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Introduction: Caloneis egena is a species of diatom originally described from
Campeche Bay (Mexico) that is regarded as cosmopolitan, with several reports
from the Paci�c region.
Methods: A strain of diatom from the genus Caloneis was isolated from the Gulf
of Tomini, Sulawesi (Indonesia). It was subjected to an integrated approach
combining microscopy, genomic analyses, and phylogeny.
Results: Although looking similar to C. egena, the strain from Tomini was found to
be a new species, hereby described as Caloneis paraegena sp. nov. The complete
mitochondrial and plastid genomes were sequenced and annotated and
represent the �rst organellar genomes made available for the genus Caloneis.
The multigene phylogeny inferred from these results positions C. paraegena as
sister to a clade that associates Caloneis fontinalis, C. silicula, and C. lewisii.
Discussion: A survey of the literature dedicated to C. egena led to questioning its
distribution, suggesting that records from the Paci�c region might, in fact,
represent C. paraegena based on morphology. Because of the absence of a
molecular reference for C. egena, the exact relationship between these two
species remains to be veri�ed.
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1 Introduction

The Indonesian archipelago is famous for major hotspots of
biodiversity, namely, Sundaland and Wallacea (Myers et al., 2000).
Sundaland refers to the Western part and encompasses, among
others, the islands of Java, Sumatra, Borneo, and the Malay
Peninsula (Sarr et al. , 2018). Wallacea (Figure 1A), a
biogeographical region named after Alfred Russel Wallace, refers to
a more oriental part of Indonesia that contains mostly the island of
Sulawesi plus smaller islands such as East Nusa Tenggara islands and
Maluku islands. It is renowned for its unique biodiversity shaped by a
complex geological history that was noted by Wallace himself
(Wallace, 1869). This group of islands lies between Sunda and the
remnants of the Sahul palaeocontinent (Australia, Tasmania, and
New Guinea), from which they became isolated following post-glacial
sea-level rise after the Last Glacial Maximum, approximately between
~18,000 and 8,000 BP (Hantoro et al., 1995; Lambeck et al., 2014).

Sulawesi Island (Figure 1B), formerly known as Celebes Island,
is the largest island in Wallacea. It is noticeable for its distinctive K-
shaped con�guration and was formed around 15 million years ago
following the collision and fragmentation of land masses. In
addition to its isolation, the island’s complex tectonic history has
played a signi�cant role in shaping its diverse habitats, with a
suspected effect on its high level of species endemism (Lohman
et al., 2011). Between Sulawesi’s northern and eastern arms, the Gulf
of Tomini hosts one of the archipelago’s richest coral ecosystems.
Frontiers in Marine Science 02
The gulf stretches approximately 200 km from Poso to Tomini as it
widens toward the west (Tomascik et al., 1997). Although the coral
biodiversity of Wallacea is known to be important, few, if any,
studies have been devoted to the marine diatom �ora of Wallacea
nor those of its coral reefs. In a more general way, Indonesia
remains a mostly unexplored �eld for diatoms, with early reports
suggesting a large, unsuspected biodiversity (Risjani et al., 2021).

The genus Caloneis Cleve (1894) is a species-rich genus of
diatoms, erected by reclassifying some species such as C. silicula
(Ehrenberg) Cleve that was previously placed in the genus Neidium
by P�tzer or C. staurophora (Grunow) Cleve which had been
regarded as a Pleurosigma. In the genus Caloneis, one or two
longitudinal lines may be present, the striae are usually not
clearly punctate, and the central area may show irregular
thickenings (Cleve, 1894; Spaulding and Edlund, 2009). These
features are key to identifying and differentiating Caloneis from
other genera. Previously, because of the strong similarities between
the genera Caloneis and Pinnularia Ehrenberg, both had been for
some time collapsed into Pinnularia (Round et al., 1990;
Mann, 2001).

