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Abstract

Alpine ponds are known biodiversity hot-spots and refugia for many rare and endangered species. They are also considered
to be vulnerable habitats in terms of acidification, eutrophication, modification and climatic changes. Recently, a detailed
study of diatoms in these habitats in North Macedonia has been started to evaluate their status and threats. During these stud-
ies, specimens of a species of Cymbella that lacked apical pore fields and had a small valve size were recorded. Scanning
electron microscope observations revealed biseriate striac composed of small, slit-like to tilde-like areolae, a character so far
not observed in any living representatives of the genus Cymbella. Herein, these specimens are assigned to the new species
Cymbella biseriata sp. nov. based on detailed observations with light and scanning electron microscope. Comparison with
similar taxa from the C. helvetica species complex and fossil species with biseriate striae is provided.

Keywords: alpine pond, diatom, freshwater, mountain Kozuf, taxonomy

Introduction

The genus Cymbella was first described by Carl Adolph Agardh to include all biraphid taxa with dorsiventral
symmetry (Agardh 1830: 1). It has since been considered heterogenous since many included taxa exhibit a broad
range of ultrastructural features. With a narrower generic concept, Cymbella sensu lato has since been separated into
15 genera plus Cymbella: Encyonema Kiitzing (1833: 589), Pseudencyonema Krammer (1997: 156), Encyonopsis
Krammer (1997: 156), Reimeria Kociolek & Stoermer (1988: 457), Cymbellopsis Krammer (1997: 157), Cymbopleura
Krammer (1999: 292), Navicymbula Krammer (2003: 123), Delicatophycus Wynne (2019: 1) (= Delicata Krammer
2003: 110), Gomphocymbellopsis Krammer (2003: 127), Afrocymbella Krammer (2003: 129), Cymbellafalsa Lange-
Bertalot & Metzeltin (Metzeltin et al. 2009: 28, 29), Oricymba Jiittner et al. (2010: 408), Kurtkrammeria Bahls (2015:
6), Celebesia Kapustin, Kulikovskiy & Kociolek (Kapustin et al. 2017) and Karthickia Kociolek, Glushchenko &
Kulikovskiy (in Glushchenko ef al. 2019: 2). Krammer (2002) provides a generic definition using a combination of
features to diagnose Cymbella sensu stricto, but it still remains a complex genus.

Several structural characteristics have been used to describe the genus Cymbella sensu stricto:

(1) “Cymbelloid” outline of the valve (as opposed to the more symmetrical “Naviculoid” outline);

(2) dorsally deflexed terminal raphe fissures;

(3) two apical pore fields on each valve (in C. helvetica Kiitzing (1844: 79) the apical pore fields are absent or
initially present);

(4) the possession of one or more stigmata on the ventral side of the central nodule, for most taxa;

(5) an intermissio not visible in light microscopy (LM);

(6) dorsally arranged chloroplasts;
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(7) found in fresh water, marine taxa are unknown.

One of the main characters that defines Cymbella sensu stricto is the presence of apical pore fields (APF) that
are not bisected by the distal raphe ends. However, one species complex, Cymbella helvetica is characterized by
absence of APF (Krammer 1982), although molecular evidience showed that this complex clearly belongs to the
genus Cymbella (Nakov et al. 2014: 336, fig. 4, 367, fig. 5). Another important feature is the stria morphology. Most
species are characterized by uniseriate striae composed of areola which are slit-like or x-shaped, but a few species have
biseriate striae such as Cymbella duplopunctata (Krammer 2002: 109) and Cymbella buechleri Krammer (2002: 110).
Both are considered extinct and, so far, recent species with entirely biserate striae have not been recorded (Liu ef al.
2018). However, several species with partly biseriate striae, such as Cymbella distalebiseriata Liu & D.M. Williams
(in Liu et al. 2018: 41, 43), Cymbella liyangensis Zhang, Jiittner & E.J. Cox (in Zhang et al. 2018: 16), Cymbella yakii
Jiittner & Van de Vijver (in Jiittner et al. 2010), Cymbella tridentina Lange-Bertalot, Cantonati & Scalfi (in Cantonati
et al. 2010: 778, 780); Cymbella hubeiensis Li (in Gong et al. 2013: 34), have been documented.

Observations of diatoms from alpine ponds on mountain Kozuf, North Macedonia, yielded a population having
entirely biseriate striae and lacking APFs. Such a combination has so far not been observed in any other species of
Cymbella and is described herein as Cymbella biseriata Videska, Zaova & Levkov sp. nov.

