis 2: The diatoms of Lake Van exhibit unique molecular diversity and reveal

evolutionary adaptations to the lake's extreme conditions.
The research questions addressed to test this hypothesis are:

e What is the level of molecular diversity within the Lake Van diatom populations

studied?

e How do the new diatom species phylogenetically relate to known species, and

what can be inferred about their evolutionary relationships?

e Which molecular traits can be regarded as adaptations to the extreme

environments represented by soda lakes?

It is assumed that phylogenetic analyses will assist in clarifying the relationships among
these species and in elucidating their responses to environmental stressors, and the study
will thus contribute to a broader understanding of diatom adaptation strategies in soda

lakes.
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MATERIAL AND METHODS

Sampling and material collection

Samples were collected from 7 stations distributed around Lake Van on its shores (Figure
7) and located at sites reflecting the diversity of the lake’s habitats. Samples were obtained
by scraping epilithic material from hard substrates (rock surfaces). The collected samples

were placed into sterile 50 mL falcon tubes and transported to the laboratory for diatom

cell isolation.

Figure 7. Map showing the seven sampling stations around Lake Van.

Monoclonal culture preparation

Step 1. Isolation of single cells

Water samples were examined under an inverted microscope to look for live diatoms.
Whenever live Halamphora and Navicula were observed, single individuals were isolated
with micropipettes (Figure 8) to minimize contamination. Isolations were repeated at least

three times.
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Figure 8. Detailed view of the micropipette used for single-cell isolation.

Step 2. Inoculation into F/2 Medium

The single cells isolated were inoculated onto F/2 medium (Guillard 1975, modified), a
suitable medium containing the nutrients and salts necessary for diatom growth and
reproduction. In the original formulation of F/2, seawater was used as the base. For my
isolates the salinity level of the F/2 medium was kept at 18 psu, to roughly correspond to
the conditions occurring in Lake Van. The medium was sterilized in the autoclave under

standard conditions of 120°C for 20 minutes.
Culturing under controlled light and temperature

Monoclonal cultures were cultivated at the laboratory under controlled light and
temperature conditions. The cultures were consistently maintained in active growth at
22°C under a light intensity of 60 pmol photons m*%s! and a photoperiod cycle of 14
hours of light followed by 10 hours of darkness (Figure 9).

Figure 9. Cultivation setup with controlled light and temperature conditions.
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Subsequent Isolation Procedures

Each individual cell that had been isolated underwent a re-isolation process to be utilized
for obtaining a pure culture. Throughout this procedure, the multiplication of cells within
the culture and the possible contamination by other microorganisms were monitored
following each isolation step. The process of isolating single cells was repeated if
necessary. A minimum of three successive isolation cycles were carried out, thereby
guaranteeing monoclonal diatom cultures with desired levels of purity and homogeneity.

No attempt was made to fully eliminate bacteria.

Light (LM) and scanning electron microscopy (SEM)

Diatom cultures were directly transferred onto glass slides and covered with a cover glass
for imaging. Living diatom images were captured using light microscope Zeiss Axio
Scope Al (Carl Zeiss, Jena, Germany) with Canon EOS 500D camera and Canon EOS
Utility software (Canon, Tokyo, Japan) at a magnification of 1000x .

To prepare cleaned frustules for microscopy, 5 mL of monoclonal cultures were
transferred to 20 mL beakers containing 10 mL of 10% hydrochloric acid (HCI). After 24
hours, samples were washed four times with distilled water, then suspended in 30%
hydrogen peroxide (H202) and boiled for approximately four hours. Finally, the samples

were washed again four times with distilled water.

For LM, the cleaned material was air-dried on cover glasses and mounted on glass slides
with Naphrax (Brunel Microscopes Ltd., Chippenham, UK) solution. Images of cleaned
diatom frustules were captured using the Zeiss Axio Scope A1 with the Canon EOS 500D

camera and Canon EOS Utility software, as above.

For SEM, the cleaned samples were deposited as a drop onto a Nuclepore Track-Etch
Whatman membrane (Maidstone, England). The membranes were air-dried overnight,
mounted on aluminum stubs with carbon tape, and coated with gold using a Q150T coater
from Quorum Technologies (Laughton, UK). SEM examination was conducted at the
Faculty of Chemical Technology and Engineering, Western Pomeranian University of

Technology in Szczecin (Poland), using a Hitachi SU8020 microscope (Tokyo, Japan).
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Molecular analyses

DNA isolation and PCR protocol for single gene molecular analyses

The genomic DNA extraction procedure for PCR and Sanger sequencing employed
Chelex resin (Cat. No. 142-2842-MSDS, Bio-Rad, Hercules, CA, USA). A 10% working
solution of Chelex was prepared by dissolving 1 g of resin in 10 mL of distilled water.
Subsequently, 150 pL of the working solution was added to 1.5 mL Eppendorf® tubes
containing centrifuged diatom biomass. After vortexing and heating the mixture to 95°C,
the suspension was incubated for 20 min. After this, centrifugation was carried out for 5
minutes at 4°C and 10,000 rpm (RCF = 6.010g), followed by the transfer of the DNA-
containing supernatant into sterile Eppendorf® tubes. The extracted DNA material is
stored at -21°C in the Szczecin Diatom Culture Collection (University of Szczecin). In
the PCR process, one nuclear coding gene, 18S rRNA (SSU), was amplified alongside
two plastid molecular markers, rbcL and psbC. The three genes have been extensively
and successfully used for phylogeny in recent years (e.g. Theriot et al. 2010, Ashworth et
al. 2022), whereby reference data are available (Gorecka 2022).

The PCRs were run at the University of Szczecin, Institute of Marine and Environmental
Sciences, utilizing the S1000™ Thermal Cycler (Bio-Rad, Hercules, CA, USA). The
experimental design was based on protocols adapted from Theriot et al. (2010), and
Ashworth et al. (2013). Reaction mixtures were prepared in PCR Eppendorf tubes for a
final volume of 25 uL.. The mixture consisted of 17.35 uL of nuclease-free water, 2.5 uLL
of 10x DreamTaq™ reaction buffer containing 20 mM MgCI2 (Cat. No. B65, Thermo
Fisher Scientific, Waltham, MA, USA), 1 uL of deoxyribonucleotide triphosphate mix
(dNTPs) (Cat. No. E0503, EURx, Gdansk, Poland), 0.5 pL of each forward and reverse
primer, 0.15 pL of DreamTaq™ DNA Polymerase (cat. no. EP0702, Thermo Fisher
Scientific), and 3 pL of template DNA isolated prior to PCR amplification. Forward and
reverse primers were synthesized by GENEWIZ, Inc. (Leipzig, Germany). Quality
control measures were rigorously applied, with two control samples prepared alongside
each PCR run: one containing DNA that had been previously amplified with success, to
confirm the accuracy of reaction mixture preparation, the other without DNA to rule out
contamination. Following PCR amplification, the resultant products were stored at +4°C
in the refrigerator until they were dispatched for sequencing, ensuring the preservation of

sample integrity and data reliability throughout the experimental process.
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To assess the quality and validate the PCR products, electrophoresis was conducted on a
1% agarose gel (Maximus, £.6dz, Poland) blended with 5 uL of SimplySafe™ dye (Cat.
No. E4600, EURX) for the visualization of nucleic acids. Employing a horizontal gel
electrophoresis system (Peqlab, VWR, USA) and liquid 1x TAE buffer (Cat. No. 0220,
EURX), the process was carried out for 25 minutes under a voltage of 120 mV. Each PCR
product was loaded onto the gel with loading buffer BLUE (Cat. No. E0260, EURx).
Post-electrophoresis, the gel was visualized using the G: BOX F3 gel documentation

system (Syngene, Frederick, MD, USA) to assess the PCR.

The PCR products were dispatched to GENEWIZ (Leipzig, Germany) for Sanger
sequencing. Upon completion of sequencing, one or two fragments of a gene, each
ranging from 800 to 1000 bp in length, were obtained. These raw sequencing reads were
aligned utilizing the Contig Assembly Program (CAP) within BioEdit software version
7.2.5 (Hall, 1999), and their accuracy was verified manually through chromatograms.
Subsequently, a consensus sequence derived from the raw reads was compared against
the NCBI nucleotide database utilizing the BLAST Sequence Analysis Tool (Madden,
2013) to identify significant discrepancies in the sequence and ascertain the correct

orientation of the sequence.

Next generation sequencing, assembly and annotation of the plastome

DNA from clones SZCZEY2172, SZCZEY2262, SZCZEY2166, SZCZEY2167,
SZCZEY2176 and SZCZEY2177 was extracted using a modified version of the protocol
of Doyle and Doyle (1990). The cell walls of diatoms were disrupted by grinding them in
liquid nitrogen. The broken diatom cells were processed in a lysis buffer with proteinase
K and left to incubate at 65°C during 30 minutes. Chloroform was added to the lysate and
centrifuged 30 minutes at 3000 rpm in order to remove proteins. The supernatant was
transferred into another tube with isopropanol and left 20 minutes at -20°C. Finally, DNA
was precipitated by centrifugation at 15,000 rpm during 15 minutes, rinsed with cold 70%
ethanol overnight, air dried and finally diluted in TE buffer. Total DNA was sent to the
Beijing Genomics Institute (BGI) in Shenzhen (China) to be sequenced on a DNBSEQ
platform. Usually, an amount of 60 to 80M clean paired-end reads of 150 bp were
obtained from each sample. Reads were assembled using SPAdes (Bankevich et al. 2012)
with a stringent k-mer of 125. The contigs files obtained after assembly were datamined

by customized blastn queries using organellar genomes or nuclear ribosomal RNA genes
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from previous works as references (e.g. Solak et al. 2021). Contigs of interest were
extracted and their circularity was verified. Gene detection for the organellar genome was
performed using a Perl script developed at the Laval Université in Québec (Gagnon
2004). Annotation was done using Sequin. To draw the genome maps, the portal of

OGDRAW (Greiner et al. 2019). was employed.

Molecular dataset preparation

The DNA-based phylogenetic analysis was conducted. The first step of the analysis
involved creating a database consisting of full or partial sequences of three selected genes:
SSU, rbcL, and psbC. This reference database was constructed using the GenBank online
sequence library. Taxon sampling was based on diatom systematics and the availability
of existing sequences. Priority reference taxa were identified, and - to achieve optimal
results - sequences containing complete gene sequences and all three genes were given
precedence during database construction. Incomplete or partial sequences were treated as

missing data.

Phylogenetic analysis

In order to confront results obtained from morphological analyses, DNA sequence-based
phylogenetic analyses was performed. Genes chosen for these analyses were the most
popular and most accessible for the biggest number of diatom species (Theriot et al. 2010,
Witkowski et al. 2016, Dabek et al. 2017, Stepanek & Kociolek 2019, Gorecka et al. 2022,
Ashworth et al. 2022, etc). In this study three phylogenetic trees were calculated, two
based on three-gene concatenated datasets (SSU, rbcl, and psb(C) and one based on rbcl.
sequences datasets only. The reference sequences were chosen based on their systematic
position in relation to the studied strains, of Navicula and Halamphora, so that the closest
relatives were represented optimally. The reference datasets consisted of sequences
available in GenBank, an on-line repository, at the time of manuscript preparation. For

each gene a dataset was prepared separately in FASTA format.

All datasets were aligned using MAFFT 7 (Katoh & Standley 2013) and automatically
trimmed with trim Al (Capella-Gutiérrez et al. 2009). The best model of evolution for each
gene was chosen with ModelTest-NG (Darriba et al. 2020). For the three gene datasets,
alignments were concatenated after trimming using Phyutility 2.7.1 (Smith & Dunn

2008), but in case of the rbcL-only phylogenetic analysis, this step was not necessary. The
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Maximum Likelihood phylogenetic trees were reconstructed using IQ-TREE 2.2.0 (Minh
et al. 2020) with 1000 ultrafast bootstrap replicates. The final phylogenetic tree was the
ML tree with the highest score, and the trees were visualized using MEGA 11 software

(Tamura et al. 2021). The bootstrap value are all indicated at the nodes.
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RESULTS

The taxonomic position of six diatom strains was determined using an integrated
approach. This approach involved the combination of frustule morphology and
ultrastructure observations along with plastid observations and DNA sequence data,

including phylogenetic analysis based on single and three-gene concatenated datasets.

As part of the study, three species belonging to diatom genera Halamphora (H. vanseea,
H. witkowskii) and Navicula (N. vantushpaensis) were described as new to science using
methods described above. Additionally, two plastid and two mitochondrial genomes of
diatoms H. vanseea and N. vantushpaensis were assembled, annotated and analyzed. The
molecular data that resulted from this study are freely accessible in an on-line repository

(NCBI GenBank).

The new species’ descriptions are presented below.

Navicula vanseea Yilmaz, Gastineau, Solak & Witkowski, sp. nov

The following chapter summarizes the description of Navicula vanseea Yilmaz,
Gastineau, Solak & Witkowski, sp. nov, which was the first new species discovered in the
course of the PhD. This description has been published in Phytokeys (online ISSN 1314-
2003) as Yilmaz E, Mann DG, Gastineau R, Trobajo R, Solak CN, Gérecka E, Turmel M,
Lemieux C, Ertorun N, Witkowski A (2024) Description of Navicula vanseea sp. nov.
(Naviculales, Naviculaceae), a new species of diatom from the highly alkaline Lake Van
(Republic of Turkiye) with complete characterization of its organellar genomes and
multigene phylogeny. PhytoKeys 241: 27-48.
https://doi.org/10.3897/phytokeys.241.118903

Etymology. The name given to the species refers to the German name of Lake Van
(Vansee, the Lake of Van) as it was used in the work of Legler and Krasske (1940) and

is meant as a tribute to these authors and their work.

Taxonomic description:

Light Microscopy (Figure 10A-Y): Valves: smaller specimens are elliptic, tapering
towards cuneately rounded apices, while larger specimens are linear-elliptic-lanceolate,
narrowly rounded, with occasionally slightly protracted poles. Valve dimensions (n = 39):
length 11.0-28.0 pm, width 5.0-6.5 um. The raphe is filiform and straight. The central

area is small and rounded, with a narrow axial area. Striae are strongly radiate, sometimes
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irregularly shortened around the central area, approximately 12—13 in 10 um. Lineolae

are difficult to resolve in LM, approximately 50 in 10 pm.
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Figure 10. A-Y. Navicula vanseea sp. nov. LM micrographs. A—H. In vivo pictures of
Navicula vanseea sp. nov. SZCZEY2172. I. LM image of a cleaned valve from wild
material. J-P. Cleaned valves of Navicula vanseea sp. nov. SZCZEY2172. Q-Y. cleaned
valves of Navicula vanseea sp. nov. SZCZEY2262 Scale bar: 10 um.

Scanning Electron Microscopy (Figure 11A-H): External valve surface: The valve
surface is flat, with apically elongated areolae. The raphe sternum is slightly elevated
above the valve face level. The axial area is very narrow, with a very slightly expanded,
small, asymmetric central area. Proximal raphe endings are drop-like, slightly deflected

unilaterally. Distal raphe endings are strongly hooked in the same direction.
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Internal valve surface: The valve surface is slightly arched with transapical striae
positioned in relatively deep grooves, bordered by virgae that become thicker towards the
center of the valve. The central area is asymmetric, usually only slightly expanded, but
sometimes more strongly. The internal lineolae openings are slit-like, narrower than the
vimines. Lineolae are occluded by hymens; two isolated lineolae are present at the valve
apex. The raphe sternum slightly widens at the center to form a fusiform ridge enclosing
the central raphe endings, which are simple, straight, and separated. Distally, the raphe

terminates in well-developed helictoglossae.

