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Abstract: Monactinus biwaensis (Negoro) Matsuoka et Kayama was described as a new species in 1954 as Pe-
diastrum biwae Negoro from Lake Biwa in Central Japan. This species is characterized by projections from adjacent
marginal cells that either face each other or diverge. However, there was also the view that P. hiwae was not an inde-
pendent species but rather a variety of P. simplex as P. simplex var. biwaense. Subsequently, no other water systems
yielded Pediastrum species with this morphology, and P. hiwae was long considered endemic to the Lake Biwa—Yodo
River system. Measurement of the side ratio of marginal cells in Monactinus simplex collected from Lake Biwa and
molecular phylogenetic analysis revealed that M. biwaensis and M. simplex are clearly distinguishable. This result
strongly suggests that two morphologically similar species, M. simplex and M. biwaensis occur in Lake Biwa at pres-
ent. Fossils of M. biwaensis have been found in the Ayama Formation of the Late Pliocene Kobiwako Group and in
the Ma0 Member of the Early Pleistocene Osaka Group, leading to the assumption that this species was endemic to
Lake Biwa—Yodo River System. However, M. biwaensis was also found in the Middle Pleistocene Karato Formation
on Himeshima Island of Oita Prefecture and in the Sahama Mud Member along the coast of Lake Hamana, which are
distant from the Lake Biwa—Yodo River System. In addition to this, M. biwaensis has also been observed in surface
sediments from Harima Nada and Isa Bay, both located outside the Lake Biwa—Yodo River System. Furthermore, M.
biwaensis occurs in other countries outside Japan, primarily in the Southeast Asian region. Taken together, these find-
ings clearly indicate that M. biwaensis is not endemic to the Lake Biwa—Yodo River System.

Key words: Karato Formation, Lake Biwa—Yodo River System, Monactinus simplex, non-endemic species,
Pediastrum biwae, Sahama Mud Member

Introduction

Various palynomorphs, which are composed of organ-
ic-walled microfossils, are preserved in lake and marine
sediments. The Pediastrum s.1. group is one of these paly-
nomorphs and is used to reconstruct paleo sedimentary
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environments. This group, previously collectively termed
Pediastrum, has been subdivided into at least six genera
(Pediastrum Meyen, Stauridinium Gorca, Monactinus
Gorca, Parapediastrum E.Hegerald, Pseudopediastrum
E.Hegerald, Lacnastrum H.A.McMnus) based on re-
cent molecular phylogenetic and morphological analyses
(McManus et al. 2011, McManus & Lewis 2005). The ge-
nus Monactinus, characterized by a single projection on
its marginal cells of coenobia, is also a member of Pe-
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diastrum s.1., and consists of Monactinus simplex (Meyen)
Corda, M. biwaensis (Negoro) Matsuoka & Kayama, and
M. asymmetricus (Yamagishi & E.Hegewaid) E.Hegewald
(Guiry & Guiry 2016). M. biwaensis was first described
as a new species in 1954 by Negoro as Pediastrum bi-
wae originating from Lake Biwa. This species is charac-
terized by projections from adjacent marginal cells that
either face each other or diverge. However, several authors
considered P. hiwae not an independent species but rather
a variety of Pediastrum simplex Meyen, as P. simplex var.
biwaense (sic) (Fukushima 1956, Naselli-Flores & Barone
2011). Subsequently, no other drainage systems yielded
Pediastrum s.1. with this morphology, and so Pediastrum
biwae Negoro was long regarded as endemic to the Lake
Biwa—Yodo River system, until recently. Re-examining
reports identifying specimens from Korea (Kim & Kim
2012), the Philippines (Martinez-Goss et al. 2016), Thai-
land (Prasertsin et al. 2018), Malaysia (Khaw et al. 2020),
India (Naidu et al. 2018), and Brazil (Loaiza-Restano 2013)
as Pediastrum simplex based on the characteristic “oppos-
ing or diverging projections from adjacent marginal cells”,
it became clear that all these specimens could be consid-
ered P. biwae without contradiction (Kayama et al. 2025).
Furthermore, when a phylogenetic tree was constructed in-
cluding the Malaysian specimen for which molecular phy-
logenetic data had been published, it became clear that this
specimen belongs to the clade of M. biwaensis (Kayama
et al. 2025). However, these were only occurrence reports
and did not provide any biogeographical background.

In the paleontological sense, Pediastrum s.. are one
conspicuous member of the aquatic palynomorphs and
have been recovered as fossils from various strata of dif-
ferent ages (e.g., Wilson & Hoffmeister 1953, Nasu 1971,
Singh & Khanna 1976, Matsuoka & Hase 1977, Harada
1984, Zamaloa & Tell 2005, El Noamani & Saleh 2018).
Pediastrum biwae has also been recorded as fossils from
the Pliocene Kobiwako (Paleo-Biwa) Group in Japan
(Nasu 1971). However, it is necessary to confirm the mor-
phological characteristics of the fossil M. biwaensis in or-
der to correctly identify the species using the morphomet-
ric characteristics mainly of its marginal cells. For this
purpose, we collected surface sediments from Lake Biwa,
Osaka Bay, Harima-Nada of the Seto Inland Sea, and Ise
Bay and examined morphological changes after palyno-
logical processing, because these Pediastrum s.l. fossils
can survive after palynological treatment using HCI and
HF. Also, M. biwaensis has been thought to be found only
in Lake Yogo (located north of Lake Biwa), Lake Biwa, in
ponds and marshes near Nara, and in ponds and marshes in
Senriyama of Osaka, and these localities were considered
to belong to the Lake Biwa—Yodogawa River System of the
central part of Japan from a viewpoint of paleodrainage
connectivity (Negoro 1959, Nasu 1971).