Materials and methods

Mountain Kozuf is located in the south-east part of the Republic of North Macedonia (Fig. 1). To the east it is limited
by the Vardar Valley, to the west with Mountain Kozjak, and to the north with Tikvesh Valley. The mountain is mainly
composed of Paleozoic shales and above them are Triassic limestones and volcanic rocks. Due to the high altitude of
the mountain, several freshwater alpine ponds are present. One alpine pond is present on Adjibarica at an elevation of
1690 m asl, which represents a small oligo-dystrophic pond. The field sampling campaign was conducted in June 2020.
Epiphyton (on moss) were collected manually and fixed with 4 % formalin. The samples were treated with KMnO,
and 37 % HCI and left overnight to remove carbonates. To oxidize the organic matter, 37 % HCIl was added and the
samples were boiled 30 min at 80 °C. Using distilled water, the samples were rinsed five times and then subsequently
centrifuged at least five times in period of 10 minutes. Permanent diatom slides were prepared using Naphrax.

Slides were observed under oil immersion at 1500x magnification with a Nikon Eclipse 80i microscope (objective
magnification capacity of 100x and numerical aperture of 1.4) and photomicroscopy was done using a Nikon Coolpix
P6000 camera. The slides were deposited in the Macedonian National Diatom Collection (MKNDC) at the Institute of
Biology, Faculty of Natural Sciences, Skopje.

For scanning electron microscopy (SEM), the material was prepared by drying a clean diatom suspension onto
cover slips attached to the SEM stubs using carbon tape, and coated with gold-palladium (Polaron SC7640 sputter
coater, Quorum Technologies, Ashford, UK). SEM observations were performed using a Cambridge S4 Stereoscan at
10 kV and working distance of 10 mm (Cambridge Instruments Ltd, Cambridge, UK) at the Friedrich Hustedt Study
Centre for Diatoms (BM), Bremerhaven, Germany.

Results
Cymbella biseriata Videska, Zaova & Levkov sp. nov. (LM Figs 2-22, SEM Figs 23-34)

Description:—LM(Figs 2-22): Valves slightly dorsiventral, semilanceolate and asymmetrical. Valve ends slightly
subcapitate. Dorsal margin slightly arched, ventral side almost straight. Valve dimensions: length 29-38 pm, width
7.0-9.0 um (n=48). Axial area very narrow, following raphe, central area small, slightly expressed on dorsal side,
absent on ventral side. 4—7 stigmata present in central area on ventral side. Raphe ventrally displaced, distinctly lateral
becoming reverse-lateral near central area; filiform at terminal ends. Dorsal striae slightly radiate, 12—-15 in 10 pm.
APF absent. Areolae not visible in LM.

SEM(Figs 23-34): Externally, raphe branches curved (Figs 23-25), proximally reverse lateral with large drop-
shaped central pores, slightly dorsally bent (Fig. 26). Distally, raphe ends abruptly dorsally bent (Figs 27, 28). APF
absent at both valve apices (Figs 24, 26). Central area narrow, more expressed on dorsal side, semi-lanceolate. Stigmata
externally with small round openings (Fig. 26). Striae entirely biseriate composed of narrow slit-like to tilde-like areolae
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FIGURE 1: Map of North Macedonia with location of mountain Kozuf and the type locality, and image of the latter.
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size diminution series. Scale bar = 10 pm.

FIGURES 2-22: Cymbella biseriata sp. nov. from type slide (MKNDC 012839A) LM,
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FIGURES 23-28: Cymbella biseriata sp. nov. SEM from type material (MKNDC 012839). 23, 24. External views of whole valve. 25.
External view of dorsal side of frustule. Transition between valve face and mantle is gradual and striae are biseriate and not interrupted on
valve mantle. 26. Detail views of the mid-valve showing biseriate striae and external round openings of stigmata. 27, 28. Detail view of
valve apices showing distal raphe ends and absence of APF. Scale bar = 10 pm (Figs 23-25), 5 um (Figs 26, 28) and 2 um (Fig. 27).
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FIGURES 29-34: Cymbella biseriata sp. nov. SEM from type material (MKNDC 012839). 29, 30. Internal views of the whole valves. 31,
32,34. Detail view of the mid-valve. 33. Internal view of valve apices showing raphe distally terminates with large knob-like helictoglossae.
Scale bar = 10 pm (Figs 29, 30), 5 um (Figs 31, 32) and 2 pm (Figs 33, 34).
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usually in oblique orientation, ca. 40 in 10 um (Figs 23, 24). Internally, raphe curved (Figs 29, 30) distally terminates
with large knob-like helictoglossae (Figs 31, 33), proximally covered by overgrowth of silica (Figs 32, 34) hiding
proximal raphe ends (lacking “intermissio”). Striae entirely biseriate, areolae internally with small round openings
(Figs 32-34). Striae separated with strongly thickened vimines with same width or wider than striae (Figs 31, 32).
Stigmata with small elongated internal openings, weakly or not separated from striae (Figs 32, 34).