Morphologically, the genus Caloneis is characterized by valves
that are generally convex with striae that are mostly parallel and
often divergent toward the poles (Cleve, 1894). The genus exhibits a
wide range of morphological variability in both shape and size.
Some species possess valves that are linear ((C. linearis (Cleve)
Boyer, C. fasciata (Lagerstedt) Cleve), lanceolate (C. permagna
FIGURE 1

Map of the sampling sites. (A) Indonesia (inside the red dashed line) and Wallacea (shaded in green) on the general map. (B) Sulawesi Island. (C) Poso
Pesisir, Central Sulawesi. (D, E) Habitat overview of the sampling points. Source of (A–C): Google Maps © Google 2024, modi�ed using QGIS.
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(Bailey) Cleve, C. westii (W. Smith) Hendey), elliptical (e.g., C.
amphisbaena, C. samoensis (Bory) Cleve), undulating (C. lewisii
R.M. Patrick), or panduriform (C. galapagensis (Cleve)). Caloneis
also exhibits a wide range of shapes, with some species having
middle or double constrictions, connecting non-constricted forms
with panduriform or strongly biconstricted forms (Boyer, 1927;
Cleve, 1894). In terms of size, they range from small (13–50 µm) for
species such as C. aemula (Grunow) Cleve or C. fasciata to larger
(50–300 µm) for C. brevis (W. Gregory) Cleve, C. liber (W. Smith)
Cleve, C. obtusa (W. Smith) Cleve, or C. robusta Cleve (Boyer, 1927;
Witkowski et al., 2000). In total, Cleve documented 74 species of
Caloneis, but now the genus encompasses 248 taxonomically
accepted species names, 123 varieties, and 28 forms (Guiry and
Guiry, 2020). These species can be found in various habitats,
including freshwater (Antoniades et al., 2009; Levkov and
Williams, 2014; Bukhtiyarova, 2021), brackish water (Foged, 1978;
John, 1983), seawater (Witkowski et al., 2000), terrestrial area
(Rybak et al., 2023), and hot springs (Nikulina and Kociolek, 2011).

Caloneis egena belongs to the smaller taxa of the genus,
measuring less than 40 µm in length. This taxon is characterized
by a tri-undulate valve. The raphe is straight, and the median part of
the valve is narrower than both apical parts. The species was
originally named Navicula egena A. Schmidt and was �rst
described by A. Schmidt (1890) from samples collected in
Campeche Bay, southern Gulf of Mexico. Later, Cleve (1894)
transferred N. egena to “C.? egena (Schmidt) Cleve”. In
comparison to Caloneis, Navicula is characterized by distinct axial
and central areas with striae that can be punctate, lineate, or nearly
smooth, whereas Caloneis has alveolate striae, and the lines visible
under light microscopy (LM) correspond to the aligned single
internal openings of the alveoli (Mann, 2001; Spaulding et al.,
2021). Caloneis egena has been recorded in several various areas
of the world (Wah et al., 1993; Hein et al., 2008; Lobban et al., 2012;
Lo�pez-Fuerte et al., 2019; Siqueiros Beltrones et al., 2021; Park et al.,
2022; Kaleli, 2022; Lobban and Tharngan, 2025), but a detailed
analysis of the descriptions and photographs of the specimens has
shown clear differences compared with the original drawings in
Schmidt (1890) and the description by Cleve (1894). Moreover and
quite surprisingly considering the wide suspected distribution of C.
egena, it has never been documented by molecular markers.

Such taxonomic uncertainty is not uncommon in diatoms,
where species delimitation can be challenging due to broadly
de�ned species boundaries, limited molecular and geographic
data, and morphological plasticity that does not always re�ect
true species-level differences (Mann, 1999). Such variation may
arise from life cycle and developmental processes (Chepurnov et al.,
2004), further complicating the interpretation of morphological
differences and species concepts (Cox, 2014).

The current article focuses on the description of a new species,
Caloneis paraegena sp. nov. This species is distinct from the
holotype of Caloneis egena (Schmidt) Cleve, 1894 yet resembles
populations ascribed to this species in several previous studies
(Hein et al., 2008; Lobban et al., 2012; Lo�pez-Fuerte et al., 2019;
Park et al., 2022; Lobban and Tharngan, 2025). Caloneis paraegena
has been isolated, cultivated, and fully characterized. A combination
of light microscopy (LM), scanning electron microscopy (SEM),
Frontiers in Marine Science 03
genome-skimming approach, and molecular phylogeny was
employed on it. These results and their signi�cance for what
regards the real distribution of C. egena are described and
discussed hereafter.
2 Materials and methods

