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Abstract: During studies on the diversity of Frustulia in the state of Parana, Brazil, two different morphological
populations did not correspond exactly to any known described species. This paper describes these species as
Frustulia lineata sp. nov. and Frustulia magnifica sp. nov. The samples were collected in lotic environments
inserted in the south Brazil Atlantic Forest region. Frustulia lineata sp. nov. is mainly characterized by linear—
lanceolate valves with small dimensions, sharing morphological similarities with Frustulia marginata Amossé
and Frustulia saxonica f. indica Sarode et Kamat. Frustulia magnifica sp. nov. is significantly larger than
other species of the genus, having morphological similarities with Frustulia aotearoa Lange—Bertalot et Beier,
Frustulia bahlsii Edlund et Brant, Frustulia rhomboides f. occidentalis Sovereign, and Frustulia sanctarosae
Lange—Bertalot et Sterrenburg. Studies using light and scanning electron microscopes have revealed that the
morphology and dimensions of the central nodule and the porte—crayon were primary distinguishing features

that substantiate the proposal of the new species.
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INTRODUCTION

Frustulia is characterized by the internally thickened
sternum, where longitudinal ribs are positioned along
either side of the raphe and fuse distally with the he-
lictoglossa, depicting the porte—crayon. In the central
region of the valve, the ribs are connected at the central
nodule, exhibiting or not median constrictions (ROUND
et al. 1990). The striae are delicate, punctate, forming
transapical and longitudinal rows (SPAULDING et al.
2021). Currently, the shape and dimensions of the porte—
crayon (ribs and helictoglossa) and the central nodule
have been proved to be reliable taxonomic characters
for characterizing and distinguishing Frustulia species
(BOUCHARD et al. 2020; MORALES, 2020).

According to Rounp et al. (1990) and LANGE—
BERTALOT (2001), the genus occurs in freshwater,
epipelic, or frequently associated with macrophytes
with single cells (non—tube forming) or colonies within
mucilaginous tubes, abundantly present in oligotrophic
and naturally acidic habitats worldwide.

The genus is cosmopolitan and represented
by 122 taxa (Guiry 2024) distributed worldwide

(KocrtoLek 2018). The knowledge about the diversity
and distribution of Frustulia in Brazil is mainly found
in floristic surveys such as METZELTIN & LANGE—
BERrTALOT (1998; 2007), Diaz—CAsTRO et al. (2003),
BrAssACc & LubwiG (2005), TREMARIN et al. (2009),
Sirva et al. (2011), Soares et al. (2011), and CosTa et
al. (2017) totalizing 31 infraspecific taxa recorded.
So far, four new species have been described based
on samples collected in Brazil: F. pangae Metzeltin et
Lange—Bertalot (METZELTIN & LANGE-BERTALOT 1998),
F. crassipunctatoides Metzeltin et Lange—Bertalot, F.
saxoneotropica Metzeltin et Lange—Bertalot (METZELTIN
& LANGE-BERTALOT 2007) and F. lacrima Graeft,
Kociolek et Burliga (GRAEFF et al. 2012).

During a taxonomic survey in freshwater en-
vironments from the state of Parand, two populations
were found that could not be assigned to any known
species of Frustulia. The new species F. lineata sp.
nov. and F. magnifica sp. nov. are here described and
illustrated based on light (LM) and scanning electron
(SEM) microscopy analysis. In addition, comments on
morphometric statistics and comparisons with similar
taxa were included.
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MATERIALS AND METHODS

Frustulia lineata sp. nov. was collected in periphytic samples
from Salto River (25°29'44"S, 48°59'23"W) and Carvalho River
(25°29°37”’S, 48°58°38°W), located in the Environmental
Protection Area (APA) of Piraquara city, Parana state, Brazil.
The region is inserted in the Marumbi Park and covers the
mountain streams in the Serra do Mar, Atlantic Forest (IAT 2023).
Frustulia magnifica sp. nov. individuals were associated with
epilithic Rhacocarpus inermis (Bryophyte), submerged or
emerged depending on the water level of the river. The mosses
were collected in Negro River (26°0026.0"S, 49°11'11.2"W),
located in Tijucas do Sul city, southern of Parana state, inserted
in the Atlantic Forest (Plano diretor municipal — Tijucas do
Sul 2023).

Samples were fixed with Transeau solution in a
proportion of 1:1 (Bicupo & MENEZES 2017). Conductivity
(uS.cm™), pH, and water temperature (°C) measurements
were collected using a Gehaka G1400 multiparameter (Table
1). Liquid samples and the respective permanent slides and
stubs were deposited in the Herbarium of the Department of
Botany (UPCB) of the Federal University of Parana (UFPR),
under number 49409 (F. magnifica sp. nov.), 76016, 76017,
and 76056 (F. lineata sp. nov.).