Type:—NORTH MACEDONIA. Mountain Kozuf: Adzibarica, moss in alpine pond, 41.1841904 N, 22.2035631
E. 1690 m asl, 4 Videska, 4" June 2020 (holotype MKNDC 012839A! isotype BM 81943).

Etymology:—The epithet ‘biseriata’ refers to entirely biseriate striae.

Ecology:—Cymbella biseriata has been observed only at the type locality, an oligo-dystrophic alpine pond on
Adzibarica, mountain Kozuf. Data on the physical and chemical characteristics of the type locality have not been
obtained, but floristical composition (ass. Caricetum macedonicae with Carex macedonica Bornmiiller, C. paniculata
Linnaeus, C. stellulata Goodenough, Eriophorum latifolium Hoppe, Geum coccineum Sibthorp John & Smith James
Edward indicates oligo-dystrophic conditions of the habitat. Diatom species present in the sample are: Encyonema
venticosum (Kiitzing) Grunow (in Schmidt et al. 1874—-1959, pl. 10, fig. 59), Odontidium mesodon (Ehrenberg)
Kiitzing (1844, p. 44), Gomphonema elegantissimum E.Reichardt & Lange-Bertalot, (in Hofmann et al. 2011: 302),
G. confusum Levkov, Mitic-Kopanja & E.Reichardt, (2016: 41) Achnanthidium microcephalum Kiitzing (1844: 75),
Cymbella alpestris Krammer (2002: 163), C. excisiformis Krammer (2002: 160), Delicatophycus alpestris Wynne
(2019: 1), Nitzshia perminuta (Grunow) M. Peragallo (1903: 672).

Discussion

Based on its morphological features, Cymbella biseriata resembles the group of species morphologically close to the
C. helvetica species complex (Table 1) that comprises several taxa characterized by the absence of APFs such as C.
balatonis Grunow (in Schmidt 1874—-1959 pl. 10, fig. 19), Cymbella cantonatii Lange-Bertalot (in Krammer 2002:
174); C. compacta Qstrup (1910: 54), C. helvetica Kiitzing (1844: 79), C. lange-bertalotii Krammer (2002: 174), C.
ohridana Levkov & Krstic (in Levkov et al. 2007: 43), C. oligocenica Schiller & Krammer (in Krammer 2002: 157),
C. suavis Pantocsek (1892, pl. 15, fig. 229) and C. subhelvetica Krammer (2002: 174). All the above mentioned species
have uniseriate striae composed by slit-like areolae, whereas C. biseriata has biseriate striae throught the whole valve.
Cymbella biseriata can be easily distinguished from all these taxa by several other morphological features.