These characteristics distinguish Navicula vanseea as a new species, notable for its
specific ecological and morphological features (Yilmaz et al 2024). The differences in
size and shape between the two strains of N. vanseea are striking (Fig. 10I-Y) but not
unusual for raphe pennate diatoms and conform to the ‘rules’ of shape and size change

during the life cycle established by Geitler (1932; see also Woodard et al. 2016).
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Figure 11. A-H. SEM micrographs of Navicula vanseea sp. nov. SZCZEY2172. A.
External view of the entire valve. B. Details of central area showing simple, slightly
drop-shaped proximal raphe endings and shortened striae. C-D. Details of the two
apices of a single valve. E. Internal view of the entire valve. F. Details of central area
showing filiform proximal raphe endings in a fusiform expansion of the raphe-sternum.
G-H. Details of apices showing well-developed helictoglossae showing two isolated
lineolae (white arrows). Scale bars: 10 um (A, E); 3 um (B-D, F-H).
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Genomics and phylogeny

The nuclear rRNA gene cluster

The entire rRNA gene cluster was sequenced for both clones and was subsequently
submitted to the NCBI GenBank under accession numbers OR797294 (SZCZEY2172)
and OR797293 (SZCZEY?2262). The cluster spans a length of 4902 base pairs, with the
following distribution: 18S — 1792 bp, ITS1 — 195 bp, 5.8S — 155 bp, ITS2 — 260 bp,
28S — 2500 bp.

Mitochondrial genome

Analysis of the mitochondrial genome revealed a 43997 bp contig corresponding to strain
SZCZEY?2262. However, due to repeated sequences at its ends, circularization of the
contig was not feasible. Nonetheless, for clarity in representation, it is depicted as circular
in the map (Figure 12). This mitogenome encompasses 34 protein-coding genes along
with the conserved open-reading frame (ORF) orf150 situated between rps11 and mttB,
as well as two rRNA genes and 23 tRNA genes (GenBank: OR795084). Notably, the
nadll gene is bifurcated into two distinct subunits, with two protein-coding genes, two
rRNA genes, and one tRNA gene interspersed between them. Within the repeated segment
of the genome, two copies of the same ORF, orf145, were identified. Additionally, a 767-

bp group I intron was found within the rnl gene.
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Figure 12. Map of the mitochondrial genome of Navicula vanseea sp. nov.

SZCZEY2262.

The plastid genome analysis revealed significant differences between strains
SZCZEY2262 and SZCZEY2172. In SZCZEY2262 (GenBank: OR795085), the
plastome is 158,005 bp long (Figure 13), comprising a large single-copy (LSC) region of
72,941 bp, a small single-copy (SSC) region of 49,714 bp, and an inverted repeat (IR) of
17,675 bp. The LSC contains 74 conserved protein-coding genes, two non-conserved
ORFs, two putative integrase/recombinase xerC genes, and 17 tRNAs. The SSC encodes
51 conserved protein-coding genes, eight tRNAs, and five non-conserved ORFs. The IR
contains one conserved protein-coding gene, three rRNAs, six non-conserved ORFs, four

tRNAs, and one putative serC gene. Additionally, there are two IB4 group I introns in the
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ribosomal rrl gene at positions 1917 and 1931. These introns contain two putative

LAGLIDADG homing endonuclease genes referred to as L1917 and L1931.

In SZCZEY2172 (GenBank: OR795086), the plastome is 157,990 bp long (Figure 14),
with a gene content similar to that in SZCZEY?2262. The LSC is 72,913 bp long, the SSC
15 49,727 bp long, and the IR is 17,675 bp long. Both strains contain a 43 AA ORF in their
SSC, like the hypothetical chloroplast RF35 encoded by ycf35.

There are notable differences in non-conserved ORFs and several SNPs have also been
spotted in protein coding genes. These differences underscore the genomic diversity

between these strains.
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Figure 13. Map of the plastid genome of Navicula vanseea sp. nov. SZCZEY2262.
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Figure 14. Map of the plastid genome of Navicula vanseea sp. nov. SZCZEY2172.

A Maximum Likelihood phylogenetic tree was inferred from a concatenated alignments
of psbC, rbcl, and 18S sequences. The tree provides insights into the placement of
Navicula vanseea within the broader phylogenetic context of Navicula and the related
genera Rhoikoneis, Pseudogomphonema, Seminavis and Cymatoneis (Figure 15); the tree
indicates that the genus Navicula is paraphyletic and will therefore need revision in due
course, once more species have been sampled and characterized molecularly. It is
noteworthy that the phylogenetic tree strictly distinguishes N. vanseea from Navicula
cincta (Ehrenberg) Ralfs 1861 and Navicula microdigitoradiata Lange-Bertalot, 1993,
two morphologically similar species with which it might have been easily misidentified,

if it were not for the methods employed here.

27



Navicula sp. KSA2015 19

Navicula tusk SZCZR1831

96

Novicula copi
100 Navicufa sp. A44 CC032217a
Navicila sp. D44 MT100cara

Navicalu cincta

100 100
Navicula sp. Majewska29A

Noviculo sp. KSA2015 14

100 4 h sp. 251118 1B

100 | I Navicula cryprocephala UTEXFD109
66 Navicula sp. KSA2U15 41

I— Seminavis robusta GUTX 7
99 Semingvis sp. KSA2015 47
r~Navicula vanseea SZCZEY?2262
100 k Navicula vanseea SZCZEY2172

Navicula veneta SZCZR1826

99

Navicula hij tax SZCLCH7G2

97 Navicula igi

100 = Navicula zhengii SZCZCHIG
100 | L Naviculazhengli SZCZCHIB

100

Navicula i FLManl0

100

Cy is sp. KSA20i63

Hasleo arewdato 9vi0B 5F

100

Figure 15. A cut from a Maximum Likelihood phylogenetic tree obtained from

Halamphora witkowskii sp. nov. Yilmaz, Solak, & Gastineau, sp. nov.
The following chapter introduces Halamphora witkowskii sp. nov. Yilmaz, Solak, &
Gastineau, sp. nov., a species named after our beloved colleague and mentor, Prof. Dr.

Hab. Andrzej Witkowski. This article is currently in press in a special issue of Nova

Haslea pseuds ia SCCAP K1594

100 Haslea provincilis NCC342
196 Huslea ustrewria SECLP 1893
Haslea k s 807174

100

Hosleo sitho SZCZMV2009

concatenated alignments of psbC, rbcl. and 18S.

Hedwigia dedicated to Prof. Witkowski (online ISSN 2363-7188).

Etymology: The new diatom species is dedicated to the esteemed mentor we have

recently lost, Prof. dr. hab. Andrzej Witkowski, a Fellow of the Polish Academy of

Sciences.

I Navicula zhengii SZCZCIN00
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Taxonomic description:

Light Microscopy (Figure 16A-R): The valves are semi-lanceolate in shape, appearing
dorsiventral with a gently arched dorsal margin and nearly straight ventral margin. The
valve tips are slightly extended, capped, and exhibit a weak ventral curvature. The valves
measure 14—16 um in length and 4-5 pum in width. The axial area appears narrow, more
prominently expressed on the ventral side. The central area expands towards the ventral
side. The raphe displays a biarcuate structure with proximal endings slightly bent dorsally.
Dorsal striae exhibit distinct punctation, radiating throughout, while ventral striae are
challenging to discern with light microscopy, becoming recognizable near the ventral

margin, occurring at a density of 20-22 in 10 um (Yilmaz et al. in prees).

The two strains were very similar morphologically and represent very similar stages in
the life cycle of the new species (in contrast to, for example, Navicula vanseea). It can be
expected that the length range will be found to be much greater once further samples have

been obtained from Lake Van.
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Figure 16. A-R. Halamphora witkowskii sp. nov. LM micrographs. A-D. In vivo pictures
of Halamphora witkowskii sp. nov. SZCZEY2176. E-H. LM image of a cleaned valve
from wild material, I-N. cleaned valves of Halamphora witkowskii sp. nov.
SZCZEY2177. O-R. Cleaned valves of Halamphora witkowskii sp. nov. SZCZEY2176.
Scale bar = 10 um.

Scanning Electron Microscopy (Figure 17A-F): The valves are oriented dorsiventrally,
featuring a convex dorsal margin and nearly straight ventral margin. The raphe ledge
appears wide, with crenulations evident on the dorsal side, aligning with adjacent striae.
The raphe exhibits a subtle arching, with proximal endings expanding into central pores.
Dorsal striae display a biseriate arrangement throughout, occasionally interrupted by
longitudinal bars, creating isolated sections near the dorsal margin. Areolae contain small
circular foramina arranged in two rows. The biseriate nature of the striae is also
observable internally. Ventral striae are uniseriate, composed of areolae with varying
lengths, increasing towards the central area. Areolae within the central area appear
rounded and less dispersed. Internally, a single row of dorsal areolae near the raphe is
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delineated by internal transapical ribs. Distal raphe endings exhibit a slight ventral
deflection and terminate with poorly developed helictoglossae. Proximally, the raphe

concludes with fused central helictoglossae (Yilmaz et al. in press).

Figure 17. A-F. SEM micrographs of Halamphora witkowskii sp. nov. A. External view
of the entire valve. B. External detail, showing the expanded central area on the ventral
side and dorsal raphe ledge (arrow). C. External valve view showing central raphe
endings. D. Internal valve view showing central nodule. E. Internal view of the entire
valve. F. Detail of internal valve apex showing distal raphe ending (helictoglossa:

arrow). Scale bars = (A, E) 5 um, (B-D, F) 2 um.

Molecular phylogenetic analysis
In the phylogenetic analysis, both strains of Halamphora witkowskii (SZCZEY 2176 and
2177) were identified within a monophyletic group (bootstrap value = 100), situated

within a larger Halamphora clade encompassing 54 distinct sequences from 45 species.
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H. witkowskii was found to be closely related to a clade consisting of H. incelebrata, H.
intramaritima, H. calidilacuna, H. americana, H. siqueirosii, and H. bonnevillensis. The
high bootstrap value (>92) for this clade suggests a stable tree topology, reinforcing the

distinctiveness of the newly identified species (Figure 18).

—_{—— Halamphora sp KT943682
Halamphora margalefii var Iacuslns MGO027480
Halamphora isumiensis MG027492

Halamphora elongata MG027423
o . |4 Halamphora pratensis MG027464

31 o Halamphora coloradiana KJ463480
| o A 100 Halamphora veneta K.463482
! Halamphara cf veneta KJ463483
J Halamphora cligotraphenta KJ463481

Halamphora halopmla MGO027501

& Halamphora bicapitata MG02744
~ L‘)[ [:— Halamphora fontinalis MG027468

Halamphora nagumoi MG027454
' Halamphora subturgida MG027424

a9 Halamphora lenucostata MG027435
do0r— Halamphora scatebra MG027473
:l Halamphora tenuis MG027433
1 100— Halamphora aponina MG027461
| 100 L Halamphora aponina MG027438
L Halamphora sp MG027425
} phora sp KT943669
Halamphora incelebrata MG027436
7% r Halamphora inframaritima MG027453
9| ! Halamphora calidilacuna MG027472
[ | Halamphora americana MG027460
yool { vo| Halamphora americana MK045450
7 99 | " | Halamphora americana NC 044463
99 | ' Halamphora amerlcana MGO027427
L 5 phora siqueirosii MTO75527

100, Halamphara witkawskii
Halamphora witkowskii SZCZEY 2177

' Halamphara sydawii MG027429
Halamphora foramina MG027454
Halamphora minima ON137727

984
L 97}
’ ‘ :U 109, Halamphora sydowu MG027438
7

——  Halamphora angustiformis MG027450
| _E‘l{ 400, Halamphora subaculiuscula MG027490
100 " Halamphora subacutiuscula MG027495
| % 300, Halamphora arcus MG027431
) Halamphora arcus MG027440
i 100 phora crenulatoides MG027428
= — Halamphom crenulatoides MG027430
~— Halamphora sp KT943684

245 Halamphora exills MG027466
| aft —— Halamphora pecensa MG027469
b3 Halamphora montana KX120549
‘L = {  Amphora caribaea KJ1463458
\—{ Halamphora mannma MGO027467
phora nlpponensls MGO027481
e ———— Halamphora bistriata MG027444
—_— Halamphora banzuensis MG027488
100, t phora pertusa MG027476
95| Halamphora pertusa MG027474
= | mnl Halamphora subtropica MG027496
TRy Amphora subtropica KJ463475
Halamphora subtropica MG027441
l_ggE Halamphora pellicula MG027481
\ora pellicula MG027486

*

_— —— Halamphora sp KT943673
_*1[4' Halamphora parvipunctata MG027483
} phora adumbratoides MG027434
|m| Halamphora coffeaeformis MG027463
o] ' Halamphora coffeaeformis MG027462
1 100, Halamphara coffeaeformis K.463479
Halamphora coffeaeformis KJ463478
| 100 - Halamphora rushforthii MG027471
~ Halamphora rushforthii MG027500
L Halamphora cymbifera var heritierarum MGQ27452
100, Halamphora gibba MG027475
=y Halamphora gibba MG027478
100, Halamphora turgida var lacustris MG027477

~ss[ 'Halamphora turgida var lacustris MG027502
R 100, Halamphora borealis MG02744
N AL Halamphara borealis MG027445
Halamphnra holsatica MG027487

bor—— | pseudol a MG027493
— Halamphora pseudoholsallca MGO027497
Halamphora sp MG027443

Halamphora pseudohyalina MG027451
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witkow skii.
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Halamphora vantushpaensis sp. nov. Yilmaz, Solak, & Gastineau, sp.

nov.
This last chapter is dedicated to Halamphora vantushpaensis sp. nov. Yilmaz, Solak,

&Gastineau, sp. nov., a second new species from the genus Halamphora. This article is

currently in press in Phytokeys (online ISSN 1314-2003).

Etymology: The species is named with regard to both Lake Van and the city of Tushpa,
capital of the Iron Age kingdom of Urartu, which was located in the vicinity of the lake.

Taxonomic description:

Light Microscopy (Figure 19A-M): Valves semi-lanceolate, dorsiventral with arched
dorsal margin and slightly tumid ventral margin. Valve ends protracted, capitate in larger
specimens; slightly sub-protracted, not separated from the rest of the valve in smaller
specimens; and ventrally bent. Valve length 24.0-42.0 um, valve width 4.0-5.0 pm (n =
35). Axial area very narrow, wider on ventral valve side. Central area visible in larger
specimens; indistinct on dorsal side, semi-lanceolate on ventral side. Raphe ledge almost
straight, slightly arched, located near median line of valve. Proximal raphe endings
slightly dorsally bent. Striae hard to resolve in LM, dorsally slightly radiate entire valve,
27-32in 10 pm.

As with the two sequenced isolates of Navicula vanseea, the two Halamphora
vantushpaensis isolates differed considerably in their dimensions and also in shape, the
larger-celled isolate having a much more elaborate outline. If the isolates had been seen
in isolation and had not been fully characterized with respect to their chloroplast genomes
(see below), it might have been thought that they represented different species. However,
the differences observed are, as with N. vanseea, fully consistent with the changes
observed in many other pennate diatoms, in which length changes much more than width
during the life cycle, stria density remains little altered, and the valve outline becomes

much simpler as the cells get smaller (Geitler 1932, Round et al. 1990).
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Figure 19. A-M. Halamphora vantushpaensis sp. nov. LM micrographs. A-F. The
images of larger specimens cleaned valves from the culture isolated from Van Lake. G-
M. The images of smaller specimens cleaned valves from the culture isolated from Van

Lake. Scale bar = 10 um.