In this paper, we will also consider whether M.
biwaensis is endemic to the Lake Biwa—Yodo River Sys-
tem or not based on morphometric data of marginal cells

of fossils collected from surface and consolidated sedi-
ments and molecular phylogenetic analysis.

Materials and Methods

Sampling location

Plankton samples yielding Monactinus biwae and M.
simplex were collected at several different sites in Lake
Biwa using a plankton net with 20 gm or 41 xm mesh size.

The surface sediment samples were collected with a
gravity TFO corer type B (Rigosha, Tokyo, Japan) and
an Ekman-Birge bottom sampler (Rigosha, Tokyo, Japan)
from sites in Lake Biwa, Osaka Bay, Harima-Nada of the
Seto Inland Sea and Ise Bay (Table 1). The consolidated
sediments, referred to the Karato Formation in Himeshima
Island, Oita Prefecture were also provided for extracting
palynomorphs including fossil Pediastrum s.1.

The Karato Formation is composed with the marine and
freshwater sediment layers accompanied with several teph-
ra beds (Naya et al. 2024), and is contained within the Ear-
ly to Middle Pleistocene in terms of geologic age (Mizuno
2018). This formation is divided into lower, middle and
upper parts (Naya et al. 2024) and several mud samples
were collected from the marine and freshwater mud layers
located in the middle parts.

Living specimens of Monactinus simplex were collected
from Nishinoko of Lake Biwa and M. simplex var. echinu-
latum (Wittrock) Pérez, Maidana & Comas from the eco-
logical observation pond at the Lake Biwa Museum. The
strain of M. simplex was established using this collected
specimen assigned the identifier SeedBank 25000-1.

These sampling locations are shown in Fig. 1 and Table 1.

Palynological analysis

For understanding how Pediastrum s.l. algae remain
preserved in sediments as fossils, the top 2 cm of the sedi-
ment cores collected off western Chikubu-shima Island
in Lake Biwa, southwest of the mouth of Yodo River of
Osaka Bay and south of the mouth of Ichikawa River of
Harima Nada, and the center of Ise Bay were used for ex-
tracting palynomorphs, including Pediastrum s.l. remains
using HCI (Hydrogen Chloride, ca. 10% in concentration)
and HF (Hydrofluoric acid, ca. 36% in concentration) at
room temperature for ca. 24 hours. The procedure for ex-
tracting palynomorphs from the consolidated sediments of
the Karato Formation followed the steps below. The sam-
ples were pulverized and dispersed using KOH (potassium
hydroxide) treatment, followed by removal of silicate min-
erals via HF treatment. Subsequently, to concentrate plant
matter, density separation was performed using a ZnCl,
(Zinc chloride) solution with a specific gravity of approxi-
mately 1.9. After CH;COOH (Acetic acid) treatment, cellu-
lose was decomposed and removed via acetolysis treatment
(adding a mixture of concentrated H,SO, (sulfuric acid)
and (CH,CO),0 (Anhydrous acetic acid) in a 1:9 ratio,
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Table 1. Sampling location and sample type.

L Alphabet . . Sampling

Sampling site in Figure 1 Sample type Sampling device date Reference

Lake Biwa Ecological observation pond  A-1 Plankton Plankton net October This study
in the Lake Biwa Museum (41 ym mesh size) 16,2025

Orura Fishing Port A-2 Plankton Plankton net June 10, Kayama et al. 2025
(20 um mesh size) 2022
Nishinoko A-3 Plankton Plankton net  November This study

Off western Chikubu-shima  A-2

(41 ym mesh size) 7,2022
Surface sediment TFO type B corer October Kayama et al. 2025

21,2021 & This study
A Surface sediment Nasu 1971
Southwest of the mouth of Osaka Bay A-3 Surface sediment TFO type B corer This study
Yodo River
South of the mouth of Harima Nada A-4 Surface sediment ~ Ekman-Birge This study
Ichikawa River sampler
Center of the bay Ise Bay A-5 Surface sediment ~ Ekman-Birge This study
sampler
Toyonaka, Osaka Prefecture Senriyama C Ma 0, Osaka Group outcrop Nasu 1971
Off Senshu, Osaka Prefec- Kansai Air port C Ma 8?, Osaka core sediments Harada 1983
ture Group
Northern part of Nara Saho Kyuryo C Ma 1, Osaka Group outcrop Matsuoka 1972
Prefecture
Off Kunisaki peninsula, Himeshima D-6 Karato Formation outcrop This study
Oita Prefecture
Western part of Shizuoka Lake Hamana D-7 Sahama Mud outcrop Matsuoka & Hase
Prefecture Member 1977
South part of Shiga Pre- Yubune Tuff B Lower member, outcrop Nasu 1971
fecture Kobiwako Group

followed by heating in a water bath for 1 minute). After
neutralizing with pure water, refined materials for light
microscopic (LM) study were prepared by sieving with a
screen mesh with 10 um opening size. When broken coe-
nobia were encountered, these specimens were recorded if
these were identified as each species using the criteria in
this article.