Differences between C. cantonatii and C. biseriata are valve width (10-13 pm in C. cantontii vs. 7.0-9.0 pm in
C. biseriata), areolae density (29-33/10 um in C. cantonatii vs. 40-50 in 10 pm in C. biseriata), areolae shape (x-
shaped or modified x-shaped in C. cantonatii vs. small slit-like to tilde-like in C. biseriata), and, the most prominent
morphological feature, the presence of biseriate striae in C. biseriata. Smaller specimens of C. compacta have a
comparable valve shape (slightly dorsiventral, lanceolate-elliptical) and length as C. biseriata (length 28-76 um in
C. compacta), but it has broader valves (11-15 um) with coarser striac (with 18-24 areolae in 10 um). Cymbella
subhelvetica has a comparable valve width (8.0-10.7 um) to C. biseriata, but can be easily differentiated by valve
shape (lanceolate in C. subhelvetica), valve length (33—67 pm), and stria (9—11 in 10 um) and areola (20-25 in 10
um) densities. Cymbella biseriata can be easily differentiated from C. lange-bertalotii by its valve size (length 38—
100 um, width 10-16 pm in C. lange-bertalotii), and stria (8—12 in 10 um) and areola densities (17-25 in 10 um).
Cymbella helvetica is characterized by much larger valves (length 75—-154 um, width 18-26 pm) and thus can be easily
differentiated from C. biseriata. Similarly, differentiation between C. balatonis, with broadly rhomboid valves and
large cells (length 78—120 um, width 24-30 pm), and C. biseriata (length 29—38 um, width 7-9 pum), is straightforward.
Cymbella suavis is a fossil species with similar valve size and shape as C. balatonis but it can be easily distinguished
by its size, shape, stria and areola densities, as well as absence of stigmata in the central area. Cymbella oligocenica,
another fossil species, is characterized by lanceolate-elliptical valves, 60—66 pm long and 23-24 um wide with very
coarse striae (12—14 areolae in 10 pum) composed of x-shaped areolae (Krammer 2002); these features make it easy
to differentiate from C. biseriata. More recently, a new species from this complex was described from Lake Ohrid
as C. ohridana, which is characterized by strongly dorsiventral valves with bluntly rounded apices, 59-103 pm long
and 18.0-26.6 pm wide, with uniseriate striae composed of 16—18 areolae in 10 pum. Cymbella biseriata can be easily
differentiated from the latter species by its smaller valve size, shape and areola density.
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TABLE 1: Morphological features and measurments of Cymbella biseriata sp. nov. and comparison with similar Cymbella species.

Taxon Valve length Valve width Striae/ 10 Areolae/ 10 Striae type Stigma Central area Apices APF Reference
(in pm) (in pm) pm pm

C. biseriata sp. nov. 29-38 7-9 12-15 40-50 Biseriate 4-7 Nearly absent or Slightly Absent This study
slight broaden of ~ subcapitated
axial area

C. cantonatii 30-55 10-13 10-13 29-33 Uniseriate 4-8 More pronounced  Rounded, not Absent Lange-Bertalot
on dorsal side distinguished from in Krammer

valve body (2002)

C. compacta 28-76 12-15 9-12 18-24 Uniseriate 4-8 Lacking or not well Rounded, only in ~ Absent Ostrup (1910)
expressed large specimens

distinguished form
valve body

C. subhelvetica 33-70 8.5-11 9-11 20-25 Uniseriate 4-8 Lacking on dorsal ~ Narrowly rounded, Absent Krammer
side, not well not or barely (2002)
expressed on distinguished from
ventral side valve body

C. lange-bertalotii  38-100 10-16 8-12 18-24 Uniseriate 4-8 Lacking or not well Narrowly rounded, Absent Krammer
expressed not or barely (2002)

distinguished from
valve body

C. helvetica 75-154 18-26 6-8 14-18 Uniseriate Upto 10 Roundish to Rounded, Absent Kiitzing (1844)
elliptical longest at not or barely
apical axis distinguished from

valve body

C. balatonis 78-120 24-30 7-8 15-17 Uniseriate 3-8 Elliptical or Narrowly rounded, Absent Schmidt et al.
rhomboidal, not or barely (1874-1959)
longest at apical distinguished from
axis valve body

C. suavis 81-120 28-32 67 8-13 Uniseriate Not well Elliptical, longest ~ Rounded to Absent Pantocsek

observed in LM at apical axis moderately convex (1892)

C. oligocenica 60-66 23-24 11-12 12-14 Uniseriate 3-4 Very small, more ~ Rounded, not Absent Krammer
pronounced on distinguished from (2002)
dorsal side valve body

C. ohridana 59-103 18-26.6 10-12 16-18 Uniseriate 8-12 Asymmetrical to Bluntly rounded,  Absent Levkov et al.
elliptical, more not protracted (2007)
developed dorsally

C. duplopunctata 125-150 26-32 7-9 12-15 Biseriate 9-12 Large, orbicular, Not protracted, Present Krammer
1/3-1/2 the width ~ broadly rounded (2002)
of the valve