Scanning Electron Microscopy (Figure 20A-F): Externally, valves dorsiventral with
convex dorsal margin and straight to slightly tumid ventral margin. Raphe ledge narrow
and linear, present on dorsal side of valve. Raphe branches slightly arched. Proximal
raphe endings slightly expanded into central depressions dorsally deflected with small
pores within depression. Distal raphe endings dorsally deflected. Central area is distinct
on dorsal side in larger specimens; dorsally absent in smaller specimens and ventrally
elliptic large hyaline area in larger specimens; semi-lanceolate with regular shortening of
several central striae on ventral side of smaller specimens. Internally, central area
symmetrically visible and large hyaline area on dorsal side of larger specimens; very

small on both sides in smaller specimens. Proximally, raphe terminates with fused central
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helictoglossae. Distal raphe endings deflected ventrally and terminate internally with
developed helictoglossae. Striae uniseriate, composed of areolae with elliptical internal
openings.(Yilmaz et al. in press).

There was full agreement in valve ultrastructure between the two isolates, supporting the
interpretation given above (Light Microscopy), that the two isolates represent different

stages in the size-reduction cycle of a single species.

10 ym g ‘ 10 pm

3 um

Figure 20. A-F. Halamphora vantushpaensis sp. nov. SEM micrographs of smaller
specimens. A. External view of the entire valve. B. Details of central area showing
simple proximal raphe endings and regular shortened striae. C. Details of apex showing
the terminal fissure. D. Internal view of the entire valve. E. Details of central area
showing long fused central helictoglossa between the proximal raphe endings. F.
Details of apex showing well-developed helictoglossa. Scale bars = (A, D) 10 um, (B, C,
E F) 3 um
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Genomics and phylogeny

Plastid genome and comparison with Halamphora spp.

The plastid genome of H. vantushpaensis is 133,852 bp long in SZCZEY2167 and
133,866 bp long in SZCZEY2166. The only difference between them was spotted in
intergenic sequences, and for this reason only SZCZEY2167 has been deposited on
GenBank (GenBank:OR797294,0R797293). The large single copy (LSC) is 61,691 bp
long and has 70 conserved protein coding genes (PCGs) as well as a single non-conserved
open reading frame (ORF) and 17 tRNA. The short single copy (SSC) is 39,615 bp long,
has 46 PCGs, also a single non conserved ORF and six tRNA. The inverted repeat IR is
16,273 bp long and contains 10 PCGs, three rRNA and four tRNA (2).

Three plastid genomes are available in GenBank for the genus Halamphora, all
originating from the same study (Hamsher et al. 2019). They represent Halamphora
americana Kociolek, 2014, Halamphora calidilacuna J.G.Stepanek & Kociolek, 2018
and H. coffeiformis (C.Agardh) Levkov 2009. In Table 1, the total lengths of these

genomes and the lengths of their different compartments are compared.

The complete three-gene tree and the rbcL-only tree can be found as indicated in the data
availability statement (Figure 21). In the three-gene tree, H. vantushpaensis strains
appear as a highly supported (99%) long-branched sister group to a larger cluster
composed of 18 Halamphora species, namely H. subacutiuscula, H. angistiformis, H.
foramina, H. sydowii, H. tumida, H. witkowskii, H. bonnewillensis, H. americana, H.
calidilacuna, H. intramaritima, H. incelebrata, H. banzuensis, H. bistriata, H. pertusa,

H. subtropica plus three unidentified Halamphora species.
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lable 1. Length of the different compartments of the plastid genomes of four

Halamphora species

Species Length of the Length of the Length of the IR | Total length
LSC SSC

Halamphora 82,227 bp 49,698 bp 9,407 bp 150,739 bp

calidilacuna

Halamphora 77,289 bp 44,724 bp 10,269 bp 142,551 bp

americana

Halamphora 64,938 bp 41,485 bp 7,752 bp 121,927 bp

coffeiformis

Halamphora 61,691 bp 39,615 16,273 bp 133,852

vantushpaensis
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Figure 2. Map of the plastid genome of Halamphora vantushpaensis sp. nov.
SZCZEY2167.

Halamphora vantushpaensis has shorter LSC and SSC but its IR is consistently longer
when compared to other species. The gene content of the IR is compared for all these
species in Table 1. The restricted set of conserved genes found among H. calidilacuna or
Halamphora americana and which consists of a single PCG (ycf89), three tRNA and three
rRNA seems to be shared by many unrelated species and genera such as Navicula veneta
Kitzing, 1844 or Tryblionella apiculata W.Gregory, 1857 (Gastineau et al., 2021a). As
with H. americana, an extension of the IR may result from the presence of non-conserved
OREF or putative genes of plasmid origin, as exemplified by its ORF9 and the putative
integrase/recombinase encoded by the gene labelled as #yrC by Hamsher et al. (2019).
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The case of H. vantushpaensis is entirely different in the sense that the extension of the
IR is a consequence of the incorporation of several conserved PCGs plus one tRNA.
When compared with the gene content of the other species, it appears that this extension
has been done at the expense of both the LSC and the SSC, which distinguishes it from
species such as Climaconeis spp. (Gastineau et al., 2021b) among which the IR seemed
to have only taken over the SSC. Indeed, among the other Halamphora spp., psaA and
psaB are in the LSC while the other genes belong to the SSC in which they form a well

conserved cluster.
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SUMMARY AND CONCLUSIONS

The aim of this thesis was to explore the diatom assemblages of Lake Van, a highly
alkaline and extreme environment (a soda lake), with modern research tools. Soda lakes
are known for their harsh conditions, making the diversity of the organisms inhabiting
them and the putative underlying ecological adaptations a significant research focus. By
conducting both fieldwork and laboratory analyses, I made an attempt to contribute with
new elements regarding these topics. Ecological studies will subsequently provide
insights into the relationship of the alkaliphilic diatoms with environmental factors,
population dynamics, and the roles of these diatoms in the ecosystem, but first the species

present need to be described and characterized.

First of all, it has to be stated that the methodology employed resulted in the isolation and
cultivation of several diatom strains from Lake Van. As obvious as this statement might
be, it should be reminded that with such an extreme environment, this step constituted a
milestone. The protocol employed led to the description of several new species, in
addition to a few species that had already been known, but which were previously not

reported or accurately identified by Legler & Krasske (1940).

In view of the results obtained, the two hypotheses are confirmed. Indeed, several taxa
were not reported by Legler & Krasske (1940). As illustrated by the three articles this
thesis is based on, Lake Van has a high potential for the discovery of new species, with
putatively several more to investigate (Hypothesis 1). The protocol employed, which
associates precise microscopical documentation with molecular methods, proved suitable
to conduct these investigations (Hypothesis 2). Moreover, as suggested by Solak et al.
(2021) and illustrated here, especially by N. vanseea sp. nov., these methods might be
absolutely necessary to discriminate between Lake Van taxa and other morphologically
similar known species. In future it may be worth considering the use of a combination of
morphological studies and metabarcoding methods (e.g. Rimet et al. 2023) to survey the
diatom diversity in detail, including for cryptic species. Furthermore, characterization of
the whole ribosomal gene cluster, as done here in Navicula vanseea, will aid the
development of long-read metabarcoding of the whole ribosomal operon (Jamy et al.
2020, 2023), which is likely to become an important way to simultaneously investigate

diatom communities and diatom phylogeny.
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Taxonomic investigations involved identifying and classifying diatom species in the
alkaline lake, while molecular phylogenetic analyses aimed at exploring evolutionary
relationships and genetic diversity among these species. I hope that the results of this
study will contribute to a better understanding of the biodiversity and complex structure
of diatom assemblages in alkaline lakes. Additionally, this research might provide
additional data for a better understanding of the evolutionary and ecological processes of

organisms adapted to extreme conditions.
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arrow). Scalebars = (A, E) Sum, (B-D, F) 2 um. ... 31

Figure 18. : The clade of Halamphora spp. cut from Maximum Likelihood tree inferred
from the alignment of 260 rbcL sequences of diatoms and rooted with 2 Triparma
pacifica sequences. Rectangle indicates the position of two strains of Halamphora

WEE K OW S KL, .o 32

Figure 19. A-M. Halamphora vantushpaensis sp. nov. LM micrographs. A-F. The
images of larger specimens cleaned valves from the culture isolated from Van Lake. G-
M. The images of smaller specimens cleaned valves from the culture isolated from Van

Lake. Scale bar =10 [m. ...............cooiiii e 34

Figure 20. A-F. Halamphora vantushpaensis sp. nov. SEM micrographs of smaller
specimens. A. External view of the entire valve. B. Details of central area showing
simple proximal raphe endings and regular shortened striae. C. Details of apex showing
the terminal fissure. D. Internal view of the entire valve. E. Details of central area
showing long fused central helictoglossa between the proximal raphe endings. F.

Details of apex showing well-developed helictoglossa. Scale bars = (A, D) 10 um, (B,

Figure 21. A cut from a Maximum Likelihood phylogenetic tree inferred from
concatenated alignments of psbC, rbcL and 18S. ... 38
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Abstract

The current article describes Navicula vanseea sp. nov., a new species of diatom from
Lake Van, a highly alkaline lake in Eastern Anatolia (Turkiye). The description is based
on light and scanning electron microscopy performed on two monoclonal cultures. The
complete nuclear rRNA clusters and plastid genomes have been sequenced for these
two strains and the complete mitogenome for one of them. The plastome of both strains
shows the probable loss of a functional ycf35 gene. They also exhibit two IB4 group
| introns in their rrl, each encoding for a putative LAGLIDADG homing endonuclease,
with the first L1917 IB4 intron reported amongst diatoms. The Maximum Likelihood
phylogeny inferred from a concatenated alignment of 78S, rbcL and psbhC distinguish-
es N. vanseea sp. nov. from the morphologically similar species Navicula cincta and
Navicula microdigitoradiata.

Key words: Group | intron, LAGLIDADG, mitogenome, Naviculaceae, plastome,
pseudogene, soda lake

Introduction

Lake Van is located in Eastern Anatolia, Turkey (Republic of Tirkiye). It is
Turkey'’s largest inland water body and also world's largest soda lake. The lake
is surrounded by dormant volcanoes and its formation was a consequence of
the eruption of the Nemrut stratovolcano (not to be confused with the Nemrut
Mountain, also in Turkey), which is 2247 m above sea level. As a result of the
erosion of volcanic rocks in the catchment and evaporation, the lake water is
salty (21.4%) and alkaline (155 m mEq-1, pH 9.81) (Glombitza et al. 2013;
Ersoy Omeroglu et al. 2021). The lake is notable for its unusual chemistry,
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which results from the constant losses of calcium as carbonate and of mag-
nesium in the form of mineral phases rich in Mg-silica. Thus, the Mg cycle is
closely related to the silica cycle, which is itself dependent on the production
of biosilica by diatoms, eventually followed by the dissolution of their frustules
(Reimer et al. 2009).

The genus Navicula is amongst the most species-rich genera of Bacillariophy-
ceae, although this is partly because it was used for a long time as a ‘catch-all’
for simply structured, bilaterally symmetrical raphid diatoms. It was erected as
early as 1822 by Bory in his ‘Dictionnaire Classique d'Histoire Naturelle’ (Bory de
Saint-Vincent 1822). The name chosen by Bory refers to the shape of the cells,
similar to the shuttle that was used for weaving. The cells are generally solitary
and motile, although some species live in mucilage tubes (Millie and Wee 1981).
Cells have two parietal chloroplasts. Their valves are symmetrical both apically
and transapically and have rounded, acute or capitate ends. The central area is
often distinctly expanded (Patrick 1959; Cox 1979; Round et al. 1990).

The only account ever published on the diatoms from Lake Van was writ-
ten by Legler and Krasske (1940). Amongst the 24 species they recorded were
three taxa of Navicula, all of them considered as varieties of Navicula crypto-
cephala, namely Navicula cryptocephala Kiitzing, 1844, Navicula cryptocephala
var. intermedia Grunow 1880 and a taxon noted as Navicula cryptocephala var.
veneta (Kiitzing) Grunow, which possibly corresponds to Navicula cryptocepha-
la var. veneta (Kiitzing) Rabenhorst, 1864. Out of these three taxa, only N. cryp-
tocephala Kiitzing, 1844 is still deemed to be valid. Navicula cryptocephala var.
intermedia is considered a synonym of Navicula capitatoradiata H. Germain ex
Gasse 1986 and Navicula cryptocephala var. veneta is now treated as an inde-
pendent species, Navicula veneta Kiitzing 1844.

Navicula species are rather well documented in inland waters where they
are known for their bioindicator potential (Lange-Bertalot 2001). For instance,
Navicula tripunctata (O.F. Miiller) Bory is a good indicator of eutrophic waters
with an average to high electrolyte content, while taxa such as Navicula gregaria
Donkin, 1861, Navicula meulemansii A.Mertens, A Witkowski & Lange-Bertalot
2013 and N. veneta are common in brackish to electrolyte rich waters (Cox
1995; Adrienne Mertens et al. 2014).

Preliminary results from a new sampling campaign conducted in 2021 in
Lake Van strongly suggested that the biodiversity of diatoms had been under-
estimated in the previous work of Legler and Krasske (1940). One illustration is
a previously undocumented Nitzschia, N. anatoliensis Goérecka, Gastineau & So-
lak (Solak et al. 2021), which would have probably been overlooked if it had not
been for the combined use of microscopic and molecular tools. Amongst sev-
eral other monoclonal cultures from the 2021 campaign, two contained strains
of a Navicula species were identified, which is the subject of the present article.
Although both strains were noticeably different in size, they were quickly proven
to belong to the same new species.

The aim of the following article is to formally describe Navicula vanseea sp.
nov. from Lake Van. The description combines the use of light microscopy (live
specimen and cleaned frustules) and scanning electron microscopy. The com-
plete cluster of nuclear ribosomal RNA genes and the complete plastid genome
were obtained for both strains by means of next generation sequencing and
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also the mitogenome of one of these strains. These results were included in
a multigene Maximum Likelihood phylogeny which unambiguously separated
Navicula vanseea sp. nov. from morphologically similar known species, whose
differences with Navicula vanseea sp. nov. are discussed. As it was the first
time that a L1917 group | intron with its putative LAGLIDADG homing endonu-
clease gene had been discovered in the plastid genome of a diatom, special
attention has been paid to this feature, with a phylogeny of the putative LAGLI-
DADG protein being performed.

Materials and methods
Sampling, isolation and cultivation

Epilithic samples were collected by brushing rocks in the littoral of Lake Van
in July 2021, in the vicinity of Ercis Municipality (Fig. 1). Samples were re-sus-
pended in surface water from the lake in 50 ml tubes before being brought to
the University of Szczecin for subsequent analyses. Samples were then trans-
ferred into Petri dishes containing sterile f/2 medium (Guillard 1975) modified
to 18% salinity. Single cells were isolated by micropipette under an inverted
Nikon Eclipse light microscope. Successive re-isolations were performed (at
least 3 times) before the culture was considered monoclonal. Strains were later
transferred into 250 ml Erlenmeyer flasks with modified f/2 medium. Cultures
were maintained in active growth under a light intensity of 60 pmol photons
m~2 s~ and a photoperiod of 14 h light/10 h darkness). Two morphologically
distinct clones with different cell sizes were registered in the Szczecin Culture
Collection as SZCZEY2172 and SZCZEY2262.

Light and scanning electron microscopy

Pictures of living diatoms were taken using a Light Microscope (LM) Zeiss Axio
Scope A1 (Carl Zeiss, Jena, Germany at a magnification of 1000x by transfer-
ring diatom cultures directly on to the glass slide.