Observation under light microscope

From plankton and sediment samples, living and fossil
coenobia of Monactinus biwaensis and M. simplex were
observed with an upright NIKON ECLIPSE E600 light mi-
croscope (Nikon, Japan) and photographs were taken using
a NIKON Digital Camera DS-5Mc (Nikon, Japan).

Morphological analysis of fossil materials

Since the morphology of the marginal cell is one of
the important characteristics for differentiating M. bi-
waensis and M. simplex (many of these algae were origi-
nally named Pediastrum simplex), we measured the length
of sides of marginal cells to determine the morphometric
characteristics of these species, as shown in Figs. 2 and 3.
Since M. simplex and M. biwaensis have a single projec-
tion, the outer edges of the projection and the marginal cell

were combined to form two side lines. The lengths of these
two lines were measured to obtain the ratio of the two
sides (hereafter called “side ratio”). However, because the
sides facing the projection of M. biwaensis and M. simplex
var. echinulatum were bent in the middle, they were divid-
ed into two parts as shown in Fig. 3 (-4, -6). To determine
the ratio per coenobium, at least three peripheral cells were
measured and the average value was calculated.

Fossil coenobia did not usually show a complete mor-
phology like planktonic living forms. When coenobia were
broken, deformed and bent, marginal cells properly pre-
served were selected for morphometric measurement. In
such cases, measurement of the side ratio was less than
three cases as shown in Fig. 4 (-1, -3, -4, -5, -6). For clari-
fying the morphological differences between M. simplex
and M. biwaensis, the ratio of sides of marginal cells of
these fossil species were measured and analyzed. The side
ratio of marginal cells of M. simplex coenobia of plank-
ton in Lake Biwa (Fig. 2 [-1, -2, -3]) and fossil coeno-
bia from the surface sediments of Osaka Bay (Fig. 4-1)
were measured. For M. biwaensis, the length of sides of
marginal cells of the specimens preserved in surface sedi-
ments of Lake Biwa, Osaka Bay, Harima-Nada and Ise Bay
were measured (Fig. 4 [-3, -4, -5, -6]). Fossil M. biwaensis
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Fig. 1. Sampling locations and occurrence reports of Monactinus biwaensis and M. simplex in the present study. A, white line showing
the area of the drainage of the Lake Biwa—Yodo River System, Locations of the ecological observation pond in the Lake Biwa Museum (1),
Oura Fishing Port (2), and Nishinoko (3) @); Locations of surface sediments (4—6) 4p; Locations of reported occurrence of fossil Monactinus
{>. B, Occurrence site of fossil M. biwaensis in the Kobiwako Group (Nasu 1971) on the paleo-geographic maps of Sugiyama (1991). C,
Occurrence sites of fossil M. biwaensis and M. simplex in the Osaka Group (Nasu 1971, Matsuoka 1972; 1976, Harada 1984) on the paleo-
geographic maps of Sugiyama (1991). D, Occurrence sites of Monactinus biwaensis outside of the Lake Biwa—Yodo River system ¥, 7
Occurrence sites of fossil M. biwaensis from the Karato Formation in Himeshima Island, Oita Prefecture @. 8 Occurrence sites of fossil M.
biwaensis of Sahama Mud Member from Lake Hamana, Shizuoka Prefecture @.

Fig. 2. 1, Living plankton identified as Monactinus simplex collected from Nishinoko, Lake Biwa, 2-3; Monactinus simplex var.
echinulatum collected from the ecological observation pond in the Lake Biwa Museum, 4-6, Living plankton of Monactinus biwaensis col-
lected at Oura Fishing Port, northern part of Lake Biwa. Scale bar 20 um.
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Monactinus simplex (Fig. 3-1) ; 1 =1’ (side ratio; 0.95)
Monactinus simplex var. echinulatum (Fig. 3-3); 1+2 = 1'+2’ (side ratio; 0.95)
Monactinus biwaensis (Fig. 3-5); 142 > 1" + 2 (side ratio; 0.8)

Fig. 3. Specimens from which the side ratios were measured. 1; Monactinus simplex (Plankton) collected from Nishinoko, Lake Biwa,
2; Lines measured on marginal cells of Monactinus simplex, 3; Monactinus simplex var. echinulatum (Plankton) collected from the ecologi-
cal observation pond in Lake Biwa, 4; Lines measured on marginal cells of Monactinus simplex var. echinulatum, 5; Monactinus biwaensis
(plankton) collected from the Oura Fishing Port, northern part of Lake Biwa, 6; Lines measured on marginal cells of Monactinus biwaensis.
Scale bar 20 ym.

Fig. 4. Measurement of the side ratio of marginal cells indicated with dotted ellipsoidal or circular lines, 1; Monactinus simplex deformed
(fossil, surface sediment of Osaka Bay), 2; Monactinus simplex var. echinulatum (living form, Ecological observation pond of Lake Biwa
Museum), 3; Monactinus biwaensis, arrows indicating shrunk protoplasts (fossil, surface sediment of Harima Nada), 4; Monactinus biwaensis
(fossil, surface sediment of Lake Biwa), 5; Monactinus biwaensis fragmented (fossil, surface sediment from Osaka Bay), 6; Monactinus
biwaensis, arrows indicating shrunk protoplasts (fossil, surface sediment from Ise Bay). Scale bar 20 ym.
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Fig. 5. Fossil specimens of Monactinus biwaensis collected from the Early to Middle Pleistocene Karato Formation on Himeshima Island,
Oita Prefecture. Dotted ellipsoidal lines showing characteristics of marginal cells of Monactinus biwae. 1;220111-1 D11 U34/2,2;220111-1
D11 P32/4,3;220111-1 D11J39/2,4;220111-1 D11 E37/3, positions on the mount slide (220111-1 D11) were indicated with England Finder.