2.1 Habitat description

The Gulf of Tomini experiences a tropical climate in�uenced by
monsoonal winds as well as the El Niæo Southern Oscillation
(ENSO) and Indian Ocean Dipole (IOD) phenomena. These
factors induce variability in chlorophyll-a concentrations and sea
surface temperatures (Susanto et al., 2006; Nurdin et al., 2013; Sari
et al., 2018). During the southeast monsoon, the Gulf sees higher
chlorophyll-a levels, particularly in its eastern parts, due to
upwelling caused by south-easterly winds bringing nutrients to
the surface. Conversely, during the northwest monsoon,
chlorophyll-a levels decrease, aligning with higher sea surface
temperatures (Sari et al., 2018). The total area of the Gulf of
Tomini is 56,948 km� (Rachma and Windiastuti, 2020). The Gulf
of Tomini features a bathymetric low of below 1,500 m in the
Tomini Basin and nearly 4,000 m in the Gorontalo Basin to the east
(Kusnida and Subarsyah, 2008). Water parameters in Tanjung
Perak Beach, Poso Pesisir were measured at the time of sampling
using a water quality tester EZ-9909 and indicated a temperature
above 30°C, a salinity of 28.5‰, and a pH of 7.76.

2.2 Sampling, isolation, and cultivation

Sampling was conducted on September 29, 2022 in the Gulf of
Tomini, Central Sulawesi, Indonesia (1°18�2.974� S, 120°37�37.009�
�E) (Figures 1C–E). Epilithic diatoms were collected during low tide
by scraping rocks gently. Samples, along with seawater, were stored
in 15-mL tubes and transported for further analysis to the Institute
of Marine and Environmental Sciences, University of Szczecin,
Poland. Small portions of the samples were transferred into 55 ×
12-mm Petri dishes containing sterilized F/2 medium (Guillard,
1975) with a salinity of 30‰ which �lled up to ¾ of the total volume
of Petri dish. Single cells were isolated using the micropipette
capillary method under an inverted light microscope. After at
least three successful re-isolations, the strain was considered
monoclonal. Cultivation was upscaled to a 300-mL Erlenmeyer
�ask and maintained at room temperature (ca. 20°C) with a
photoperiod of 12:12 h light/dark cycle, illuminated with an
intensity of 70–128 µmol photons m-2 s-1 (Light Meter Delta
OHM HD 2302.0). The monoclonal culture was registered in the
Szczecin Diatom Culture Collection (SZCZ) as SZCZ SA2271.

2.3 Microscopic observations

Permanent slides were prepared by cleaning frustules
(environmental sample and monoculture) in 10% HCl for 24 h to
remove carbonate particles, followed by boiling in 37% hydrogen
peroxide (H2O2) to remove all organic particles and obtain clean
frontiersin.org
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siliceous frustules. After 8 h of boiling, the samples were washed
with deionized water at least four times at intervals of 24 h. The
cleaned material was then transferred onto coverslips, air-dried for
24 h, and mounted on slides using Naphrax® (Brunel Microscopes
Ltd., Wiltshire, UK). Light microscope pictures of live and cleaned
samples were taken at ×1,000 magni�cation using a Zeiss Axio
Scope A1 microscope paired with a Canon EOS 500D camera. The
permanent slide with environmental material was registered in the
collection under number SZCZ 28814 in the Szczecin Diatom
Collection (University of Szczecin, Poland). For SEM
observations, samples were �ltered through a polycarbonate
membrane with a 3-mm pore size (Whatman, Maidstone, UK)
and then mounted on aluminum stubs and coated with a 20-nm
layer of gold using a turbo-pumped Quorum Q150TES coater.
Diatom specimens were examined with a Hitachi SU8010 SEM at
the University of Rzeszo�w, Poland.