To prepare cleaned frustules for microscopy, 5 ml of monoclonal cultures
were transferred into 20 ml beakers with 10 ml of 10% hydrochloric acid (HCI).
After 24h, samples were washed four times with distilled water then re-sus-
pended in 30% hydrogen peroxide (H,0,) and boiled for about four hours. Final-
ly, samples were washed again four times with distilled water. For LM, cleaned
material was then air-dried on cover glasses and mounted on glass slide with
Naphrax® (Brunel Microscopes Ltd., Chippenham, UK) solution and pictures
were taken with the Zeiss Axio Scope A1. For SEM, a drop of cleaned sample
was deposited on a Nuclepore Track-Etch membrane from Whatman (Maid-
stone, England). The membranes were air-dried overnight, mounted on alumin-
ium stubs with carbon tape and coated with gold using a Q150T coater from
Quorum Technologies (Laughton, U.K.). SEM observations were made at the
Faculty of Chemical Technology and Engineering, Western Pomeranian Univer-
sity of Technology in Szczecin (Poland), using a Hitachi SU8020 (Tokyo, Japan)
and Eskisehir Technical University (Turkiye) using a ZEISS Ultra microscope
(Oberkochen, Germany).
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Figure 1. Map of the sampling location A location of Lake Van in Turkey. The red frame indicates the position of Lake Van
B general view of the lake. The pin indicates the position of the sampling area C photo of the epilithic sampling area on
the rock (Esri. (2023). ArcGIS Pro 3.1.0. Environmental Systems Research Institute).

Next generation sequencing and bioinformatic analyses

DNA was extracted from clones SZCZEY2172 and SZCZEY2262 using the pro-
tocol of Doyle and Doyle (1990). Total DNA was then sent to the Beijing Genom-
ics Institute (BGI) in Shenzhen (China) to be sequenced on a DNBSEQ platform.
For each clone, a total of ca. 40M clean 150 bp paired-end reads was obtained.
Reads were assembled with a k-mer parameter of 125 using SPAdes 3.15.0
(Bankevich et al. 2012). Contigs of interest were retrieved by customised com-
mand-line BLASTn analyses as previously described (Dgbek et al. 2022; Gastin-
eau et al. 2022). Consed (Gordon and Green 2013) was used to merge the dif-
ferent subunits of the plastome and when trying to circularise the mitogenome.
Annotations were performed using the same tools as described in Gastineau
et al. (2022). The maps of the organellar genomes were obtained from the OG-
DRAW online portal (Lohse et al. 2013). The different parts of the nuclear rRNA
gene cluster were identified with the help of Rfam 14 (Kalvari et al. 2021).
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Molecular phylogeny

The three gene datasets (78S, rbcL and psbC) already used in previous publi-
cations (Dabek et al. 2017; Li et al. 2020; Gorecka et al. 2021a;) were obtained
and the corresponding genes from various Naviculaceae and N. vanseea
sp. nov. appended. Sequences for N. capitatoradiata, N. microdigitoradiata
Lange-Bertalot, 1993 and N. cincta (Ehrenberg) Ralfs 1861 were also add-
ed. However, it should be noted that these three species were represented
in GenBank just by 78S and rbcL (N. capitatoradiata and N. cincta) or rbcL
only (N. microdigitoradiata). Genes were aligned separately with MAFFT 7
(Katoh and Standley 2013) with the -auto option and trimmed using trimAl
(Capella-Gutiérrez et al. 2009) with the -automated1 option. The best model
of evolution for each of these genes was selected with ModelTest-NG (Darri-
ba et al. 2020) and were GTR+I+G4 (psbC), TIM3+I+G4 (rbcL) and TIM1+1+G4
(785S). Alignments were then concatenated using Phyutility 2.7.1 (Smith and
Dunn 2008) for a final size of 3301 bp. A Maximum Likelihood phylogeny was
constructed from the concatenated alignment using IQ-TREE 2.2.0 (Minh et
al. 2020) with 1000 ultrafast bootstrap replicates and a dataset partitioned,
based on the best models of evolution found for each gene. Triparma pacifica
(Guillou & Chrétiennot-Dinet) Ichinomiya & Lopes dos Santos, 2016 was used
as an outgroup.

For the phylogeny of the putative LAGLIDADG endonuclease proteins, pro-
tein sequences found in IB4- L1917 and - L1931 introns presented in Lucas et
al. (2001) and Haugen and Bhattacharya (2004) were downloaded from Gen-
Bank. Sequences from the current study, from Turmel et al. (2002), Haugen et
al. (2007) and Lemieux et al. (2014) were appended. The IB2 - L1917 LAGLI-
DADG sequence from Coxiella burnetii (Derrick, 1939) Philip, 1948 was used as
an outgroup (Raghavan et al. 2007). The phylogeny was conducted in a similar
way to the multigene phylogeny, except that alignment was not trimmed. The
best model of evolution returned by ModelTest-NG was LG+G4.

Results

Taxonomy

Navicula vanseea Yilmaz, Gastineau, Solak & Witkowski, sp. nov.
Figs 2-4

Type material. Holotype: Slide number SZCZEY2172 in the collection of Andrzej
Witkowski at the University of Szczecin, Poland. Valves representing the holo-
type population are illustrated in Fig. 2L.

Isotype: Slide number TR_Ercis_Van_2021 deposited in Kiitahya Dumlupinar
University (Turkey).

Registration. http://phycobank.org/104542

Type locality. Ercis Van, Turkiye (38°59'47.3"N 43°24'15.3"E) collected by:
Elif Yilmaz, 31 July 2021.

Etymology. The name given to the species refers to the German name of
Lake Van (Vansee, the sea of Van) as it was used in the work of Legler and
Krasske and is meant as a tribute to these authors and their work.
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Figure 2. Navicula vanseea sp. nov. LM micrographs A-H in vivo pictures of Navicula vanseea sp. nov. SZCZEY2172 1 LM
image of a cleaned valve from wild material J-P cleaned valves of Navicula vanseea sp. nov. SZCZEY2172 Q-Y cleaned
valves of Navicula vanseea sp. nov. SZCZEY2262 Scale bar: 10 pm.

Distribution and ecology. The taxon was exclusively observed within benthic
epilithic assemblages in Lake Van (salinity 21.4% and pH 9.5).

Description. LM (Fig. 2A-Y) Valves: smaller specimens elliptic, tapering
towards cuneately rounded apices, larger specimens linear-elliptic-lanceolate
narrowly rounded, with narrowly rounded poles, which are occasionally slightly
protracted (Fig. 2E, K, N). Valve dimensions (n = 39): length 11.0-28.0 ym, width
5.0-6.5 uym. Raphe filiform, straight. Central area small and rounded, axial area
narrow. Striae strongly radiate, sometimes irregularly shortened around the
central area, 12-13in 10 uym, lineolae difficult to resolve in LM, ca. 50in 10 pm.
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Figure 3. SEM micrographs of Navicula vanseea sp. nov. SZCZEY2172 A external view of the entire valve B details of
central area showing simple, slightly drop-shaped proximal raphe endings and shortened striae C, D details of the two
apices of a single valve showing the terminal fissures E internal view of the entire valve F details of central area showing
filiform proximal raphe endings in a fusiform expansion of the raphe-sternum G, H details of apices showing well-devel-
oped helictoglossae showing two isolated lineolae (white arrows). Scale bars: 10 pm (A, E); 3 pm (B-D, F-H).
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Figure 4. SEM micrographs of Navicula vanseea sp. nov. SZCZEY2262 A external view of the entire valve B details of
central area showing simple proximal raphe endings and shortened striae C details of apex showing the terminal fissure
D, E internal view of two entire valves, showing the central area and filiform proximal raphe endings F details of apex
showing well-developed helictoglossae G, H girdle view of valves showing continuous areolation on mantle and two
isolated lineolae (white arrows). Scale bars: 5 pm (A, D, E, G, H); 3 um (B, C, F).
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SEM External valve surface (Figs 3A-D, 4D-F): Valve surface flat (Fig. 3G,
H), areolae apically elongated (Figs 3B-D, 4B). Raphe sternum slightly elevated
above the valve face level (Fig. 4G). Axial area very narrow, central area very
slightly expanded, small, asymmetric (Figs 3B, 4A, B). Proximal raphe endings
drop-like, slightly deflected unilaterally (Fig. 4B). Distal raphe endings strongly
hooked in the same direction (Fig. 3C, D, which are the two ends of the same
valve and Fig. 4A).

SEM Internal valve surface (Figs 3E-H, 4D—F): valve surface slightly arched
with transapical striae positioned in relatively deep grooves, bordered by virgae
that become thicker towards to the centre of the valve (Figs 3H, 4D, F). Central
area asymmetric, usually only slightly expanded (Figs 3E, F, 4F), but sometimes
more strongly (Fig. 4D). The internal lineolae openings are slit-like (Fig. 3F-H),
narrower than the vimines. Lineolae occluded by hymens (Fig. 4F); two isolated
lineolae are present at the valve apex. Raphe sternum slightly widened at the
centre to form a fusiform ridge enclosing the central raphe endings, which are
simple, straight and separated (Figs 3F, 4F). Distally, the raphe terminates in
well-developed helictoglossae (Figs 3G, H).

Genomics and phylogeny

The nuclear rRNA gene cluster

The complete rRNA gene cluster was sequenced for both clones and depos-
ited in NCBI GenBank with accession numbers OR797294 (SZCZEY2172) and
OR797293 (SZCZEY2262). The cluster is 4902 bp long, distributed as follows:
18S - 1792 bp, ITST - 195 bp, 5.8S - 155 bp, ITS2 - 260 bp, 28S - 2500 bp.
Comparing the two clones, there was one single nucleotide polymorphism
(SNP) found in the 18S (in the V2 region), three in the ITS1, one in the 5.8S,
three in the ITS2 and two in the 28S (both in the D1/D2 region).

Mitochondrial genome

A 43997 bp contig corresponding to the mitochondrial genome was retrieved
for strain SZCZEY2262, but could not be circularised because of the presence
of repeated sequences at its ends. However, for easier reading, it is displayed
as circular on the map (Fig. 5). The mitogenome encodes 34 protein-coding
genes plus the conserved open-reading frame (ORF) orf150 between rps11
and mttB (Pogoda et al. 2019), two rRNA genes and 23 tRNA genes (GenBank:
OR795084). The nad11 gene is split into two distinct subunits, separated from
each other by two protein-coding genes, two rRNA and one tRNA. In the repeat-
ed part of the genome, there are two copies of the same ORF, orf7145. There is a
767-bp group | intron in the rn/ gene.

Despite several attempts, it was impossible to assemble the mitogenome
of strain SZCZEY2172. Lowering the k-mer parameter to 75 only allowed the
recovery of a short ca. 500 bp fragment with a low coverage. This fragment
was used as a seed to try an assembly with NOVOPIlasty 4.3.3 (Dierckxsens et
al. 2017), using the mitogenome of SZCZEY2262 as reference sequence and a
k-mer of 25, but this attempt also failed.
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Figure 5. Map of the mitochondrial genome of Navicula vanseea sp. nov. SZCZEY2262.

Plastid genome

The plastome is 158,005 bp long for SZCZEY2262 (Fig. 6) and 157,990 bp long
for SZCZEY2172 (Fig. 7). For SZCZEY2262 (GenBank: OR795085), the large
single-copy (LSC) is 72,941 bp long and encodes 74 conserved protein-cod-
ing genes, two non-conserved ORF, two putative integrase/recombinase xerC
genes and 17 tRNAs. The small single-copy region (SSC) is 49,714 long and en-
codes 51 conserved protein-coding genes, eight tRNAs, and five non-conserved
ORFs of a size higher than 100 amino-acids (AA). The inverted repeat (IR) is
17,675 bp long and encodes one conserved protein-coding gene, three rRNAs,
six non-conserved ORFs, four tRNAs and one putative serC gene and rbcR over-
laps the inverted repeat B (IRB) and the SSC. There are two IB4 group | introns
in the rrl gene at positions 1917 and 1931 (based on the reference sequence
U00096 from Escherichia coli T. Escherich, 1885 str. K-12 substr. MG1655),
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Figure 6. Map of the plastid genome of Navicula vanseea sp. nov. SZCZEY2262.

both containing two putative LAGLIDADG homing endonuclease genes. They
will be referred to as L1917 and L1931.

For SZCZEY2172 (GenBank: OR795086), the LSC is 72,913 bp long and has
an identical gene content compared to SZCZEY2262, the SSC is 49727 bp long
and encodes 51 conserved protein-coding genes, eight tRNAs and six non-con-
served ORFs of more than 100 AA. The IR is 17,675 bp long and has an iden-
tical gene and intron content to SZCZEY2262, with the same overlap of rbcR
between the IRB and the SSC.

Both genomes contain a 43 AA ORF in their SSC that cannot be extended
because of the presence of stop-codons. This ORF shows similarities to the hy-
pothetical chloroplast RF35 encoded by ycf35, which is missing between both
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Figure 7. Map of the plastid genome of Navicula vanseea sp. nov. SZCZEY2172.

strains. The position of this ORF also corresponds to the position of ycf35 in
Navicula veneta, between clpC and rps13 (Gastineau et al. 2021a).

It is worth noting that, in addition to the differences in length and content
in the non-conserved ORFs, there is a slight degree of extra polymorphism in
the two strains, the extent depending on the part of the genome considered.
There were only two SNPs in the inverted repeat (one in the spacer between
ycf45 and tRNA-Pro and the other inside rbcR). On the other hand, a gene such
as psbC displayed three SNPs, two of them silent, but one leading to a phe-
nylalanine-leucine substitution. The two xerC genes, although present in both
strains, differed in length.
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Multigene phylogeny

The subtree containing Naviculaceae (Fig. 8) has been extracted from the
complete multigene tree (downloadable as explained in the data availability
statement). Navicula vanseea sp. nov. appears in a well-supported (99%) clade
that also contains the freshwater diatom Navicula cryptocephala UTEX FD109
(sometimes indexed as Navicula cryptocephala var. veneta UTEX FD109), a
specimen isolated by the late David B. Czarnecki from North Dakota, USA (Ther-
iot et al. 2010) and the marine Navicula sp. KSA2015 41, which originates from
the vicinity of Rabigh on the Red Sea, Saudi Arabia (Sabir et al. 2018). The clade
also contains Pseudogomphonema sp. and two species of Seminavis spp. The
phylogeny unambiguously separates N. vansee sp. nov. from the two morpho-
logically similar species N. cincta and N. microdigitoradiata. Navicula cincta ap-
pears in a different, strongly-supported clade (97%) that contains N. capitatora-
diata, Navicula tsukamotoi (Sterrenburg & Hinz) Yuhang Li & Kuidong Xi 2017,
several unnamed species of Navicula spp. and Rhoikoneis pagoensis Lobban,
2015. Navicula microdigitoradiata is also easily distinguished and appears as
sister to Navicula hippodontofallax Witkowski & Chulian Li 2016.