The samples were oxidized according to SIMONSEN
(1974). Permanent slides were mounted with Naphrax® (L.R.:
1.74). Photographic illustrations were obtained using DP71
capture camera accoupled in an Olympus BX40 microscope.
For ultrastructural observations, the oxidized samples were
deposited on aluminum supports, metalized with gold in a
Balzers Union SCD 030 device, and analyzed in a JEOL JSM
6360 scanning electron microscope (Electron Microscopy
Center of the UFPR).

The porte—crayon and central nodule measurements
were obtained according to BOUCHARD et al. (2020).

Principal Component Analysis (PCA) was performed
using the R 4.4.1 software (R—-CORETEAM 2024) in RStudio
(version 2024.04.2), the Packages ‘stats’ (version 4.3.1)
for statistical analyses and the ‘ggplot2’ (version 3.4.3) for
graphic representation. PCA analysis was carried out using
standardized data.

Valvae length and width, ends shape, striae density
(LM and SEM), and porte—crayon and central area measures
(SEM) were considered for the statistical analysis of the
following species: F. magnifica (22 valvae), F. aotearoa (3)
(BEIER & LANGE-BERTALOT 2007), F. bahlsii (14) (EDLUND
& BRANT 1997), and F. santaerosae (6) (LANGE-BERTALOT &

STERRENBURG 2004; METZELTIN & LANGE-BERTALOT 2007).
Characteristics with high collinearity that could affect the
model variance were eliminated from the PCA; only valve
width, number of transapical and longitudinal striae in 10 pm,
minimum transapical distance between raphe ribs at the central
nodule, and helictoglossa length were considered.

RESULTS AND DISCUSSION

Frustulia lineata P.C. Ferreira et T.V. Ludwig, sp.
nov. (Figs 1-14)

Description

Light microscopy (Figs 1-8): Valves linear—lanceolate,
with rostrate ends. Valves 23-27.5 pm long, 5.5-6.5 pm
wide (n=11) with a mean length/width ratio of 3.7-4.5.
Scanning electron microscopy (Figs 9-14): Striae tran-
sapical and longitudinal parallel throughout, transapical
striae 40 in 10 pm, longitudinal striae 40—44 in 10 um,
circumpolar striae present (Fig 10, 13). Axial area linear
ending in a cuneate hyaline field (Fig 11). Areolae open
externally through by small circular pores (Figs 11-12).
Internally, areolae open through small linear pores (Figs
13—14). External raphe linear, with distal and proximal
T—shaped endings (Figs 11-12). Internal longitudinal
ribs extend from apex to apex, fusing distally with the
helictoglossa, forming the cuneate porte—crayon (Fig 13).
Porte—crayon 0.9—1 um wide, helictoglossa 0.8 um long.
Central nodule slightly constricted (Fig 14), minimum
width 1.3—1.4 pm and maximum width 1.4-1.5 pm.

Etymology: The specific epithet refers to the linear
valvae shape of the species.

Holotype: UPCB! Naphrax slide UPCB76016, Herbarium
of Universidade Federal do Parana (UPCB), Curitiba
municipality, Brazil. Holotype specimen is illustrated
in Fig. 4, circled in slide.

Type locality: Brazil, State of Parand, Piraquara munic-
ipality, Salto river, 25°29'44"S, 48°59"23"W, collected
by R. Garbuio et al. on 09/29/2004.

Habitat: Aerophytic, epipelic, and epiphytic.
Ecology: The new species occurred in acidic water (pH

Table 1. Data of samples in which Frustulia species was found. (Con) = conductivity (uS.cm™), (Temp) = temperature (°C), (Alt) =

altitude (m a.s. 1.)

UPCB  Sampling pH Con Temp Alt Sample Habitat Coordinates Locality
date

49409 07/2004 4.7 20.1 16 825  Aerophytic ~ Bryophyte 26°00°26.0“S Negro River
49°11°11.2“W

76016  09/29/2013 6.2 19.6 155 946 Epiphytic =~ Macrophyte 25°29°44S Salto River
48°5923“W

76017  09/29/2013 6.4 129 112 1063 Epipelic Rock 25°2937“S Carvalho
48°58°38“W River

76056  04/30/2014 6.1 18.7 15 948 Epiphytic Moss 25°29°45.0“S Salto River

48°59°21.9“W
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Figs 1-14. Frustulia lineata P.C. Ferreira et T.V. Ludwig sp. nov.: (1-8) LM valves view, showing morphological variability, (4) holotype spec-
imen; (9—14) SEM, (9) external valve view, (10) internal valve view, (11) external valve view, details of the external raphe with distal T-shaped
endings, (12) external valve view, details of the external raphe with proximal T—shaped endings, (13) internal view of the end, detail of the
porte—crayon and helictoglossae, (14) internal view of the central nodule. Scale bars 10pm (1-8), 5um (9-10) and 2pm (11-14).
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Figs 15-18. Frustulia magnifica P.C. Ferreira et T.V. Ludwig sp. nov.: (15-18) LM valves view, showing morphological variability, (16) holo-
type specimen. Scale bar 10pm.