2.4 Genomics

A 300-mL Erlenmeyer �ask with culture was harvested by gentle
centrifugation. DNA was extracted from the biomass pellet using the
method of Doyle and Doyle (1990). Total DNA was sent to the Beijing
Genomics Institute for sequencing, which took place on a DNBSEQ
platform and delivered a total of ca. 40 M clean 150-bp paired-end
reads. Assembly was performed using SPAdes 4.0 with a k-mer
parameter of 125 (Bankevich et al., 2012). The contigs corresponding
the mitogenome, plastome, and cluster of nuclear rRNA were obtained
by standalone blastn queries using the corresponding references from
Halamphora vantushpaensis Yilmaz, Solak & Gastineau (Yilmaz et al.,
2024). For the plastome, the different single copies and inverted repeats
were merged using Consed (Gordon and Green, 2013). Protein-coding
genes were annotated as explained in Gastineau et al. (2023), while
tRNAs were found using tRNAscan-SE (Chan and Lowe, 2019). The
completeness of the nuclear 18S gene was veri�ed using Rfam 15
(Ontiveros et al., 2024).

2.5 Molecular phylogenies

Phylogenetic analyses were performed using two datasets, a
three-gene concatenated dataset constituted by 18S, rbcL, and psbC
and a single rbcL gene dataset (Supplementary File S1). For both
datasets, 123 diatom reference sequences were downloaded from
the GenBank repository (https://www.ncbi.nlm.nih.gov/genbank/).
Among the chosen reference sequences, 25 belong to the genus
Caloneis, although nine of the included Caloneis presented only the
rbcL gene.

For three-gene phylogenetic analysis, the sequences of each
gene were aligned separately using MAFFT 7 (Katoh and Standley,
2013) with “auto” option and trimmed with trimAl (Capella-
Gutie�rrez et al., 2009) with “automated1” and “keepseqs” options.
When a gene was missing for some of the taxa, it was replaced by a
blank sequence. The best evolutionary model for each alignment
was determined using ModelTest-NG (Darriba et al., 2020) based
on the Bayesian information criterion (BIC). Estimated models
were TrN+I+G4 for 18S, GTR+I+G4 for rbcL, and TIM3+I+G4 for
psbC (Darriba et al., 2020). The �nal alignment was concatenated
Frontiers in Marine Science 04
using Phyutility 2.7.1 (Smith and Dunn, 2008) and was 3,221 bp
long. The maximum likelihood (ML) phylogenetic analysis was
performed using IQ-TREE version 2.2.0 (Minh et al., 2020) with
nodal support calculated using 1,000 ultrafast bootstrap replicates.
Triparma paci� ca (Guillou & Chre�tiennot-Dinet) Ichinomiya &
Lopes dos Santos 2016 was used as an outgroup.
3 Results

3.1 Taxonomy

Caloneis paraegena Arsad, Ba�k, Gastineau & Witkowski sp. nov.
Figures 2A–X, 3A–H.
Type material. Holotype: Slide SZCZ SA2271 in the collection

of Andrzej Witkowski’s laboratories (Szczecin Diatom Collection,
SZCZ) at the University of Szczecin, Poland. Valves representing
the holotype population are presented in Figures 2A–N.

Isotype: Slide number SZCZ 28814 deposited at National
Research and Innovation Agency of Indonesia (BRIN).

Type locality. Gulf of Tomini, Central Sulawesi, Indonesia, 1°
18�2.974� S, 120°37�37.009� E (Figures 1C–E), collected on
September 29, 2022 by Sulastri Arsad.

Etymology. The speci�c epithet paraegena is derived from the
Greek pre�x para-, meaning “beside” or “near”, and the epithet
egena, referring to its morphological resemblance to Caloneis egena.
The name highlights that the new species is like, yet distinct from, C.
egena sensu Schmidt, which has been widely reported as a
cosmopolitan taxon.

Description. LM (Figures 2A–X). In vivo, two-lobed, plate-like
chloroplasts visible (Figures 2A–C, black arrowhead). Chloroplasts
located along valves. Oil droplets also visible (Figures 2A, D, F,
black arrowhead). Valves strongly biconstricted, with the median
section narrower than the apical section. Apices sharply rounded
(Figures 2N, white arrowhead). Axial area lanceolate (Figures 2I–N,
P–X), broadening at the apical in�ations and narrowing toward the
central nodule (Figures 2I–N, P–X). Length 13–25 µm, breadth 4–6
µm (n = 32). Raphe straight (Figures 2L, white arrowhead), with
external proximal endings quite distant from each other
(Figures 2W, white arrowhead). Transapical striae poorly visible
in LM (Figures 2K, black arrowhead), better in oblique light. The
distinctive punctate lines look like lunate markings �anking the
central area (Figures 2K, white arrowhead).