Phylogeny of the putative homing endonuclease LAGLIDADG proteins

Once rooted with sequence ABR25263, the phylogenetic tree of LAGLIDADG pro-
teins (Fig. 9) distinguished the two groups. The tree associates sequences from
N. vanseea SZCZEY2172 and SZCZEY2262 with those in other species that are
of the same type and occupy the same positions. For example, the L1931 LAGLI-
DADG sequences of thetwo N. vanseea clones were found to be sisterto a L1931
LAGLIDADG in the plastid genome of the diatom Schizostauron trachyderma (F.
Meister) Gorecka, Riaux-Gobin & Witkowski, 2021 (Gérecka et al. 2021b) and then
to the green algae Pterosperma cristatum Schiller, 1925 (Prasinophyceae) and
Pedinomonas tuberculata (Vischer) Gams, 1947 (Pedinophyceae), a synonym of
Chlorochytridion tuberculatum Vischer 1945 (both from plastid genomes). In con-
trast to the topology of the L1931 clade, in the L1917 tree, the N. vanseea LAGL-
IDADG sequences appeared at the base of the clade with maximum support. In
this clade, sequences from the plastomes of various Viridiplantae form a strong
clade, separated from N. vanseea by two Prokaryota, namely the heterotrophic
bacteria Pseudothermotoga thermarum (Windberger et al. 1992) Bhandari and
Gupta 2014 and the cyanobacterium Synechococcus sp. C9.

Discussion
Morphological comparison with similar taxa

Navicula vanseea sp. nov. has elliptic valves that taper towards cuneately rounded
apices in smaller specimens and linear-elliptic-lanceolate with narrowly rounded,
protracted endings in larger specimens (Table 1). Navicula cincta, Navicula deal-
pina Lange-Bert., N. microdigitoradiata, N. meulemansii and Navicula veronensis
Lange-Bertalot and Cantonati are the most similar taxa. Regarding valve out-
line, Navicula dealpina is very similar, being linear-lanceolate to almost elliptic.
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However, the apices of N. dealpina are much narrower compared to the bluntly
rounded apices of N. vanseea. Moreover, N. dealpina is larger (26—86 um length,
8-12 pm width) and has a lower stria density (8—10 striae in 10 pm) than N. van-
seea (11-28 pm length, 5-6 pm width and 12-13 striae in 10 pm) and it has a
transversely rectangular central area (not elliptic and small in N. vanseea). Re-
garding dimensions, N. veronensis and N. meulemansii are quite similar. Navicu-
la veronensis has similarly linear-lanceolate valve outline, but N. vanseea is more
elliptic. Moreover, N. veronensis has relatively larger and more visible central
area with gradually wedge-shaped, finally obtusely rounded apices, while N. van-
seea has an indistinctive central area with narrowly rounded apices. In SEM,
N. veronensis has a thicker sternum structure than N. vanseea, while N. vanseea
has more strongly-hooked distal raphe endings. Similarly, N. meulemansii have
thicker sternum structure in SEM. Additionally, N. meulemansii has elliptic-lance-
olate valve outline with cuneate apices and higher striae density than N. vanseea
(15-21in 10 pmvs. 12-13in 10 pm, respectively). Amongst the similar taxa, Na-
vicula microdigitoradiata and N. cincta have slightly larger sizes (up to 40-45 pm
length and 7-8 pm width) and lower striae density (max. 10 in 10 pm for N. cinc-
taand 11in 10 um for N. microdigitoradiata) than N. vanseea (max. 28 pm length,
6 ym width and 13 striae in 10 ym). N. meulemansii has an almost similar length
with narrower specimens (3-5 pm width) and higher striae density (15-21 stri-
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ae in 10 ym). The valve outline is relatively more elliptic with cuneately rounded
apices in N. meulemansii, while N. vanseea has a more linear-lanceolate outline
with narrowly-rounded apices (Table 1). It is worth mentioning that N. cincta,
N. veronensis and N. dealpina are also all species suspected to prefer alkaline
water (Cantonati et al. 2016), so it is especially important to clarify the distinc-
tions between them and N. vanseea.

In relation to the three taxa mentioned in the introduction as having been
found in Van Lake by Legler and Krasske (1940) - N. cryptocephala, N. capitato-
radiata and N. veneta — N. vansee is easily distinguished in LM by the shape of
its apices, which are rounded, while all the others have narrow, protracted api-
ces. Molecular phylogeny, despite the limitations in the sampling of taxa, also
concurs to discriminate N. vanseea sp. nov. from these three species (Fig. 8).

Genetic polymorphisms and genome evolution

The organellar genomes, especially the plastomes, show some interesting fea-
tures. For example, introns are not considered to be conserved genetic elements
and are known to vary amongst isolates of a single species (e.g. Gastineau et
al. (2021b)), but they were fully conserved between our two isolates, whereas
protein-coding genes displayed non-silent polymorphisms. In addition, all three
markers commonly used for phylogeny reconstruction in diatoms (18S, rbcL

Table 1. Comparison of Navicula vanseea sp. nov. and similar species.

Navicula vanseea Navicula Navicula . . Navicula Navicula . .
" . . . . Navicula cincta L . Navicula dealpina
Sp. hov. meulemansii | microdigitoradiata cariocincta veronensis

Valve length 11.5-28.5 12-30 15-40 14-45 30-50 19-40 26-86

(urm)

Valve width 5-6 3.5-55 5-7 55-8 5.5-7 4-7 8-12

(urm)

Stria density 12-13 15-21 10-11 8-10 10-12 11-13 8-10

(in 10 pm)

Striae around irregularly irregularly single shortened irregularly irregularly 2-4 striae irregularly

central area shortened shortened on either side shortened shortened distinctly shortened

shortened on
either side

Lineolae density ca. 50 ca. 44-51 = ca. 40 ca. 30 ca. 50 ca. 26 (LM)

(in 10 pm)

Valve shape smaller elliptic- elliptic-lanceolate elliptic to linear- elliptic linear-lanceolate | linear-lanceolate
elliptic, larger lanceolate to linear- lanceolate to -lanceolate to almost
linear-elliptic- lanceolate linear-elliptic- elliptical

lanceolate lanceolate

Central area elliptic and small | very small and elliptic and very small large, broadly almost

asymmetric small transversely rectangular or symmetrical,
rectangular to transapically transversally
elliptical elliptic rectangular

Valve apices narrowly rounded cuneately obtusely obtusely rounded | narrowedtoa | gradually wedge- | obtusely wedge-

rounded rounded wedge, obtusely- | shaped, finally shaped
rounded, never | obtusely rounded
protracted
Raphe filiform weakly lateral; weakly lateral, filiform strongly radiate filiform weakly to

central pores central pores very strongly lateral,

very close close lying outside
together the median area

towards the

central pores

References this study Mertens et al. Lange-Bertalot Lange-Bertalot Tsarenko et al. Cantonati et al. Lange-Bertalot

(2014) (2001) (2001) (2000) (2016) (2001)
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and psbC) exhibited single nucleotide polymorphisms in N. vanseea; this was
especially surprising for the nuclear 18S gene, which generally exhibits very few
differences between closely-related species (Evans et al. 2007). The polymor-
phism in 78S appeared to be in the variable V2 region, while the V4 or V9 regions,
which are often used in metabarcoding studies, were found fully conserved.

In the plastome of N. vanseea, the ycf35 gene has seemingly been turned
to a pseudogene, which would be the first time to our knowledge that this has
been observed in diatoms, although ycf35 pseudogenes have been observed in
Rhodophyta (Costa et al. 2016). This gene seems to be lost altogether amongst
other taxa, such as Rhizosolenia imbricata Brightwell, 1858 (Sabir et al. 2014)
or Proboscia sp. and Licmophora sp. (Yu et al. 2018). It is not clear if the gene
has been completely lost in these species or if it has been transferred to the
nuclear genome, which is known to have happened with the plastid petF gene
in Thalassiosira oceanica (Lommer et al. 2010). In N. vanseea, the ycf35 gene
is likely no longer functional. The size of the Ycf35 protein amongst diatoms
is ca. 1130 AA long. Its origin can be traced back to Cyanobacteria. Its func-
tion is unknown, but it has been suggested, based on experiments conducted
on Synechocystis, to participate in CO, capture (Jiang et al. 2015). The results
obtained from N. vansee sp. nov. suggest that it is not necessary to its metabo-
lism and survival, unless ycf35 is also already present in the nucleus.

Our study also illustrates the added value that next generation sequencing
provides when describing new species, in three ways. First, it is a convenient
way to gather data for multigene phylogenies, whatever the species considered.
Second, in the current case with N. vanseea, it made it possible to find SNPs
in supposedly conserved genes of two sympatric strains of the same species.
This needs to be taken into account in interpreting phylogenetic and metabar-
coding analyses. Third, serendipitous discoveries can occur that increase our
knowledge of the organellar genomes of diatoms and other stramenopiles,
such as the loss of a functional ycf35 gene here or the first documented L1917
intron found in a stramenopile.
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Abstract

In this study, we describe Halamphora vantushpaensis sp. nov., a newly identified dia-
tom species found in the highly alkaline Lake Van in Eastern Turkey (Turkiye). This new
species is characterized morphologically by light and scanning electron microscopy,
performed on both wild and cultivated samples. Two monoclonal cultures were submit-
ted to a genome-skimming approach, giving access to the complete sequence of their
nuclear rRNA cluster of genes, mitochondrial and plastid genomes. Both strains were
highly similar from the genomic point of view, with few mutations noted, although in
organellar genomes some of them concerned protein coding genes and were non-silent.
Also, the group Il intron in the mitochondrial cox7 gene was found to display a relative-
ly high number of polymorphisms. The plastome also distinguishes itself from other
Halamphora spp. by the extension of its inverted repeat at the expense of the two single
copy regions of the genome. Maximum likelihood molecular phylogeny inferred from a
concatenated three genes dataset (78S, psbhC and rbclL) positions this species within the
K clade, which is known to contain hypersaline to freshwater species.

Key words: Alkaline lake, group Il introns, inverted repeat, mitochondrial genome,
multigene phylogeny, nuclear rRNA genes, plastid genome

Introduction

Soda lakes are among the rarest and most geochemically distinctive wet-
lands on Earth. They are characterized by their alkaline waters containing
high levels of carbonate and bicarbonate ions, typically resulting in elevated
pH levels. Lake Van is the largest soda lake in the world (Glombitza et al.
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2013), with water that is both saline (21.4%) and alkaline (155 m mEq?, pH
9.81) (Aydar et al. 2003; Kempe et al. 1991). The lake has existed for 600,000
years, spanning multiple glacial-interglacial cycles (Stockhecke et al. 2014;
North et al. 2018) and hosts endemic species of fishes (e.g. Akku et al. 2021).
However, studies on the phytoplanktonic flora of the lake, and especially dia-
toms, have been rather scarce.

For a long time, investigations into the contemporary diatom flora from Lake
Van were restricted to a single study by Legler and Krasske (1940). These au-
thors worked on samples brought to them in Germany from Lake Van and, based
on light microscopy, they found 24 diatom taxa. Among them, two belonged
to the genus Amphora. The first one was described as ‘Amphora coffeiform-
is Ag. (more correctly referred to as Amphora coffeiformis (C.Agardh) Kiitz-
ing, 1844). This is now a non-accepted synonym of Halamphora coffeiformis
(C.Agardh) Levkov following the recent revisions of the amphoroid diatoms in
which Cleve’s sect. Halamphora has been recognized at the genus level (Cleve
1895; Levkov 2009; Stepanek and Kociolek 2013, 2014, 2019). The second was
‘Amphora commutata Grun., published in Van Heurck (1880), considered a valid
species as of today. Both taxa are known for being brackish species and both
have wide distributions (Guiry and Guiry 2024).

In the last few years, new investigations have been conducted on Lake Van
diatoms using an integrative approach that combines light/scanning electron
microscopy (LM/SEM) and molecular phylogenies derived from next generation
sequencing results. With these data, three new species already have been dis-
covered and described, namely Nitzschia anatoliensis Gorecka, Gastineau and
Solak (Solak et al. 2021), Navicula vanseea Yilmaz, Gastineau, Solak and Wit-
kowski (Yilmaz et al. 2024) and Halamphora witkowskii (Yilmaz et al. in press).
Lake Van can be divided into four different basins of various depths: the shallow
Ergis basin (northeast), the Van basin (southeast), the Ahlat basin (northwest)
and, at the centre of the lake, a deeper fourth basin (Kaden et al. 2010). Navicula
vanseea and Ni. anatoliensis were both described from material from the Ercig
basin but have not been observed yet in other parts of the lake. Halamphora
witkowskii is known so far only from the Ahlat basin (Yilmaz et al. in press).

In the current article, we describe another Halamphora species, Halamphora
vantushpaensis sp. nov., using the same integrative approach and tools previ-
ously used for Na. vanseea and Ni. anatoliensis.

Material and methods
Sampling, isolation and cultivation

Live samples were collected by scraping stones at four different stations
around Lake Van: Ahlat, Bitlis (38°75'45.748"N, 42°50'71.257"E); Ercis, Van
(39°00'07.9"N, 43°25'40.4'E); Adilcevaz, Bitlis (38°79'83"N, 42°72'16"E); and
Edremit, Van (38°42'07.09"N, 43°23'74.39"E) (Fig. 1). Individual diatom cells
were isolated from the Ahlat samples using a micropipette under a Nikon TS100
inverted microscope (NIKON, Tokyo, Japan). The strains were subsequently
moved into 250 mL Erlenmeyer flasks containing F/2 medium (Guillard, 1975),
which had been adjusted to 18% salinity. The cultures were maintained in con-
ditions promoting active growth, with a light intensity of 60 pmol photons m? s,
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Figure 1. Map of the sampling location A location of Lake Van in Turkey. The red frame
indicates the position of Lake Van B general view of the lake. The areas indicated
by arrows are the sampling stations. (Esri. (2023). ArcGIS Pro 3.1.0. Environmental
Systems Research Institute)

and a photoperiod of 14 hours of light and 10 hours of darkness at a tempera-
ture of 18 °C. The two monoclonal cultures were obtained and registered in the
Szczecin Diatom Culture Collection as SZCZEY 2166 and SZCZEY 2167.

Light and scanning electron microscopy

Light microscopy (LM) documentation was obtained at the University of Szc-
zecin with a Zeiss Axio Scope A1 (Carl Zeiss, Jena, Germany) using a Canon
EOS 500D camera and Canon EOS Utility software (Canon, Tokyo, Japan). Im-
ages were obtained using a 100x Plan Apochromat oil immersion objective
(numerical aperture = 1.4).

For the preparation of diatom frustules for both LM and scanning electron
microscope (SEM) observations, samples (pellets of cells from monoclonal cul-
tures or wild samples) were moved into 20 mL beakers and 10 mL of 10% HCI
added. Over a 24-hour period, the samples were washed with distilled water
four times, allowing the material to sediment naturally between washes. Next,
the samples were re-suspended in 30% H,0, and boiled on a hotplate at 170
°C for approximately four hours. The final step involved washing the samples
four times with distilled water in 24 h, as before. For LM, the material was air-
dried on cover glasses and then affixed to a glass slide using Naphrax (Brunel
Microscopes, Chippenham, UK). LM measurements were done on a total of 91
valves. For SEM, a drop of cleaned sample was placed on a Nuclepore Track-
Etch membrane (Whatman, Maidstone, U.K.). Following air-drying overnight, the
membranes were mounted on aluminium stubs using carbon tape and coated
with gold using a Q150T coater (Quorum Technologies, Laughton, UK). SEM im-
aging was conducted at the Faculty of Chemical Technology and Engineering,
Western Pomeranian University of Technology in Szczecin (Poland) on a Hitachi
SU8020 field emission microscope (Tokyo, Japan). The imaging was conducted
with an accelerating voltage of 5kV and a working distance of 8500-8600 pum.
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Next generation sequencing and bioinformatic analyses

Clones SZCZEY2166 and SZCZEY2167 were harvested by centrifugation and
DNA was extracted following Doyle and Doyle (1990). Total DNA was sent to
the Beijing genomics Institute (BGI) in Shenzhen (China) where they were se-
quenced on a DNBSEQ platform for a total for each clone of ca. 40M 150 bp
paired-end clean reads. Assemblies were conducted using SPAdes 3.15.0
(Bankevich et al. 2012) with a k-mer parameter of 125. The contigs corre-
sponding to the plastid and mitochondrial genomes or nuclear rRNA clusters
were data-mined by standalone blastn queries. The subunits of the plastid
genome were merged with each other with the help of Consed (Gordon and
Green 2013). Annotation of protein coding genes was done as described
in Gastineau et al. (2023).