C. buechleri 175 32 6-9 12-13 Biseriate 5 Large, orbicular, Rounded, not Present Krammer
1/3-1/2 the width  protracted (2002)

of the valve




As mentioned above, there are two known, fossil species of Cymbella with biseriate striae: C. duplopunctata and
C. buechleri. Besides their large size (longer than 125 pm and wider than 26 um), both have distinct APFs at the valve
apices and large central areas with clearly separated stigmata from central striae. These features make the separation
of C. biseriata from both C. duplopunctata and C. buechleri very simple. Only a single image of C. duplopunctata
has been published (Krammer 2002, fig. 116: 6) showing the internal view of the striae, so the ultrastructure remains
largely unknown. Recently several Cymbella species with partly biseriate striac were described. All of them share
features typical for Cymbella sensu stricto. As was mentioned by Liu et al. (2018: 45), up to now, living species with
entirely biseriate striae were unknown, thus C. biseriata represents the only recent species with this feature.

Several diatom genera include species with uniseriate and biseriate striae such Hippodonta Lange-Bertalot,
Witkowski & Metzeltin (1996: 249), Sellaphora Mereschkowsky (1902: 186) and Rossithidium F.E. Round &
Bukhtiyarova (1996: 350). Gomphonema Ehrenberg (1832: 87) is one of the few genera with species that have
uniseriate (most of the species), partly biseriate such as G. acuminatum (Ehrenberg 1832: 88) and G. juriljii Levkov,
Mitic-Kopanja & E. Reichardt (Levkov et al. 2016: 68) and entirely biseriate striae such as G. minutum (Agardh)
Agardh (1831: 34), G. confusum Levkov, Mitic-Kopanja & E. Reichardt (Levkov et al. 2016: 41, 42) and G. irroratum
Hustedt (1945: 42). Both Gomphonema and Cymbella are considered to be paraphyletic and one possible solution
would be to subdivide them into narrower genera representing monophyletic lineages (Nakov et al. 2014). Further
molecular study might yield novel information about the relationships and phylogenetic position of C. biseriata (and
entire C. helvetica complex) to other Cymbella sensu stricto species. At the moment, although C. biseriata has few
ultrastructural features different to that of Cymbella sensu stricto, we consider it as part of this genus.

According to Liu et al. (2022) presence of tilde-shaped areolae and dorsally deflected distal raphe fissures are
the characters defining genus Delicatophycus. However, the dorsally deflected raphe fissure is present in all Cymbella
sensu stricto species, thus can not be used as differential character. Therefore, the only morphological character that
can be used for separation of genera Cymbella and Delicatophycus is the shape of areolae. Part of the areolae in C.
biseriata have tilde-shaped openings, but they are much smaller, and the shape is not pronounced as in other typical
Delicatophycus taxa and thus cannot be treated as a member of the genus Delicatophycus. All morphological and
ultrastructural features, such as absence of APF, raphe morphology (proximal and distal raphe ends), stigmata openings
are identical to the C. helvetica species group and thus we consider this species as part of Cymbella sensu lato.

Alpine ponds and small lakes are considered as highly diverse habitats and play a key role in preserving freshwater
biodiversity (Williams et al. 2004, Biggs et al. 2005). They are essential for freshwater biodiversity and especially
recognized as stepping stone habitats (Ewald ez al. 2010). In Europe establishing freshwater habitat protection, especially
pond protection is led by Directive 92/43/EEC, known as the Habitat Directive. Biodiversity in alpine ponds is highly
related to altitude, with increasing altitude a reduction of species occurs and communities become simpler compared
to lowland environments (Hinden et al. 2005, Oertli et al. 2009). However, there is very scarce information about
the biodiversity in alpine ponds (Hinden et. al. 2005), especially in North Macedonia (Levkov et al. 2005). Several
studies indicate that freshwater alpine ecosystems are considered as a source of high diatom diversity (Cantonati et al.
2011, Falasco et al. 2012, Blanco et al. 2020). Additionally, all of these studies highlighted the contribution of alpine
ponds to the conservation of diatom biodiversity (Beauger et al. 2020). This is due to the fact that mountain freshwater
ecosystems are more conserved from anthropogenic impact than lowland environments (Miiller ez al. 1998).

However, alpine ponds may be potentially vulnerable ecosystems in terms of acidification, eutrophication and
climate changes, and therefore are primarily influenced by species loss (Lotter et al. 1999, Kérner 2004). These habitats
are now considered as “refugia” for many rare and sensitive species and inhabit by endangered species (Hofmann et
al. 2018). Their protection is essential for conservation of regional freshwater biodiversity and thus to reduce global
biodiversity loss.
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