6.2), associated with macrophytes and rocky substrates.
In aerophytic samples, specimens were found associated
with moss.

Distribution: The species has been found only in the
type locality.

Remarks: Frustulia lineata is mainly characterized by
small linear valves with parallel margins and rostrate
ends. The specimens hereby described and illustrated
are similar to F. marginata Amossé and F. saxonica f.
indica Sarode et Kamat, two small species with rostrate
ends and somewhat lanceolate valvae (Table S1). The
type population of F. marginata was described from
France and is distinguished by the elliptic valve, higher
length (37 um), lower striae density (32 in 10 pm), and
a “longitudinal, submarginal line parallel to the outline”
(AmoOsSE 1932, LANGE-BERTALOT 2001), sharing with
F. lineata, only the valve width, and the ends shape.
The longitudinal submarginal line was documented

by drawing and LM photo no scanning electron mi-
croscopy has been performed to date. Certainly, it is a
displaced connective band, common in some species of
the genus, and not a structure that can be considered a
diagnostic feature. The other records of F. marginata
are in Germany (LANGE-BERTALOT 2001; HOFMANN
et al. 2018), Netherlands (LANGE-BERrTALOT 2001),
Japan (K1HARA et al. 2015), Argentina (FRENGUELLI
1942) and Brazil (TREMARIN et al. 2009; SiLva et al.
2011). The figures and descriptions in this literature
were checked, and the identification corresponded to
F. marginata. The records of Brazil are in catalogs
(TREMARIN et al. 2009, SiLvA et al. 2011), and the fig-
ures are available in BiGunas’ (2005) and DELGADO’s
(2006) master’s dissertations. We reviewed the tax-
onomic identification of the specimens available in
the monographs and concluded that one corresponds
to F. marginata (Cap 3, Fig 3, DELGADO 2006), and
the other is identical to F. lineata sp. nov. (Fig 624,
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Figs 19-24. Frustulia magnifica P.C. Ferreira et T.V. Ludwig sp. nov., SEM: (19) external valve view; (20) internal valve view; (21) external
valve view, details of the external raphe with distal T—shaped endings; (22) external valve view, details of the external raphe with proximal
T-shaped endings; (23) internal view of the end, detail of the porte—crayon and helictoglossae; (24) internal view of the central nodule. Scale
bars 50pm (19), 20um (20) and Sum (21-24).

Bigunas 2005).

Frustulia lineata sp. nov. has much longer
and wider valves and denser longitudinal striae
than Frustulia saxonica f. indica, recorded only for
type—locality in India. Few morphological details are
known, and only one species drawing is available for
SARODE & KAMAT (1984).

Frustulia magnifica P.C. Ferreira et T.V. Ludwig, sp.
nov. (Figs 15-24)

Description

Light microscopy (Figs 15-18): Valves rhombic—lance-
olate, Attenuate—rounded ends (Figs 15-16), sometimes
slightly detached from valve body (Figs 17-18). Valves
179-211 um long, 42.5-45 um wide (n=12) with a mean
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length/width ratio of 4.2-4.6.

Scanning electron microscopy (Figs 19—24): Striae
parallel throughout, transapical striae 16—24 in 10 pm,
longitudinal striae 16—19 in 10 um, circumpolar striae
present (Figs 19, 21). Axial area linear ending in a cuneate
hyaline field (Fig. 21). Areolae open externally through
small circular pores (Figs 21-22). Internally, areolae
larger, circular, and covered by an elevated hymen (Figs
23-24). External raphe linear with distal and proximal
T—shaped endings (Figs 21-22). Internal longitudinal
ribs extend from apex to apex, fusing distally with the
helictoglossa, forming the cuneate porte—crayon (Fig
23). Porte—crayon 4.8-5.6 um wide and helictoglossa 3.6
pum long. Central nodule constricted (Fig 24), minimum
width 4.1-5.8 pm and maximum width 6-7.4 pm.

Etymology: The specific epithet refers to the large size
of the cells of the species.

Holotype: UPCB! Naphrax slide UPCB49409, Herbarium
of Universidade Federal do Parana (UPCB), Curitiba
municipality, Brazil. Holotype specimen is illustrated
in Fig. 16, circled in slide.

Type locality: Brazil, State of Parana, Tijucas do Sul
municipality, Negro River, 25°56'44.0"S, 49°17'04.0"W,
collected by T.F. Neiva on 07/2004.

Habitat: Aerophytic, epiphytic.