Molecular phylogeny

Maximum likelihood phylogenies were inferred from two different datasets. One
contained a concatenated alignment of 78S, rbcL and psbC genes representing
214 taxa downloaded from GenBank appended with those obtained in the course
of this study. Two strains of Triparma pacifica (Guillou and Chrétiennot-Dinet) Ich-
inomiya and Lopes Santos were used as an outgroup. Among the diatom taxa,
two were lacking rbcL data, 22 strains lacked psbC and 21 strains lacked 18S. A
rbeL-only tree was built as well, in order to compare the tree topologies. Sequenc-
es were aligned using MAFFT 7 (Katoh and Standley 2013) and trimmed auto-
matically with trimAl (Capella-Gutiérrez et al. 2009). The best model of evolution
was selected separately for each gene with ModelTest-NG (Darriba et al. 2020).
In case of three-gene dataset, trimmed alignments of 78S, rbcL and psbC were
concatenated with Phyutility 2.7.1 (Smith and Dunn 2008). Maximum Likelihood
phylogenes were computed using IQ-TREE 2.2.0 (Minh et al. 2020) with 1000 ul-
trafast bootstrap replicates; the dataset was partitioned based on the best mod-
els of evolution found for each gene. The trees were visualised with MEGA11
(Tamura et al. 2021). Lists of the sequences with their corresponding accession
numbers can be accessed as explained in the data availability statement.

Results

Taxonomy

Phylum Bacillariophyta Haeckel
Class Bacillariophyceae Haeckel
Family Amphipleuraceae Grunow
Genus Halamphora (Cleve) Levkov

Halamphora vantushpaensis Yilmaz, Solak & Gastineau, sp. nov.
Figs 2-4

LM (Figs 2A-M). Valves semi-lanceolate, dorsiventral with arched dorsal mar-
gin and slightly tumid ventral margin. Valve ends protracted and capitate in
larger specimens (Figs 2A-F); but less protracted and not clearly separated
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Figure 2. A-M Halamphora vantushpaensis sp. nov. LM micrographs A-F cleaned valves of the larger specimen
(SZCZEY2167) G-M cleaned valves of the smaller specimen (SZCZEY2166). Scale bar: 10 pm

from the rest of the valve in smaller specimens (Figs 2G-M), ventrally bent.
Valve length 24.0-42.0 pm, valve width 4.0-5.0 um (n = 35). Axial area very
narrow, wider on the ventral side. Central area visible in larger specimens: in-
distinct on the dorsal side, semi-lanceolate on the ventral side. Raphe almost
straight, slightly arched, appearing to be located near the median line of the
valve or slightly dorsal in valve view (Fig. 2). Sometimes the proximal raphe
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Figure 3. A—F Halamphora vantushpaensis sp. nov. SEM micrographs of strain SZCZEY2167 A External view of the entire
valve B details of central area showing simple proximal raphe endings and regular shortened striae C details of apex
showing the terminal fissure D internal view of the entire valve Edetails of central area showing fused central helictoglos-
sae in proximal raphe endings F details of apex showing well-developed helictoglossae. Scale bars: 10 pm (A, D); 5 pm
(E, F); 3 um (B); 2 pm (C).

endings can be seen to be slightly dorsally bent (Fig. 2B). Striae hard to resolve
in LM, dorsally slightly radiate over the entire valve (see SEM images for clearer
demonstration of this), 27-32in 10 ym.

SEM (Figs 3A-F, 4A-F, 5A-J). Externally, the valve face is arched, merging gen-
tly into the mantles (Figs 3B, 4B, C, 5H). Raphe ledge narrow and linear, present on
the dorsal side of the raphe, with a prominent groove separating it from the valve
face. The proximal raphe endings are slightly expanded into central depressions
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Figure 4. A-F Halamphora vantushpaensis sp. nov. SEM micrographs of strain SZCZEY2166 A external view of the entire
valve B details of central area showing simple proximal raphe endings and regular shortened striae C details of apex show-
ing the terminal fissure D internal view of the entire valve E details of central area showing fused central helictoglossae in
proximal raphe endings F details of apex showing well-developed helictoglossae. Scale bars: 10 pm (A, D); 3 pm (B, C, E, F).

and are dorsally deflected (Figs 3B, 4B, 5H). The distal raphe endings are dorsally
deflected and hook around to link with the groove bordering the raphe ledge (Figs
3C, 4C, 5J). The striae are simple and uniseriate, containing small round or slight-
ly elongate poroids (Figs 3B, 4B, C, 5H), which are somewhat irregularly spaced
(Fig. 4B, 5H and see also the internal views in Figs 3E, 4E, 5B, E).

The internal view of the valve shows the overall structure (Figs 3D, 5A). The
central area is easier to detect than the external area and appears symmetrical
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Figure 5. A-J SEM images of a cleaned valve from wild material A external view of the entire valve of the larger specimens
B details of central area showing simple proximal raphe endings and regular shortened striae C details of apex showing
the terminal fissure D internal view of the entire valve of the smaller specimens E details of central area showing fused
central helictoglossae in proximal raphe endings F details of apex showing well-developed helictoglossae G external view
of the entire valve of the smaller specimens H details of central area showing simple proximal raphe endings and regular
shortened striae J details of apex showing the terminal fissure. Scale bars: 10 pm (A, D, G); 3 pm (B, C, J); 2 um (E, H, F).

and large on the dorsal side in larger specimens (Fig. 3E, 5B); but very small on
both sides in smaller specimens (Fig. 4E, 5E). Proximally, the raphe terminates
within a fused central helictoglossa (Figs 3E, 4E, 5E). The distal raphe endings
are slightly deflected ventrally and terminate in well-developed helictoglossae
(Figs 3F, 4F, 5C, F). Internally, the poroids have round to elliptical internal open-
ings (Figs 3E, 4E, 5B, E). These characteristics are summarized and compared
with those of similar species in Table 1.

Phycobank. http://phycobank.org/104935.

Holotype. Slides number SZCZEY2167 in the collection of Andrzej Witkowski
at the University of Szczecin, Poland. Valves representing the holotype popula-
tion here illustrated in Fig. 2D.

Isotype. Slide number TR_Ercis_Van_2021 deposited in Kiitahya Dumlupinar
University (Tiirkiye).

Type locality. Ercis Van, Turkey (39°00'07.9"N, 43°25'40.4"E) leg. Elif Yilmaz,
31 July 2021.

Etymology. The species is named with regard to both Lake Van and the city
of Tushpa, capital of the Iron Age kingdom of Urartu, which was located in the
vicinity of the lake.

Distribution. The presence of this taxon has been assessed and confirmed
at four different stations around Lake Van: Ahlat (North West of the lake),
Adilcevaz (North), Ercis (North East), and Edremit (South East).
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Table 1. Morphological characteristics of Halamphora vantushpaensis sp. nov. and similar Halamphora (- represents no
information) (for H. vantushpaensis measurements, n = 35).

Halamphora
vantushpaensis H. atacamana H. borealis H. gasseae H. salinicola H. sardiniensis H. thermalis
Sp. hov.
Valve length 24.0-42.0 29.0-45.0 19.0-40.0 19.0-35.0 20.0-34.0 13.0-27.5 18.0-40.0
(urm)
Valve width 4.0-5.0 4.5-8.0 3.0-4.0 3.5-4.5 2.5-3.7 3.0-4.5 4.0-6.5
(urm)
Stria density | 27-32 25-28 20-24 20-24 21-26 36-42 26-36
(in 10 pm)

i
Valve outline | semi-lanceolate

with arched
dorsal margin,
slightly tumid
ventral margin

semi-lanceolate,

margin, concave or
straight to weakly
! tumid ventral margin

semi-lanceolate,
arched dorsal
margin, straight

to weakly tumid
ventral margin

semi-lanceolate,
smoothly arched
dorsal margin,
straight to
weakly concave
ventral margin

semi-lanceolate
to lanceolate,
smoothly arched
dorsal margin,
straight to slight-
ly tumid ventral

semi-lanceolate,
smoothly arched
dorsal margin,
straight to
weakly concave
ventral margin

semi-lanceolate,
strongly arched
dorsal margin
and straight to
slightly concave
ventral margin

arched dorsal

margin
Valve ending | subprotract- | slightly subprotract- | protracted, capi- | shortly protract- | shortly protract- | shortly protract- attenuate
ed in smaller | ed and ventrally bent | tate and slightly | ed and capitate | ed and capitate | ed and capitate
specimens; | ventrally bent
protracted,
capitate in larger
specimens and
ventrally bent
Raphe ledge | narrow, arched | narrow, equal width narrow, linear narrow, expand- | narrow, expand- narrow, equal
with equal width | throughout and dor- ed on both valve | ed on both valve | width throughout
throughout | sally elevated from sides sides
| the valve face
!
Axial area narrow, widening | narrow, widening narrow, widening | narrow, widening | narrow, widening | narrow, widening | narrow, slightly
ventrally | ventrally ventrally ventrally ventrally ventrally dorsally bent
References in this study Levkov 2009 Levkov 2009 Levkov 2009 Levkov 2009 Levkov 2009 Levkov 2009

Genomics - the cluster of nuclear ribosomal RNA genes

Complete clusters of the rRNA genes, containing 78S, internal transcribed spac-
er 1 (ITS1), 5.8S, internal transcribed spacer 2 (ITS2) and 28S, were obtained for
both strains and registered with GenBank accession numbers PP726705 and
PP726703 for SZCZEY2166 and SZCZEY2167 respectively. Their sizes and se-
quences were identical except for a single T/G SNP in the ITS1. The sizes of the
different parts of the cluster are indicated in Table 2 and compared with results
obtained on the same set of species as in Hamsher et al. (2019), which con-
cern Halamphora americana Kociolek, 2014, Halamphora calidilacuna Stepanek
& Kociolek, 2018 and H. coffeiformis. Lengths of 78S, 5.8S and 28S were very
conserved among species, except for H. americana, which has a group Il intron
in its 78S that also contains on ORF coding for a putative reverse transcriptase
protein. Halamphora vantushpaensis sp. nov. displays a longer ITS1 when com-
pared to other species.

Genomics - mitochondrial genome

Complete mitogenomes were obtained on both strains and registered with Gen-
Bank accession numbers PP962256 (SZCZEY2166) (Fig. 6) and PP962257 (SZC-
ZEY2167) (Fig. 7). The genomes are 42,659 bp and 43,152 bp long (SZCZEY2166
and SZCZEY2167 respectively). The genomes both contain 35 conserved pro-
tein coding genes (PCGs), two rRNA and 26 tRNA genes. The mitogenomes
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Table 2. Length (in bp) of the different portions of the nuclear rRNA cluster for four spe-
cies of Halamphora spp. The length of the 78S gene of H. americana is indicated with
and without the intron.

. Halamphora Halamphora Halamphora Halamphora

Species . sy X . .

vantushpaensis calidilacuna americana coffeiformis

Accession number PP726705 and MH810165 MH810166 MH810167

PP726703
Total length 5932 5764 9254 5938
188 1767 1769 1783 (5241 with 1767
intron)

ITS1 431 223 229 347
588 156 155 155 154
ITS2 368 405 419 454
288 3210 3212 3210 3217

Halamphora vantushpaensis
SZCZEY2166

mitochondrial genome

42,659 bp

oihey geres
DAFs
nurmis RNAS

Figure 6. Map of the mitochondrial genome of Halamphora vantushpaensis sp. nov.
SZCZEY2166

harbour the conserved open reading frame (ORF) orf151, although its position
differs from most know species among which itis included in a conserved clus-
ter of genes together with rps77 and mttb/tatC (Pogoda et al. 2019) whereas
here it is located between rps17 and rps8. There is also a non-conserved ORF
(orf115) between cob and nad5. The cox7 gene contains a group Il intron with
an ORF coding for a putative reverse transcriptase. There are discrepancies in
the length of this putative protein which is 632 amino-acid long in SZCZEY2166
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Halamphora vantushpaensis
SZCZEY2167

mitochondrial genome
43,152 bp

2] compe | (NADH,

Figure 7. Map of the mitochondrial genome of Halamphora vantushpaensis sp. nov.
SZCZEY2167

while it is 604 amino-acid long in SZCZEY2167, the extra-length being at the
C-terminal part of the putative protein entirely. The polymorphisms between
both strains mostly occurred in intergenic parts, hence the slight differences in
lengths of the mitogenomes. The conserved protein coding genes were strong-
ly conserved with some of them completely identical, although a certain num-
ber of polymorphisms could still be spotted in PCGs in the following genes,
with the number of SNPs/lengths indicated between brackets: cob (6/1287),
nad2 (1/1536), nad4 (1/1473), rpl2 (1/810), rpl6 (1/573), rps3 (2/1038), rps10
(1/540). These mutations were silent in nad4 and rpi2, but led for each of the
other encoded protein to one amino-acid substitution. Several variations were
otherwise found in the cox7 intron, whose size varied because of indels (four
in total). It otherwise displays 17 SNPs for a total length of 3433/3435 bp, with
nine of them being found in the 1815 bp shared between the two putative re-
verse transcriptase encoding ORF, leading to seven amino-acid substitutions.

Genomics - plastid genome

Both plastome were also obtained. Their lengths are 133,866 bp long for
strain SZCZEY2166 (GenBank: PP962255) and 133,852 bp long for strain SZC-
ZEY2167 (GenBank: PP727123). The two plastomes came out as different iso-
mers after assembly, hence the difference of strand of the large single copy
region (LSC) that can be observed between SZCZEY2166 (Fig. 8) and SZC-
ZEY2167 (Fig. 9). There were slight differences of lengths for LSC and SSC.
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Halamphora vantushpaensis
SZCZEY2166
chloroplast genome

133,866 bp
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Figure 8. Map of the plastid genome of Halamphora vantushpaensis sp. nov. SZCZEY2166

The LSC is 61,711/61,691 bp long and display 26 indels and six SNPs. Out of
these six SNPs, five were found in PCGs (psbC, ycf90, petB, rps20 and rpoC2)
and were silent only in petB and rpoC2. The short single copy (SSC) is 39,615
bp long for both strains, with no indels and 17 SNPs, all located in intergenic
area. The inverted repeat had identical lengths and displayed six consecutive
polymorphisms in the intergene between rp/32 and ycf35. The LSC contains 70
PCGs, a single non-conserved open reading frame (ORF), and 17 tRNAs. The
SSC encodes for 46 PCGs, also a single non-conserved ORF and six tRNAs. The
inverted repeat IR contains 10 PCGs, three rRNA and four tRNA.

Three plastid genomes are available in GenBank for the genus Halamphora,
all originating from the same study (Hamsher et al. 2019). In Table 3, the total
lengths of these genomes and the lengths of their different compartments
are compared.

Halamphora vantushpaensis has shorter LSC and SSC but its IR is conse-
quently longer when compared to other species. The gene content of the IR
is compared for all these species in Table 4. The restricted set of conserved
genes found among H. calidilacuna or H. americana and which consists of a
single PCG (ycf89), three tRNA and three rRNA seems to be shared by many
unrelated species and genera such as Navicula veneta Kiitzing 1844 or Tryblio-
nella apiculata Gregory 1857 (Gastineau et al. 2021a). As with H. americana,
an extension of the IR may result from the presence of non-conserved ORF or
putative genes of plasmid origin, as exemplified by its ORF9 and the putative
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Halamphora vantushpaensis
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Figure 9. Map of the plastid genome of Halamphora vantushpaensis sp. nov. SZCZEY2167

Table 3. Lengths (in bp) of the different compartments of the plastid genomes of four
species of Halamphora spp.