SEM. External view (Figures 3A–E): Frustules biraphid with
transapically mirror-symmetric raphe system (Figures 3A, B, D).
Raphe straight, �liform. Proximal raphe endings small and slightly
dilated (Figures 3A, B, E). Distal raphe endings a hook-like shape
(Figures 3A, black arrowhead), extending onto the valve mantle and
turning toward the secondary side. Fascia clearly visible, occupying
whole middle undulation (Figures 3A–D). Two lunate markings—
row of puncta visible in the central area, located symmetrically on
both sides of central nodule (Figures 3D, black arrowhead). The
raphe exhibits a slight undulation near the center of the valve
(Figures 3D, white arrowhead). Axial area expands straight toward
the wide fascia at the mid-valve (Figures 3A, B, D). The striae
frontiersin.org
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formed by three rows of areolae. Areolae formed external occlusion
of alveoli small and round (Figures 3A, C). Striae density 34–39 in
10 µm (Figures 3A–C, E–H, n = 7).

SEM. Internal view (Figures 3F–H). Axial area broad. The
presence of raphe lamina alae in the central area of the inner valve
surface is evident (Figures 3G, black arrowhead). The central nodule is
small. The distal raphe endings are slightly de�ected and terminate into
distinct helictoglossae (Figures 3F, white arrowhead). Striae alveolate
with round alveola openings along valve mantle and partially closed.
Internally, the striae are not or slightly visible. Girdle band with one
row of round or elliptical pores (Figures 3G, white arrowhead).

3.2 Nuclear rRNA genes

For reasons unknown, assembling the complete rRNA cluster
failed, even after using lower k-mer for assembly. The complete
Frontiers in Marine Science 05
1,782-bp 18S gene (GenBank: PV916032) could, however, be
retrieved. Megablast query returned as best result Caloneis lewisii
strain UTEX FD54 (GenBank: HQ912580) from Ruck and Theriot
(2011) with 98.73% identity.

3.3 Organellar genomes

The mitochondrial genome was retrieved as a single contig with
redundant endings and was considered complete. After trimming,
the genome is 34,065 bp long (Figure 4) (GenBank: PV917194). It
codes for 33 conserved protein-coding genes (with nad11 split into
two subunits), the conserved open-reading frame orf149 (Pogoda
et al., 2019), two rRNA, and 23 tRNA. A long open reading frame
(ORF) comprising 158 amino acid (AA) was found between rpl6
and rps4. BLASTp query of the putative protein encoded by this
ORF suggests that it might be a short, unextendible, and poorly
FIGURE 2

Caloneis paraegena Arsad, Ba�k, Gastineau & Witkowski sp. nov. (A–C, G, H, O) are shown in girdle view, whereas (D–F, I–N, P–X) are shown in valve
view. (A–F) Living specimens of strain SZCZ SA2271. (A–N) Light microscopy of cultivated strain SZCZ SA2271. (C) The black arrowhead indicates
lobed, plate-like chloroplasts. (F) The black arrowhead indicates oil droplets. (K) The black arrowhead indicates the transapical striae and the white
arrowhead indicates the lunate marking. (L) The white arrowhead indicates the raphe that is straight. (N) The white arrowhead indicates the sharply
rounded apices. (O–X) Wild material from the Gulf of Tomini, Sulawesi SZCZ 28814. (W) The white arrowhead indicates external proximal endings
quite distant from each other. Scale bar =10 µm, ×1,500.
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conserved pseudogene version of rps2 (best blastp results was the
223-AA-long Rps2 from an unknown Naviculales (GenBank:
XDU46046) with evalue 1e-09 and 32.22% identity.