Scale bar 20 ym.

Fig. 6. Fossil specimens of Monactinus biwaensis reported from various locations. 1; Illustration of Monactinus biwaensis (as Pediastrum
biwae) from Ma0 Member of the Osaka Group (Fig. 2-1, 2 of Nasu 1971). 2; Tllustration of Monactinus biwaensis (as Pediastrum biwae
var. triangulatum) from the surface sediments of Lake Biwa (Fig. 2-2, 3 of Nasu 1971). 3; Monactinus simplex from the Mal Member of the
Osaka Group, north of Nara City (Fig. 12 of Matsuoka 1972), 4; Monactinus biwaensis (as Pediastrum biwae) from the Ma8? Member of
the Osaka Group (P1. 3, fig. 1 of Harada 1984), 5; Monactinus biwaensis (as Pediastrum biwae) from the Ma8? Member of the Osaka Group
(PL 3, fig. 2 of Harada 1984), SEM photograph showing granular ornaments (dotted ellipsoidal line), 6; Monactinus biwaensis from the Mal
Member of the Osaka Group, north of Nara City (Fig. 3 of Matsuoka 1972). Dotted circular or ellipsoid lines showing characteristics of mar-
ginal cells of M. biwaensis and M. simplex. Scale bar 10 um except for Fig. 5-5. Scale bar 5 um for Fig. 5-5.

observed in the Karato Formation were also provided for
morphometric analysis (Fig. 5). Several studies that re-
corded M. biwaensis (as P. biwae) have been published ac-
companied with some microphotographs and illustrations
[Nasu 1971 (Fig. 6 [-1, -2]), Matsuoka 1972 (Fig. 6 (3, -6)),
Harada 1984 (Fig. 6-4), Matsuoka & Hase 1977 (Fig. 7)].
The side ratio of marginal cells of these fossil coenobia
were also measured, when properly shown in the photo-
graphs as suggested above.

DNA extraction and molecular phylogenetic analysis

Some specimens of Monactinus simplex uniquely iden-
tified as SeedBank 25000-1 (Fig. 2-1) that were collected
from Nishinoko in Lake Biwa were used for molecular
phylogenetic analysis. Total DNA of the strain was ex-
tracted using a Wizard® Genomic DNA Purification Kit
(Promega Co. Ltd., USA) following the manufacturer’s
instructions. PCR amplifications were performed using
KOD-plus-Ver2 (TOYOBO Co. Ltd., Osaka, Japan) and
two primer sets: LSU (26S) rDNA gene (5-GCATATCAA
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Fig. 7.

Fossil specimens re-observed from the Sahama Mud Member of the Hamamatsu Formation. 1; Monactinus biwaensis (as

Pediastrum simplex var. duodenarium (Reproduction from P1. 46, Fig. 6 in Matsuoka & Hase 1977), 2; Monactinus biwaensis (= Pediastrum
simplex var. duodenarium (Reproduction from Pl. 46, Fig. 8 in Matsuoka & Hase 1977), 3; Monactinus biwaensis (as Pediastrum simplex var.
duodenarium (Reproduction from Pl. 46, Fig. 11 in Matsuoka & Hase 1977), 4; Monactinus simplex (= Pediastrum simplex var. duodenarium
(Reproduction from PI. 46, Fig. 7 in Matsuoka & Hase 1977), 5; Monactinus simplex (= Pediastrum simplex var. duodenarium (Reproduction
from PI. 46, Fig. 12 in Matsuoka & Hase 1977). Dotted ellipsoidal or circular lines showing characteristic marginal cells, the side ratios of
which were measured in this study. Scale bar 20 um. Reproduction from Pl. 46, Figs. 6, 7, 8, 11, 12 in Matsuoka & Hase 1977, with permis-
sion from The Palaeontological Society of Japan. (O The Palaeontological Society of Japan.)

TAAGCGGAGGA-3, 5-TCCCCTTGTCCGTACCAGT-3
Buchheim et al. 2005), and internal transcribed spacer 2
(ITS2) region gene (5-CGATACGTAGTGTGAATTGC-3, 5-
GAGGGTACTTCTATAGACTACAATTCTCC-3; Kayama
et al. 2025). PCR amplification was conducted for 30 cy-
cles with a denaturation step at 96°C for 30 s, an annealing
step at 46°C for 20 s, and an elongation step at 68°C for
5 min.

For the strain of Monactinus simplex, the LSU rDNA
and ITS2 region were examined. These gene sequences
were aligned with available sequence data for the Hydro-
dictyaceae extracted from the GenBank nucleotide data-
base using MAFFT (Katoh & Standley 2013). Ambigu-
ously aligned sites were removed manually using BioEdit
(Hall 1999). The LSU rDNA and ITS2 region dataset com-
prising 17 taxa and 2161 sites were used for construct-
ing phylogenetic trees. Three datasets were subjected to
phylogenetic analysis using IQ-TREE 3.0.1 (Nguyen et al.
2015), under the TN+F+I+G4 model with 100 bootstrap
replicates.