Species Length of the LSC | Length of the SSC | Length of the IR Total length
Halamphora calidilacuna 82,227 49,698 9,407 150,739
Halamphora americana 77,289 44724 10,269 142,551
Halamphora coffeiformis 64,938 41,485 7,752 121,927
Halamphora vantushpaensis 61,705/61,691 39,615/39,615 16,273 133,866/133,852

Table 4. Gene composition of the inverted repeats of the plastid genomes of four spe-
cies of Halamphora spp. Genes highlighted in bold for Halamphora vantushpaensis sp.
nov. are genes found in the LSC in other species. Genes in bold italic concern genes
usually found in the SSC. Genes marked by an asterisk are non-conserved genes of

probable plasmidic origin.

Species

Gene composition of the IR

Halamphora calidilacuna

tRNA-Pro, ycf89, rrs, tRNA-Ile, tRNA-Ala, rrl, rrf

Halamphora americana

tRNA-Pro, ycf89, ORF9%, rrs, tRNA-lle, tRNA-Ala, rrl, rrf, tyrC*

Halamphora coffeiformis

tRNA-Pro, ycf89, rrs, tRNA-ile, tRNA-Ala, rrl, rrf, ycf35

Halamphora vantushpaensis

psaA, psaB, tRNA-Pro, ycf89, rrs, tRNA-lle, tRNA-Ala, rrl, rrf, psb28, syfb, thiS,
tRNA-His, rps4, rps16, ycf35, rpl32
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integrase/recombinase encoded by the gene labelled as tyrC by Hamsher et al.
(2019). The case of H. vantushpaensis is entirely different in the sense that the
extension of the IR is a consequence of the incorporation of several conserved
PCGs plus one tRNA. When compared with the gene content of the other spe-
cies, it appears that this extension has been done at the expense of both the
LSC and the SSC, which distinguishes it from species like Climaconeis spp.
(Gastineau et al. 2021b) among which the IR seemed to have only taken over
the SSC. Indeed, among the other Halamphora spp., psaA and psaB are locat-
ed in the LSC while the other genes belong to the SSC in which they form a
well-conserved cluster.

Molecular maximum likelihood phylogeny

Fig. 10 presents the Halamphora clade as a sub-tree derived from the three-
gene inferred phylogeny. The complete three-gene tree and the rbcL-only tree
can be found as indicated in the data availability statement. In the three-gene
tree, H. vantushpaensis strains appear as a highly supported (99%) long-
branched sister group to a larger cluster composed of 18 Halamphora species,
namely H. subacutiuscula, H. angistiformis, H. foramina, H. sydowii, H. tumida,
H. witkowskii, H. bonnewillensis, H. americana, H. calidilacuna, H. intramariti-
ma, H. incelebrata, H. banzuensis, H. bistriata, H. pertusa, H. subtropica plus
three unidentified Halamphora species. The topology of the rbcL-inferred tree
slightly differs regarding the species sister to H. vantushpaensis, which are, in
this case, H. angustiformis (bv = 93) and H. subacutiuscula (bv = 96). These
strains are further nested in a clade with H. maritima, H. pecensa, "Amphora”
caribeana, H. exilis, H. subtropica, H. pertusa, H. banzuensis and H. bistriata with
low support (bv < 50) and, together with these, sister to H. tumida, H. witkowskii,
H. bonnebillensis, H. americana, H. calidilacuna, H. intramaritima, H. incelebrata,
H. foramina, H. sydowii and Halamphora sp. SZCZCH45

Discussion

Morphological comparison with similar taxa

Halamphora vantushpaensis sp. nov. is a new species, characterized through
the extensive study of two distinct cultivated clones as well as examination of
wild samples. The findings indicate that the morphological characteristics of
H. vantushpaensis can strongly vary and that LM observations might not be suf-
ficient. Halamphora atacamana (Patrick) Levkov, H. borealis (Kuitzing) Levkov,
H. gasseae Levkov, and H. salinicola Levkov and Diaz have been identified as the
most similar species. In terms of outline, H. borealis exhibits a semi-lanceolate
shape similar to H. vantushpaensis (Table 1). However, distinguishing features
of H. vantushpaensis such as the larger ventral side and the indistinct striae with
a higher density (more than 27 striae in 10 pm) set it apart. Additionally, SEM
images reveal differences in striae composition between H. vantushpaensis
and H. borealis, further supporting their taxonomic differentiation. Halamphora
atacamana exhibits a similar outline, especially to smaller specimens of H. van-
tushpaensis, with slightly protracted valve endings; however, larger specimens
of H. vantushpaensis have elongated valve ends. Halamphora atacamana also
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Figure 10. Maximum Likelihood phylogenetic tree inferred from concatenated alignments of psbC, rbcL and 78S. The
figure represents the sub-tree that contains the Halamphora clade.

tends to have lower stria densities (< 28 in 10 pm). Halamphora gassae and
H. salinicola are further similar taxa, but both have smaller valves (< 35 pm in
length, < 4.5 pm in width), lower stria densities (< 27 in 10 pm), and smooth-
ly arched dorsal margins. Moreover, we observed that H. salinicola has larger
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areolae on the dorsal side, one elongate areolae on the ventral side, and a ra-
phe ledge that extends continuously over the entire length of the valve. Among
other species that might be compared with H. vantushpaensis, H. sardiniensis
has smaller valves and a higher stria density (> 36 striae in 10 pm) and strongly
arched dorsal margin. Additionally, H. sardiniensis has elongate areolae on the
dorsal side, one elongate areola on the ventral side, and a large central area on
the ventral side (visible in SEM: Levkov 2009, pl.245, fig. 4). Halamphora therma-
lis is similar to smaller specimens of H. vantushpaensis. However, H. thermalis
has a smoothly arched dorsal margin and a more visibly tumid ventral margin.
In SEM, H. thermalis has larger irregularly rounded elongate areolae on dorsal
side and rounded areolae on ventral side and areolae become smaller toward
the central area ventrally. Also, the proximal raphe endings open into larger de-
pressions (Levkov 2009, pl. 230, figs 1-6).

Genomic results and phylogenies

Initially, when comparing SZCZEY2166 and SZCZEY2167 by the means of LM,
it was unclear whether or not they belonged to identical or different species,
particularly because of the differences of shape of their apices. Of course, SEM
brought supplementary clues of their identity, but in the end, molecular meth-
ods provided the decisive argument. With regards to this, it should be noted
that within a single round of short-reads sequencing, complete nuclear rRNA
clusters, mitochondrial genomes and plastid genomes were obtained, which
allowed to derive accurate phylogenies. The rbcL-inferred phylogeny strictly po-
sitions H. vantushpaensis within a clade of species previously described as ‘K
clade’ (Stepanek and Kociolek 2019). This is a noteworthy result, because this
clade is known to contain species with extremely different preferences for what
regards salinity, ranging from freshwater to hypersaline. As such, this clade is
regarded as an interesting model to study transition between habitats, although
it is noteworthy that such a transition seemed to have occurred repeatedly and
independently among the genus Halamphora. The genomic approach we em-
ployed, sometimes described as ‘genome-skimming’, has reliably provided re-
sults on diatoms (for recent examples, see Gastineau et al. 2021c; Solak et al.
2021 ; Dabek et al. 2022 ; Yilmaz et al. 2024). Aside from their interest in molec-
ular phylogeny, the availability of full-length RNA operon reference sequences
from duly identified organisms could become increasingly valuable with the
development of long-read metabarcoding (e.g. Jamy et al. 2020). In the current
case, it was interesting to see that the only polymorphism between both strains
of H. vantushpaensis was located in one of the internal transcribed spacers, a
portion that does not participate to the final 3D structure of the ribosome and
as such, is more likely to display variations.

When comparing the plastomes, the low number of polymorphisms slight-
ly misled us at first into thinking that these SNPs might only have concerned
non-coding parts. Surprisingly, it was not the case, and although the number of
SNPs is rather low, interestingly, several among them were not silent. However,
this variability between the two strains is consequently lower than what was
observed with the previously published Lake Van-species N. vanseea (Yilmaz et
al. 2024). A gene such as psbC displayed three times more polymorphisms be-
tween the two strains studied at that time when compared to what was unveiled
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between both strains of H. vantushpaensis. At the time N. vanseea was being
investigated, it was possible to sequence the mitogenome for only one of the
strains, for reasons that remain unknown but might be related to the amount
of bacterial contamination in the DNA pool. This time, with H. vantushpaensis,
sequencing of both strains was successful. We note that the cox7 gene, which
seems to be a sensitive marker for the study of diatoms at the subspecific
level (Gastineau et al. 2013, 2021c; Dabek et al. 2022) was entirely conserved
in its exonic parts. The position of the cox1 intron was perfectly conserved, un-
like previous reports on other species (Gastineau et al. 2021c), but there were
noticeable differences in its sequence. This is exemplified by the changes in
length and sequence of the putative reverse-transcriptase it contains. Among
land plants, introns in organellar genomes have been documented to be rele-
vant as population markers (e.g. Spaniolas et al. 2010; Grosser et al. 2023), but
no such work seems to exist for diatoms.
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Abstract

This study introduces Halamphora witkowskii sp. nov., a newly discovered diatom species
from Lake Van, the world's largest soda lake known for its high alkalinity. Detailed
morphological and morphometric analyses using light and scanning electron microscopy
effectively distinguished this new species from closely related taxa, including Halamphora
minima, H. coffeaeformis, and H. tumida. Additionally, culturing studies from live cells led
to the establishment of two separate monocultures, which were utilized for phylogenetic
analysis using the rbcl. molecular marker, further confirming the distinctiveness of

Halamphora witkowskii from other known species.

Keywords: Halamphora, alkaline, soda lake, rbcl, phylogeny, taxonomy
Introduction

Lake Van, located in the eastern Anatolian region of Turkey, is the world's largest soda lake
and 1s notable for its saline water composition. Situated between the borders of Bitlis and

Van provinces, this volcanic lake was formed by the accumulation of waters in the crater
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resulting from the eruption of Mount Nemrut. The lake spans 70 km in the east-west
direction, covers an area of 3,522 km?, and has a volume of 607 km?3. Its shoreline extends
430 km overland (Kadioglu et al. 1997). Lake Van is situated at an average altitude of 1,648
meters above sea level, with an average depth of 171 meters and a maximum depth of 460
meters (Ozalp et al. 2016). The perimeter of the lake features volcanic rocks to the north and
west, metamorphic rocks to the south, and predominantly sedimentary rocks to the east. The
geological diversity and saline composition of Lake Van's water have drawn significant
research interest, particularly regarding the chemical parameters of the lake's water across

different periods (Degens et al. 1984).

More than 80 years ago, Legler & Krasske (1940) conducted significant research on the
diatoms of Lake Van, describing six new diatom taxa, including Amphiprora paludosa var.
densestriata Krasske, Nitzschia incognita Legler & Krasske, Rhopalodia musculus var.
suprasemicirculatus Krasske, and Surirella invicta Krasske. Subsequently, some of these
species underwent further examination and documentation using light microscopy (LM) and
scanning electron microscopy (SEM) by Lange-Bertalot et al. (1996). More recently, Solak
et al. (2021) and Yilmaz et al. (2024) contributed to this body of knowledge by utilizing
modern molecular tools to describe two new species of diatoms from Lake Van: Nitzschia
anatoliensis Gorecka, Gastineau & Solak and Navicula vanseea Yilmaz, Gastineau, Solak

& Witkowski.

The genus Halamphora was first described by Cleve (1895) as a subgenus of Amphora,
which was recently separated as a genus by Levkov (2009). The morphological characters
of Halamphora species are outwardly curvedon the dorsal side and shallow and flat on the
ventral side, generally characterized as having round or capitate-tipped valves and punctate
bands valves, a straight or slightly curved raphe near the ventral edge, and a narrow raphe
sternum (e.g. Round et al. 1990; Levkov 2009; Stepanek & Kociolek 2018). Taxonomically,
there are currently 157 accepted Halamphora species (Guiry & Guiry 2024). Although this
genus is common in inland water bodies with high conductivity (e.g. Sala et al. 2007) and
can also be found in freshwaters and semiterrestrial habitats (e.g. Levkov 2009, Van de
Vijver et al. 2014, You et al. 2015), most species occur in marine and brackish water habitats
(e.g. Cleve 1895, Stepanek & Kociolek 2013). Ongoing research on the species richness of
Halamphora with a specific focus on studies of cultured isolates, are continuously leading

to the discovery of new species and expansion of our knowledge regarding diversity within
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the genus (Jiang et al. 2015, Olivares-Rubio et al. 2017, Zhang et al. 2019, Lopez-Fuerte et
al. 2020, An et al. 2022).

In the current study, two strains of Halamphora from Lake Van have been isolated,
cultivated and characterized. These cultures, together with a specimen found in
environmental sample, are hereby proposed as a new species, based on morphological
characteristics observed using light and scanning electron microscopy (LM and SEM), as

well as the molecular characteristics of the rbcl gene.
Materials and methods
Sample collection and culture

Benthic samples were collected on July 31% 2021, from the Ahlat shore of Lake Van, using
a toothbrush to scrape epilithic material from submerged rocks (Fig. 1). Single diatom cells
were isolated using glass micropipette, under a Nikon Eclipse TS100 inverted microscope
(Nikon, Tokyo, Japan), into sterile, plastic Petri dishes containing sterile F/2 culture medium
(Guillard 1975), modified to have 18 ppt salinity. The medium inoculated with isolated
single cells was carefully cultivated under controlled light and temperature conditions within
the laboratory; the temperature was 18°C. Light intensity was 60 pmol photons m™2s™! and a
photoperiod cycle of 14 hours of light followed by 10 hours of darkness. A minimum of
three successive isolation procedures were carried out, thereby guaranteeing that cultures
were monoclonal. Strains were reinoculated into newly prepared, sterile flasks with culture
medium at four-week intervals. Monoclonal cultures of the studied taxon are currently being
kept (April 2024) in the Szczecin Diatom Culture Collection at University of Szczecin,
Institute of Marine and Environmental Sciences under numbers SZCZ EY2176 and EY2177.

Observations

For LM and SEM observations, approximately 5 mL of dense monoclonal culture was
transferred into 20 mL beakers, followed by the addition of 10 mL of 10% HCI. Afterward,
the acidic residues were subjected to four successive washes with distilled water to aid in
their removal. The sedimentation method was employed to separate the diatoms from the
water, wherein the mixture was allowed to stand undisturbed, allowing the denser diatoms
to settle to the bottom while the water was removed. The samples were then resuspended in
30% H20: and boiled for four hours in 170°C. Finally, the samples underwent another four

washes with distilled water. For LM, the material was air-dried on cover glasses, then
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mounted on microscope glass with Naphrax (Brunel Microscopes Ltd., Chippenham, UK)

solution.

Light microscopy documentation was taken at the University of Szczecin with a Zeiss Axio
Scope A1 (Carl Zeiss, Jena, Germany) with immersion lens (Zeiss Plan Apochromat 100x)
using a Canon EOS 500D camera with the Canon EOS Utility software (Canon, Tokyo,
Japan). Images were taken at 1000x magnification using a 100x Plan Apochromat oil
immersion objective (numerical aperture (NA) = 1.4). During the observations, we examined

a total of 62 valves under the light microscope.