The plastome is 136,121 bp long (Figure 5) (GenBank:
PV917195). The large single-copy (LSC) is 67,136 bp long and
codes for 73 conserved protein-coding genes, two non-conserved
ORF and 17 tRNA. The small single-copy is 47,287 bp long and
Frontiers in Marine Science 06
codes for 52 protein-coding genes, two non-conserved ORF, and
seven tRNA. The inverted repeat (IR) is 10,849 bp long and codes
for three protein-coding genes, three non-conserved ORF, three
rRNA, and three tRNA. Among the plastid genes known for being
frequently lost in diatoms (Yu et al., 2018), the plastome of
C. paraegena also codes for acpP (in the IR), tsf, and bas1 (also
known as ycf42) in the LSC.
FIGURE 3

Caloneis paraegena Arsad, Ba�k, Gastineau & Witkowski sp. nov.; scanning electron microscopy image; isolated and cultured from the Gulf of Tomini,
Sulawesi (strain SZCZ SA2271). (A–E) External view. (A) The black arrowhead shows distal raphe endings with a hook-like shape. (D) The black
arrowhead shows lunate markings and the white arrowhead shows the raphe with a slight undulation near the center of the valve. (F–H) Internal
view. (F) The white arrowhead shows the distal raphe endings. (G) The black arrowhead shows the presence of raphe lamina alae and the white
arrowhead shows the girdle band with one row of round or elliptical pores.
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3.4 Molecular phylogeny

The three-gene inferred maximum likelihood phylogenetic tree
(Figure 6) positions C. paraegena within a well-supported clade
(ML bootstrap = 98%) that comprises Caloneis spp. and species of
the genera Pinnularia Ehrenberg, 1843 and Fallacia Stickle & D.G.
Mann, 1990 nested within the larger clade composed of Naviculales.
However, it should be noted that Caloneis spp. are split into three
subclades. Subclade I (Figure 6) containing C. paraegena includes
also the freshwater C. lewisii UTEX FD54, sampled in Iowa, USA,
and two C. silicula: C. silicula Cal 890 TM, collected by Prof. D.G.
Mann from Threipmuir Reservoir in Scotland in 2008 (Souffreau,
2011) and C. silicula D06_074, isolated from a small river in
Germany. Additionally, four sequences belonging to C. fontinalis
(Grunow) Cleve and one to Caloneis sp. NE S01.DO4.013, all from
freshwater environments, are part of subclade I, which has 99%
nodal support. On the phylogenetic tree, C. paraegena is distinctly
clustered apart from these freshwater species. Subclade I, containing
C. paraegena, is sister to subclade II (ML bootstrap = 96%) that
contains C. lauta J.R. Carter, Caloneis cf. westii, and three other
Caloneis sp. (21IV14-2A giant, 21IV14-6A cf. Oestrupia-F1, and
21IV14-2A medcircumcp6). Subclades I and II together are sister to
subclade III with ML bootstrap = 100%, encompassing nine
Caloneis spp., Pinnularia termittina (Ehrenberg) R.M. Patrick,
and Pinnularia cf. gibba. Subclade IV comprises mostly Fallacia
spp., except for a taxon identi�ed as Caloneis cf. linearis isolated
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from the carapax of the turtle Caretta caretta Linnaeus, 1758. The
complete phylogenetic tree is available as Supplementary File S2.
4 Discussion

4.1 Why not Caloneis egena?

The specimens of C. paraegena imaged during this study,
whether they represent environmental or cultivated specimens,
are similar to those documented by Lobban et al. (2012); Lo�pez-
Fuerte et al. (2019); Park et al. (2022), and Lobban and Tharngan
(2025) whose valves are biconstricted, apices sharply rounded, and
axial area lanceolate. However, the shape of our specimens of C.
paraegena differs from Schmidt’s (1890) illustration, in which the
valve shape is represented panduriform and rhomboidal, with
different proportions and endings (Figures 7A, B). In our study,
the axial area is straight, while Cleve’s description of C. egena (1894)
mentioned “axial and central areas united in a space of the same
shape as the valve”, which means that the central area, including the
axial area, in the middle section is as wide as the valve. Moreover,
Witkowski et al. (2000) described the axial area as wide, which
contrasts with our �ndings of a narrow, straight axial area. Features
such as the striae are illustrated only along the valve margins in
Schmidt (1890) (Figures 7A, B). However, in our samples, the striae
FIGURE 4

Map of the mitochondrial genome of Caloneis paraegena Arsad, Ba�k, Gastineau & Witkowski sp. nov.
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