Ecology: The new species was associated with Rhacocarpus
inermis (Mill. Hal.) Lindb. The individuals were found
in acidic water (pH 4.7), relatively cold water (16 °C),
with a 20.1 uS.cm™! electric conductivity.
Distribution: The species has been found only in the
type locality.

Remarks: Frustulia magnifica is one of the largest taxa
of the genus. Few species have valve lengths greater than
200 pm, including F. aotearoa Lange—Bertalot et Beier
(BEIER 2007), F. bahlsii Edlund et Brant (EDLUND &
BRANDT 1997), F. rhomboides f. occidentalis Sovereign
(SOVEREIGN 1963), and F. sanctaerosae Lange—Bertalot
et Sterrenburg (LANGE-BERTALOT & STERRENBURG 2004)
(Table S2). The characteristic that best distinguishes F.
magnifica is the range of valve width dimensions (42.5—45
pum), the minimum width limit is higher than that of any
other species mentioned in Table S2. Frustulia aotearoa
differs by having obtusely rounded ends not detached
from the valve body (LM), smaller measurements of
valve width (25-38 um), parallel, becoming subparallel
to slightly convergent towards the ends, higher density of
transapical (25-26/10 pm) and longitudinal striae (22-24
in 10 um), slightly smaller porte—crayon (4.2—4.3 pm),
longer helictoglossa (5 um) and smaller maximum rib
width (5 pm) in the central area (BEier 2007). F. rhom-
boides f. occidentalis differs in its much smaller width
(30-32 pm) (SOVEREIGN 1963). However, comparisons
are restricted because the description of F. rhomboides
f. occidentalis is very succinct, and no illustrations
were provided. So far, it has not been possible to find
other descriptions or illustrations of the species in the

PC2 (30.66%)

0(5)0

PC1 (50.16%)

Fig 25. Principal components analysis (PCA) on the morphological
characteristics (valve width, number of transapical and longitudinal
striae in 10 pm, minimum transapical distance between raphe ribs at the
central nodule, and helictoglossa length) of four Frustulia species (o F.
aotearoa, A F. bahlsii, o F. sanctarosae and ¢ F. magnifica sp. nov.).

literature. The similar F. bahlsii differs from F. magnifica
mainly by the spatulate shape and smaller measurements
(2.9-4.1 pm) of the porte—crayon, smaller valve width
(24-34 pm), higher length/width ratio (4.8-5.6), denser
transapical striae (20-26/10 pm), shorter length of helic-
toglossa (2.9-3.5 um) and smaller maximum rib width
(5.4-5.8 um) in the central area (EDLUND & BRANDT
1997; BOUCHARDT et al. 2020).

Frustulia sanctaerosae differs from F. magnifica
by having higher density of transapical striae (25-28 in
10 um), lower density of longitudinal striae (12—15 in
10 um), smaller valve width (26-32 pm), and smaller
measures of porte—crayon (3.3—4.1 um) (LANGE-BERTALOT
& STERRENBURG 2004; METZELTIN & LANGE-BERTALOT
2007).

The PCA analysis (Fig. 25), with 80.79% of
explanation, clearly distinguished four similar species:
F. aotearoa, F. bahlsii, F. magnifica sp. nov., and F.
sanctaerosae. Frustulia rhomboides f. occidentalis
was not considered due to a lack of data. The statistical
variations of the analyzed data showed that F. magnifica
sp. nov. is distinct from the other four related Frustulia
based on valve width and helictoglossa length.

Regarding the geographic distribution of larger
species (length with maximum limit = or greater than
200 um) Frustulia aotearoa and Frustulia rhomboides
f. occidentalis were registered only in their type locality,
respectively, New Zealand (BEIER 2007) and the USA
(SOVEREIGN 1963).

Frustulia sanctarosae was registered in the type
locality, in the state of Florida, USA, and it is assigned
as a fossil species (LANGE-BERTALOT & STERRENBURG
2004). In addition, it was found in samples from Hustedt's
collection, from Lake Jurucui, state of Para, Brazil
(METZELTIN & LANGE-BERTALOT 2007).

Frustulia bahlsii has a broader distribution, with
records in Europe, North America, and South America
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(EDLUND & BRANT 1997; LANGE-BERTALOT 2001; SIVER
& BASKETTE 2004; METZELTIN & LANGE-BERTALOT 2007;
SIVER & HAMILTON 2011; BoucHARD et al. 2020). The
only register of . bahlsii from Brazil is the one registered
in the catalog of TREMARIN et al. (2009). The sample
collected in Tijucas do Sul city was reanalyzed in the
present study. The specimens found were studied under
LM and SEM. We concluded that these specimens were
not F. bahlsii but rather F. magnifica sp. nov. the new
species proposed here. Consequently, the register of £
bahlsii does not occur in Brazil.
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