For SEM analysis, a drop of cleaned sample was applied to a Nuclepore Track-Etch
membrane (Whatman, Maidstone, UK). After air-drying the membranes overnight, they
were affixed to aluminum stubs using carbon tape and subsequently gold-coated using a
Q150T coater (Quorum Technologies, Laughton, U K.). SEM observations were conducted
at the University of Rzeszéw (Poland), using a Hitachi SU8010 microscope (Hitachi, Tokyo,
Japan) with accelerating voltage = 5 kV and working distance = 8500—8600 um for cultured
specimen, and a Phenom ProX (PIK Instruments sp. z o.0., Piaseczno, Polska) for

environmental sample specimen.
Phylogenetic analysis

Genomic DNA was isolated from monospecific, non-axenic cultures of diatoms using
Chelex® 100 resin (cat. no. 142-2842-MSDS, Bio-Rad, Hercules, CA, USA; Walsh et al.
1991). 150 uL of 10% Chelex® working solution was added into 1.5 mL Eppendorf tubes
containing pelleted diatom biomass harvested from monocultures and heated in 95°C, after
20 min the samples were centrifuged at 10 000 rpm for 5 min. The resultant supernatant

containing diatom DNA was transferred into new, sterile 1.5 mL Eppendorf tubes.

The primers and PCR protocol for the plastid-encoded rbcl. molecular marker followed
Theriot et al. (2010). Sanger sequencing was performed by GENEWIZ® (Azenta Life

Sciences, Burlington, Massachusetts, USA; https://www.genewiz.com). Maximum

Likelihood (ML) analysis was conducted with 260 diatom strains and two strains of
Triparma pacifica (Guillou & Chrétiennot-Dinet) Ichinomiya & Lopes Santos that served as
an outgroup. The sequence dataset was constructed using sequences available in GenBank
before 02.2024. The sequences were aligned using MAFFT 7 (Katoh & Standley 2016) and
trimmed with the -automated1 option with trimAl (Capella-Gutiérrez et al. 2009) into 1449

bp long alignment. Prior to the ML analysis the alignment underwent evaluation for the best
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evolutionary model using ModelTest-NG (Flouri et al. 2015, Darriba et al. 2020), which
selected TIM3+1+G4. Phylogenetic analysis was performed using IQ-TREE 2.2.0 (Nguyen
et al. 2015, Minh et al. 2020) with 1000 bootstrap replicates using ultra-fast bootstrap
replications; the resulting tree was then visualized using MEGA 11 (Tamura et al. 2021),

and bootstrap values (bv) were added at the nodes if bigger than 50%.
Results

Class: Bacillariophyceae Haeckel

Order: Thalassiophysales D.G.Mann

Family: Catenulaceae Mereschkowsky

Genus: Halamphora (Cleve) Levkov

Halamphora witkowskii Yilmaz, Solak & Gastineau sp. nov.

Description: LM (Figs 2E-R) Valves semi-lanceolate and dorsiventral with strongly convex
dorsal margin and a ventral margin that is almost straight (Fig. 2H, J) or weakly convex (Fig.
2E, L) or more convex in smaller valves (Fig. 2R). Valve ends shortly protracted, rostrate to
almost subcapitate in the largest valves and weakly bent towards the ventral side. Valve
length 14-31 pum, width 4-6 um. Axial area narrow, more expressed on ventral side (Figs
2E-R). Central area is enlarged in the middle on the ventral side. Raphe biarcuate with
slightly dorsally bent proximal endings, though this feature is barely visible in LM. Dorsal
striae finely punctate, radiate throughout; 20-22 in 10 um; ventral striae hard to resolve
sometimes faintly recognizable near the ventral margin (Figs 2E-R). One H-shaped
chloroplast per cell appressed to the ventral side, daughter cells often remaining attached to
each other for some hours after division (Figs 2A-D) while the chloroplast rearranges within

the cell.

Description: SEM (Figs 3A-G) A raphe ledge is present on the dorsal side of the raphe (Fig.
3A). The raphe is weakly arched with closely positioned proximal endings, slightly dorsally
bent and expanded into central pores. The distal raphe endings are slightly deflected towards
the dorsal side (Fig. 3C). Dorsal striae biseriate throughout (except immediately adjacent to
the raphe-sternum), but interrupted by longitudinal bars (vimines), which isolate sections
corresponding to the ‘puncta’ visible in LM (Fig. 3E). The bars become more frequent
towards the dorsal margin. Dorsally the areolae are small and circular, except for the first

row of areola in each stria, which is actually located under the raphe ledge and usually a
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single apically elongate poroid, separated from the remainder of the stria by a wide space;
here, therefore, the stria is uniseriate and only occasionally biseriate (Fig. 3C). Ventral striae
appear to diminish in length towards the central area, where they become very short and
almost rounded, leaving a narrow, semi- lanceolate central area (Fig. 3B). In the centre itself,
however, the ventral areolae are rounded and positioned close to the margin, creating a
narrow but noticeable lanceolate central area (Fig. 3B). Distally the internal raphe fissure
end in poorly developed helictoglossa; proximally, there is a prominent fused central

helictoglossa (Fig. 3G).

It was not possible to study the girdle in detail because the frustules became disassembled
during specimen preparation. In addition, although the use of nucleopore filters is very
helpful for removing fine debris (e.g. clay particles in natural samples, broken valves, etc),
facilitating the examination of clean valves, one disadvantage is that thin elements like the
delicate girdle bands of Halamphora pass through the filter and are lost. Nevertheless, the
residual bands present in our material showed that the bands are open and that some possess
one row of simple round poroids, others two (Figs 3D-F). We did not see any longitudinal
ribbing on the girdle bands like that present in H. oligotraphenta (Lange-Bertalot) Levkov
(Levkov 2009, pl. 234).

Type: Ahlat Bitlis, Turkiye (38°75'45.748"N, 42°50'71.257"E) collected by: Elif Yilmaz,
July 31%,2021. (holotype SZCZ 27591 University of Szczecin, Poland). Valves representing
the holotype population here illustrated in Fig. 2H; isotype Slide number
TR Ahlat Van 2021 deposited in Kiitahya Dumlupinar University (Tirkiye).

Etymology: The new diatom species is dedicated to the esteemed mentor we recently lost,
Prof. dr. hab. Andrzej Witkowski, fellow member of the Polish Academy of Sciences. This
choice of name celebrates Professor Witkowski's profound impact on diatom research and

his enduring legacy in the field, a legacy we humbly hope to maintain alive.

Registration. http://phycobank. org/xxx

DNA sequences: The sequences are deposited at Genbank with accession numbers

PP476484 (SZCZ EY2176) and PP476485 (SZCZ EY2177).
Distribution: So far observed only from the type locality.

Ecology: Lake Van is a saline lake exhibiting a distinct soda chemistry defined by the fact

that alkali cations, in particular sodium and potassium, maintain the charge balance of
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bicarbonate and carbonate ions in addition to alkaline earth ions (Kazmierczak & Kempe
2003). Soda lakes show large salinity and pH ranges and, especially in closed lakes with
high salt contents and alkalinities above 100 mEq/L, the pH may rise above 10 (Eugster &
Hardie 1978, Lerman & Stumm 1989, Kempe et al. 1989). Lake Van has pH 9.5-9.9, 21-24

ppt salinity and 155 mEq/L alkalinity.
Molecular phylogenetic analysis

The single-gene phylogenetic analysis based on rbcl. molecular marker included pennate
diatoms belonging to the Bacillariales, Mastogloiales, Naviculales, Rhopalodiales,
Surrirelales and Thalassiophysales. The full phylogenetic tree, the list of sequences used and
their corresponding accession numbers, as well as the alignment are available at
https://doi.org/10.5281/zenodo.13693584. The strains chosen as an outgroup belong to
Parmales, the closest diatom relative. The phylogenetic analysis (clade containing
Halamphora spp. presented in Fig. 4) retrieved both Halamphora witkow skii strains (SZCZ
EY2176 and EY2177) in a single clade nested inside a large Halamphora clade, consisting
of 80 Halamphora sequences belonging to 60 Halamphora species. Halamphora witkow skii
is sister to clade composed of H. incelebrata, H. intramaritima, H. calidilacuna, H.
americana, H. siqueirosii and H. bonnevillensis, and further to H. sydowii, and H. foramina.
The statistical support (bootstrap values) inside this clade are high and not lower than 97,

indicating a confidence in calculated evolutionary relationships.
Discussion

The newly discovered diatom species, Halamphora witkowskii sp. nov., has been classified
within the genus Halamphora based on specific morphological and molecular
characteristics. The classification as Halamphora rather than Amphora is primarily

supported by the presence of a raphe ledge, a key characteristic of the genus Halamphora.

Some of the features of Halamphora witkowskii are generic or even familiar characteristics,
such as the elongate double helictoglossa linking the internal central raphe endings. While
this feature is present in both Halamphora and Amphora (Levkov 2009), it is important to
note that prominent fused central helictoglossa are fairly rare within Amphora. This rarity
further supports the classification of H. witkowskii within Halamphora. More distinctive are
some aspects of the striae. Many Halamphora species have uniseriate striae, for example H.
coffeaeformis (C.Agardh) Mereschkowsky, H. mosensis Stepanek & Kociolek, H. isumiensis
Stepanek, Mayama & Kociolek, H. specensa J.G.Stepanek & Kociolek, H. tumida (Hustedt)
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Levkov. Biseriate striae are found in several species and in some of these, the stria structure
is uniform from the raphe-sternum to the distal margin, e.g. in H. lineata (Gregory) Levkov
(Levkov 2009, pl. 244). A rather similar structure to that of H. witkowskii is evident in
Halamphora “spec. 3” of Levkov (2009, pl. 240), where, towards the dorsal side, the
biseriate striae are broken into sections by thicker bars (vimines), and even more in
Halamphora “spec. 2”7 (Levkov 2009, pl. 239), which possesses the same row of single
areolae immediately adjacent to the raphe-sternum as in H. witkowskii. This row is also
present in for example H. sydowii (Levkov 2009, pl. 242, fig. 4), H. minima (An et. al. 2022)
and H. oceanica (Olivares-Rubio et al. 2017).

It is particularly the distinct dorsal striae arrangement, together with morphometrics, that
distinguish H. witkowskii from others such as Halamphora minima SM.An, J HKim,
N.S Kang, K.Cho, JJALee & E.SKim (27-29 in 10 um), H. coffeaeformis (C.Agardh)
Mereschkowsky (19-22 in 10 um), and H. tumida (Hustedt) Levkov (16-18 in 10 um).

However, it is in conjunction with the rbcl. data that H. witkowskii becomes more clearly

defined compared to other Halamphora species.

This study included rbcl. gene sequence analyses to understand the relationships of H.
witkowskii within Halamphora. The results indicate that H. witkowskii belongs to clade K,
as defined by Stepanek & Kociolek (2019), which also includes H. bonnevillensis Stepanek
& Kociolek (Stepanek and Kociolek 2019), H. sydowii (Cholnoky) Levkov (Levkov 2009),
H. tumida (W. Gregory) Levkov (Levkov 2009), and H. siqueirosii Lopez-Fuerte, S E.Sala
and Murugan (Lépez-Fuerte et al. 2020), H. americana, H. calidilacuna, H. intramaritima,
H. incelebrata and H. foramina. Comparisons among these taxa show differences in
morphological characteristics such as valve shape, edge structures, and features of the striae,
as well as the metrics such as length and width and stria density included in Table 1.
Specifically, H. witkowskii exhibits smaller valve sizes and smoother edges compared to H.
bonnevillensis and H. sydowii. H. bonnevillensis has wider and generally more irregular
edges, while H. sydowii features more pronounced projections and distinct striae patterns.
Furthermore, H. tumida and H. siqueirosii have thicker and denser striae compared to H.
witkowskii. Thus, H. witkowskii exhibits smaller sizes and smoother valve edges compared
to H. bonnevillensis and H. sydowii. The valves of Halamphora sydowii have a distinctly
curved dorsal margin and typically rostrate apices. Similarly, the smaller valves of

Halamphora witkowskii also have a quite convex dorsal margin and rostrate apices.
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However, the key differences between the two species are as follows: Halamphora
witkowskii generally exhibits a less pronounced dorsal margin curvature and more acicular
(needle-like) apices, while Halamphora sydowii shows more pronounced rostrate apices and
a more curved dorsal margin. On the other hand, the valves of Halamphora bonnevillensis
feature a narrower and dome-shaped ventral margin. In contrast, the ventral margin of
Halamphora witkowskii 1s straight, while in H. bonnevillensis, the margin has more
pronounced outward projections. Additionally, H. bonnevillensis is distinguished from H.
witkowskii by its semi-lanceolate and dorsiventral valves with shorter and rostrate valve
ends. These characteristics aid is helpful in separating and hence also in identifying these

taxa.
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374 TABLE 1. Morphometric comparation of Halamphora witkowskii

14

sp. nov. with similar

375 species. ND = not documented.
Valve Valve ‘ ‘
‘ Dorsal striae Ventral striae ‘
Taxa length width Habitat Reference
(10 pum) (10 pum)
(pm) (pm)
Halamphora
20-22 Brackish, soda
witkowskii 14-16 4-5 30-32 This study
biseriate lake
Sp. nov.
Halamphora 27-29 An et al
56-74 |24-33 o 43-45 Brackish
minima biseriate 2022
Halamphora | 20.7- 13-14 Wang et
6.8-8.6 ND ND
eunotia 27.6 uniseriate al. 2014
Halamphora | 23-35 19-22 ‘ Levkov
(3.5)5-72 ) ND Brackish
coffeaeformis | (714-55) uninterrupted 2009
Halamphora 16-18 Levkov
19-33 4-7 22-28 Brackish
tumida biseriate 2009
Olivares-
Halamphora
9-17 24-51 26-30 48-62 Marine Rubio et
oceanica
biseriate al. 2017
Stepanek
19
Halamphora ‘ Freshwater, &
23-30 4-5 bi- and | 28-31
americana o Brackish Kociolek
uniseriate
2018

376
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378

379 Figure 1: Map of the sampling location. A. Location of Lake Van in Turkey. The red frame
380 indicates the position of Lake Van. B. General view of the lake. The pin indicates the position
381 of the sampling area. C. Photo of the epilithic sampling area on the rock. D. Photo of the
382 general sampling area. (Maps generated with Esri. (2023). ArcGIS Pro 3.1.0. Environmental
383 Systems Research Institute).
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Figure 2. Halamphora witkowskii sp. nov. LM micrographs. (A-D): in vivo pictures of
Halamphora witkowskii sp. nov. SZCZ EY2176. (E-H): LM image of a cleaned valve from
environmental material. (I-N): cleaned valves of Halamphora witkowskii sp. nov. SZCZ
EY2177. (O-R): cleaned valves of Halamphora witkowskii sp. nov. SZCZ EY2176. Scale
bar =10 pm.
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Figure 3. SEM micrographs of Halamphora witkowskii sp. nov. (A) External view of the
entire valve from environmental material. (B) External whole valve view from culture
material. (C) Internal view of the entire valve from culture material. (D) girdle bands with
two rows of poroids. (E) External view of the central part of the valve, showing the raphe
ledge, central raphe endings, and part of the biseriate striae. (F) girdle band with single row
of poroids. (G) Detail of internal valve apex showing the proximal helictoglossa. Scale bars
=(A,D)

10 um (B, C,E, F) 5 um, (G) 1 pm.
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405 Figure 4: The clade of Halamphora spp. cut from Maximum Likelihood tree inferred from

406 the alignement of 260 rbcl. sequences of diatoms and rooted with 2 Triparma pacifica.

407 Rectangle indicates the position of two strains of Halamphora witkow skii.