Results

The relationship between Monactinus biwaensis and
Monactinus simplex based on the molecular phyloge-
netic trees

Monactinus simplex collected from Nishinoko in Lake
Biwa for determination of the LSU rDNA and ITS2 regions
were provided to make phylogenetic trees together with
three strains of M. biwaensis (GenBank Accession No.
LC740460, LC773701, LC740459, LC773703, LC740458,
and LC773703). As a result, M. simplex was included in the
cluster of Monactinus, as shown in Fig. 8. The Monactinus
simplex clade was clearly separated from M. biwaensis. In
the M. simplex clade, two subclades were formed the M.
simplex SeedBank 25000-1Subclade and the M. simplex
UTEX Subclade.

In the molecular phylogenetic tree, the Monactinus clade
was differentiated from the other clades of Pediastrum s.l.
Within the Monactinus clade, M. biwaensis and M. simplex
(SeedBank 25000-1, UTEX LB1601 and UTEX 1601) were
clearly separated (bootstrap value=100%; Fig. 8).
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Fig. 8. Maximum likelihood tree of LSU rDNA and ITS rDNA

gene sequences of Monactinus species. The tree was inferred with 1Q-

TREE 1.6.12 under the TN +F+1+G4 model. Bootstrap values =50 are shown on branches. Light yellow color indicates the Biwaensis clade

and Light green color indicates the Simplex clade.

Consequently, M. biwaensis and M. simplex are also
considered independent species from each other based on
the molecular phylogenetic analysis. The M. simplex strain
(SeedBank 25000-1) is also different from the M. simplex
strains (UTEX LB1601 and UTEX 1601).

Remains of Pediastrum s.l. preserved in sediments after
palynological analyses

After removing calcareous and silicate sediment par-
ticles palynologically, various palynomorphs, including
coenobia of Monactinus biwaensis, were observed in the
surface sediments listed in Table 1. Fossil Pediastrum s.1.
were also observed without any size differences between
two the different methods used for extracting from the
unconsolidated surface sediments and consolidated sedi-
ments from the Karato Formation.

Off the western coast of Chikubu Island, several chloro-
phyceaen fossils like M. biwaensis, M. simplex, Xanthid-
ium hastiferum var. javanicum (Nordst) Turner, Tetraedron
gracile (Reinsch) Hansgirg, and Staurastrum dorsiden-
tiferum var. ornatum Gronblad were preserved in the sur-
face sediments. The samples from Osaka Bay contained
various chlorophycaean fossils, M. biwaensis, M. simplex,
Pediastrum duplex Meyen, Staurastrum doesidentiferum
var. ornatum, Desmodesmus sp., Senedesmus sp., and Bot-
ryococcus braunii Kiitzing accompanied with various ma-
rine and freshwater palynomorphs. In the samples from
Harima Nada, a few chlorophycean fossils, M. biwaensis,

M. simplex and Staurastrum sp. were observed. In the
surface sediments from Ise Bay, several chlorophycean
fossils including M. biwaensis, M. simplex, Pseudope-
diastrum boryanum (Tyrpin) E.Hegewald, Desmodesmus
sp., Senedesmus sp., and Staurastrum sp. were also found.
However, except for the samples from Lake Biwa, the den-
sity of these chrolophycean fossils was rather low. The
densities of the coenobia of M. biwaensis were observed as
follows; Osaka Bay was 1002 coenobia/g of dry sediment,
Harima Nada 47 coenobia/g of dry sediment, 8 coenobia/g
of dry sediment from Ise Bay, and off western Chikubu-
shima in Lake Biwa 5045 coenobia/g of dry sediment.
Some of these coenobia were deformed and broken, but
the morphological characteristic of the orientation of the
adjacent projections from the marginal cells (i.e., whether
they face each other or are separated) was preserved even
in those specimens as shown in Fig. 4 (-3, -4, -5, -6).

Side ratio of the marginal cells of Monactinus biwaensis
and M. simplex

The chemicals used to extract palynomorphs contain-
ing Pediastrum s.l. from modern surface sediments and
consolidated sediments from the Karato Formation and the
Sahama Mud Member differed, so it could not be ruled out
that the extracted palynomorphs vary in size. However, the
side ratio of the marginal cells used to distinguish Mona-
ctinus biwaensis and M. simplex based on morphological
characteristics follows a consistent ratio, meaning it is not
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affected by changes in coenobia size.

The side ratios for the plankton specimens of M. bi-
waensis and M. simplex were 0.8 and 0.95, respectively
(Fig. 3). The side ratios for coenobia of M. biwaensis ob-
tained for surface sediments ranged from 0.64 to 0.85 (Av-
erage 0.74, n=6) for Ise Bay, 0.77-0.89 (Average 0.85, n=
6) for Harima Nada, 0.74—0.82 (Average 0.78, n=6) for
Osaka Bay, and 0.68—0.8 (Average 0.76, n=6) for Lake
Biwa. The side ratio of marginal cells of the fossil coe-
nobia of M. biwaensis recorded in Plio-Pleistocene sedi-
ments ranged from 0.62 to 0.97 (Average 0.82, n=19) for
the Karato Formation, 0.77-0.96 (Average 0.83, n=10) for
the Sahama Mud Member, 0.71-0.95 (Average 0.83, n=
2) for the Ma0 Member of Osaka Group, and 0.85-0.86

(Average 0.86, n=2) of the Ma8? Member of the Osaka
Group. On the other hand, the side ratios for M. simplex
were 0.95-0.97 (Average 0.96, n=6), M. simplex var. echi-
nulatum 0.89—1 (Average 0.95) for Lake Biwa (plankton), 1
(n=1) for a specimen preserved in the surface sediments of
Osaka Bay, 1-0.87 (Average 0.96, n=>5) for the Pleistocene
Sahama Mud Member, and 0.94 (Average 0.94, n=3) for
the Mal Member of the Osaka Group (Table 2).

Discussion

Legitimacy of Monactinus biwaensis

Monactinus biwaensis (=Pediastrum biwae) was once

Table 2. Ratio of the two sides of the marginal cells of living and fossil Monactinus biwaensis and Monactinus
simplex. The average of the side ratio of living M. simplex and M. biwaensis collected from Lake Biwa, the type

locality, is significant with a p-value<<0.01.

Side ratio of marginal cells of Monactinus biwaensis in plankton

Kayama et al. 2025 0.73-0.88
Side ratio of marginal cells of Monactinus biwaensis in surface sediments

Isa Bay (n=6) 0.74

Harima Nada (n=6) 0.85

Osaka Bay (n=6) 0.78

Lake Biwa (n=6) 0.76
Range 0.74-0.85

Side ratio of marginal cells of fossil Monactinus biwaensis
Karato Formation (n=19) (Eraly to Middle Pleistocene, This study) 0.82
Sahama Mud Bed (Middle Pleistocene, Matsuoka & Hase 1977)

Pl 46 Fig. 6 (n=4) 0.86

Pl 46 Fig. 8 (n=3) 0.85

PI. 46 Fig. 11 (n=3) 0.8

Karato Formation (n=19) (Eraly to Middle Pleistocene) 0.82

Osaka Group (n=2) (Ma0; Late Pliocene, Nasu 1972) 0.83

Osaka G roup (n=2) (Ma8?; Middle Pleistocene, Harada 1984) 0.86
Range 0.8-0.86
Side ratio of marginal cells of Monactinus simplex including var. echinulatum in plankton

Kayama et al. 2025 0.97

Lake Biwa (n=3) Monactinus simplex var. echinulatum 0.96

Lake Biwa (n=3) Monactinus simplex 0.95
Range 0.95-0.97
Side ratio of marginal cells of Monactinus simplex in surface sediments

Osaka Bay (fossil) n=1 1
Range 1
Side ratio of marginal cells of fossil Monactinus simplex

Sahama Mud Bed (Middle Pleistocene, Matsuoka & Hase 1977)

Pl. 46 Fig. 7 (n=4) 0.92

Pl 46 Fig. 12 (n=1) 1

Osaka Group (Mal, Early Pleistocene, Matsuoka 1976) 0.94
Range 0.92-1
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considered to be a variety of P. simplex as Pediastrum
simplex var. biwaense (sic) even before its description as
a new species (Mizuno 1952, Fukushima 1956). Further-
more, even after its description, it has been noted that
some specimens hardly observed the characteristic mor-
phological feature of Monactinus biwaensis projections of
marginal cells that either face each other or are separated.
Tanaka (2022, p. 588) mentioned that intermediate forms
between M. biwaensis and M. simplex sometimes inhabit
Japanese freshwater fields. However, the method to mea-
sure the ratios of the marginal cells can affect the quan-
tification of this characteristic morphology. In plankton
samples collected from the ecological observation pond at
the Lake Biwa Museum, a different morphotype character-
ized by having short and fine spines on the cell surface of
M. simplex was observed. This morphotype is identical to
Monactinus simplex var. echinulatum and its side ratio val-
ues were 0.89—1. Therefore, the side ratios of M. simplex,
including M. simplex var. echinulatum and M. biwaensis,
were measured as 0.95 and 0.8 average, respectively. From
the view point of the molecular phylogenetic analysis, M.
biwaensis and M. simplex formed distinct clades in the
Monactinus lineage as shown in Fig. 8.

In conclusion, M. biwaensis and M. simplex (SeedBank
25000-1) are independent species based on both the mor-
phological and molecular phylogenetic analyses.

Lake Biwa—Yodo River System

Lake Biwa receives inflows from the Yogo River, which
originates from Lake Yogo to the north, as well as the Ane
River, the Yasu River, the Ado River, the Hino River, and
the Echi River. Lake Biwa's waters flow out through the
Seta River, the Uji River, and then the Yodo River into
Osaka Bay. Along this route, the Uji River, the Katsura
River, and the Kizu River converge in the southwestern
Kyoto Basin to form the Yodo River. Therefore, the Lake
Biwa—Yodo River system refers to the watershed that en-
compasses Lake Biwa and the Yodo River and their tribu-
taries, including Shiga Prefecture; the Iga-Ueno Basin in
Mie Prefecture; the Muro Mountains and Yamato High-
lands in Nara Prefecture (for the Kizu River); the Kyoto
and Kameoka basins in southern Kyoto Prefecture (for
the Katsura River); northeastern Osaka Prefecture (for the
Yodo River); and the eastern part of Hyogo Prefecture.
However, when discussing whether M. biwaensis might be
endemic to Lake Biwa or not, attention should be focused
on the sediments preserved in the basins along the Seta
River, the Uji River, and the Kizu River. This is because
the drainage basin evolution of ancient Lake Biwa, which
connects to the present-day lake, unfolded within these
three river basins. The lower part of the Ueno Formation
of the Kobiwako Group was formed in the Ueno Basin
in the upper Kizu River, the middle part of the Gamo
Formation of the Kobiwako Group was formed along the
present-day Yasu and Echi Rivers, and the upper part of
the Katata Formation was formed in an aquifer of the Ado

River (Satoguchi 2017). Therefore, examining the strata
preserved in the paleo-basins of the Seta, Uji, Kizu, Yazu,
Ado, and Echi rivers is crucial for understanding the prov-
enance of M. biwaensis.

Occurrence of Monactinus biwaensis in Japan

Pediastrums biwae as M. biwaensis has been reported
from waters of the Lake Biwa—Yodo River system (Negoro
1959, Nasu 1971). According to Negoro (1959), the drain-
age system around Lake Biwa is as follows: Lake Yogo,
the Yogo River, Lake Biwa, the Seta River, the Uji River,
the Yodo River and finally into Osaka Bay as shown above.
However, M. biwaensis has also been listed from the fol-
lowing locations: southwestern part (Banshu) of Hyogo
Prefecture (Imazu 1973), Regulation Pond of Isahaya
Reclamation in Nagasaki Prefecture (Ishizaki et al. 2001,
2002), and Hitokura Dam (Japan Water Agency Kansai
Yoshinogawa Branch Yodogawa Headquarters Hitokura
Dam Management Office 2020) at present. Although these
occurrence reports were not accompanied by any descrip-
tions, photographs, or drawings, but rather were only
included in lists of species, these lists suggested that M.
biwaensis is distributed outside of the Lake Biwa—Yodo
River system. The Plankton Guidebook provided by the
Institute of Biology of Yokkaichi University suggests that
M. biwaensis (P. biwae), which was previously regarded as
an endemic species to the Lake Biwa—Yodo River System,
is now found in various water bodies nationwide (https://
web.yokkaichi-u.ac.jp/bio/zukan/pediastrum-biwae/).
However, this statement needs further explanation, be-
cause the recent expansion of M. biwaensis in Japan is
probably not natural but rather due to anthropogenic ac-
tivities. Since more than one hundred years ago, larvae of
sweetfish (Ayu) inhabiting Lake Biwa have been commer-
cially moved to other regions (Imura 2013). At that time,
the larvae of sweetfish were transported together with the
water of Lake Biwa, which possibly contained small phy-
toplankton including, M. biwaensis.

Occurrence of Monactinus biwaensis outside of Japan

There are several reports of the occurrence of Pe-
diastrum biwae outside of Japan. The following specimens
seemed to be identical to M. biwaensis (=P. biwae); Ko-
rea (Kim & Kim 2012), the Philippines (Martinez-Goss et
al. 2016), Cambodia (Yamagishi & Hirano 1973), Thailand
(Prasertsin et al. 2014), north-eastern coast of India (Jena
& Adhikary 2011), the south-eastern coast of India (Naidu
et al. 2018), Turkey (Baykal et al. 2004), and San Paulo
district of Brazil (Loaiza-Restano 2013) (Fig. 9). Among
these reports, a Malaysian strain shown in Fig. 4 F6 by
Khaw et al. (2020) is noteworthy, because a morphologi-
cal feature and molecular phylogenetic analysis was per-
formed. The side ratio of marginal cells of the Malaysian
strain is nearly 0.88, which suggests this strain is identical
to Monactimus simplex or M. biwaensis. Actually, Khaw et
al. (2020) finally identified this strain as P. simplex. How-
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Fig. 9. Distribution of Monactinus biwaensis (as Pediastrum biwae) in the world including possible records without any illustrations.
@: Drawings or photographs, XX: Species name only. 1 Japan; Negoro (1954), 2 Korea; Kim & Kim (2012), 3 Philippines; Martinez-Goss
et al. (2016), 4 Cambodia; Yamagishi & Hirano (1973), 5 Thailand; Prasertsin et al. (2014), 6 Malaysia; Khaw et al. (2020), 7 North-eastern
India; Jena & Adhikary (2011), 8 South-eastern coast of India; Naidu et al. (2018), 9 Brazil; Loaiza-Restano (2013), 10 China; Xiang et al.
(2021), 11 Turcky as M. simplex var. duodenarium; Baykal et al. (2004), 12 Cuba; Gonzalez (2009).

ever, the Blast analysis suggested this strain (accession no.
MH166739) was identical to Lacunastrum gracillimum
(West & G.S.West) H.A.McManus rather than P. simplex.
However, using the data stored in GenBank (accession no.
MH166739), Kayama et al. (2025) constructed a phyloge-
netic tree based on SSU rDNA and showed that this strain
was clearly included in the Monactinus biwaensis Clade.
Consequently, M. biwaensis has also been observed in sev-
eral places outside of Japan.

Occurrence of Monactinus biwaensis preserved in sur-
face sediments in Japan

The surface sediments off Chikubu shima Island in Lake
Biwa contain numerous M. biwaensis cells and remains in
excellent condition as mentioned previously. The side ratio
of their marginal cells is 0.76 on average. On the other
hand, Nasu (1971) illustrated M. biwaensis (as P. biwae)
extracted from Lake Biwa surface sediments; measuring
the side ratio of marginal cells in that illustration yields
0.8. Therefore, the side ratio of marginal cells in M. bi-
waensis in the sediment of Lake Biwa ranges from 0.8 to
0.76. Some coenobia of M. biwaensis were also recovered
from surface sediments in Osaka Bay. The average side
ratio of marginal cells of the specimens of Osaka Bay was
0.78, which also falls within the range for this species in
Lake Biwa.

Monactinus biwaensis preserved in surface sediments
from Harima Nada and Ise Bay appeared in low concen-
trations, and their marginal cells were small, making it
somewhat difficult to confirm the characteristic facing or
separating arrangement of marginal cells. This seems to be
due to the small size of individual cells, as these coenobia
consist of 32 to 64 cells in total. Even so, the average side
ratios of the marginal cells were 0.74 and 0.85, respec-
tively, which are nearly identical to those of M. biwaensis
from the surface sediments of Lake Biwa. Although only
one specimen of M. simplex was observed in the surface
sediments of Osaka Bay, the side ratio of this specimen
was 1 (Fig. 4-1). Therefore, M. simplex and M. biwaensis
preserved in surface sediments at various locations can
also be distinguished based on the side ratio of their mar-
ginal cells.

Since Osaka Bay is directly affected by the Lake Biwa—
Yodo River system, the rather high abundance of M.
biwaensis remains is not surprising. On the other hand,
the very low density of M. biwaensis is reasonable due to
Harima Nada and Ise Bay being clearly outside the Lake
Biwa—Yodo River system. The presence of M. biwaensis
in these areas indicates that the remains were most likely
transported by the rivers flowing into Harima Nada and Ise
Bay form ponds and/or lakes nearby. Moreover, since these
specimens had contracted cytoplasm, it is highly likely
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that this specimen was deposited immediately on the bot-
tom of Harima Nada, possibly via the Ichikawa River Sys-
tem and Ise Bay (Fig. 4-3, -6). In the case of Harima Nada
this is consistent with the report by Imazu (1973) that P.
biwae (=M. biwaensis) was growing in the Banshu Plain.
Therefore, M. biwaensis is not endemic to the Lake Biwa—
Yodo River system based on this evidence.

Fossil record of Monactinus biwaensis preserved in the
Middle Pleistocene sediments in Japan

Fossil Monactinus biwaensis was also observed from
several different sites in Japan. Nasu (1971) reported the
occurrence of M. biwaensis cited as P. biwae and P. bi-
wae var. triangulatum from several formations, including
the mud layer (Ayama Formation of the Kobiwako Group)
17m below Yubune Tuff (Earliest Pleistocene) in Shiga
Prefecture, the Ma0 Member of the Osaka Group at Sen-
riyama in Osaka Prefecture, and the Mal Member of the
Osaka Group (Middle Pleistocene) at Takano-hara area in
Nara Prefecture.

Harada (1984) reported that the granulate structure on
the cell surface was also preserved on the cell surface of
fossil Pediastrum sp. from the Ma 7 or 8 Member of the
Pleistocene Osaka Group (Middle Pleistocene) suggested
by Nakaseko & Nishiwaki (1984). The SEM observation of
M. biwaensis preserved in the modern sediments of Lake
Biwa showed granules on the cell surface. On the other
hand, M. simplex has reticulated ornaments with spines
on trigonal or tetragonal mesh (Fig. 11 in Kayama et al.
2025). This fine morphological feature suggests that the
Pediastrum sp. of Harada (1984) may be identical to M. bi-
waensis. However, these fossil occurrences from the Plio-
Pleistocene Kobiwako Group and Osaka Group do not di-
rectly prove that M. biwaensis is not an endemic species to
the (paleo-) Lake Biwa—Yodo River System, because these
occurrences are within the (paleo-) Lake Biwa—Yodo River
System.

On the other hand, fossils of M. biwaensis have also
been reported from several locations outside the present-
day Lake Biwa—Yodo River System. These fossils were
recorded from the Karato Formation on Himeshima Island
in Oita Prefecture and the Sahama Mud Member along the
coasts of Lake Hamana, Shizuoka Prefecture. From the
Karato Formation, M. biwaensis, M. simplex and Pseudo-
pediastrum boryanum (Raciborski) Lenarczyk have also
been observed. The average side ratio of fossils of M. bi-
waensis from the Karato Formation was 0.82 on average,
indicating they belong to M. biwaensis rather than M. sim-
plex. According to Mizuno (2018) and Naya et al. (2024),
the depositional age of the Karato Formation is the Early to
Middle Pleistocene.

Matsuoka & Hase (1977) reported the discovery of Pe-
diastrum s.l. fossils from the Sahama Mud Member of the
Middle Pleistocene Hamamatsu Formation which depos-
ited in the coastal area of paleo Lake Hamana. From the
Sahama Mud member, fossil Pediastrum s.l. were identi-

fied as Pediastrum araneosum var. rugulosum (G.S. West)
G.M. Smith, Pediastrum duplex var. coharens Bohlin, Pe-
diastrum boryanum Meneghini, and Pediastrum simplex
var. duodenarium (Bailey) Rabenhorst, and Pediastrum
simplex var. inflatum Matsuoka (Matsuoka & Hase 1977).
Noteworthy variants were P. simplex var. duodenarium,
and P. simplex var. inflatum. This variety was considered
a variety of Pediastrum simplex, distinct from Pediastrum
biwae var. ovatum, because the projection marginal cells
of var. inflatum did not face each other or diverge (PL
46, figs. 1-5 in Matsuoka & Hase 1977). P. simplex var.
duodenarium has a more elongated marginal cell than P.
simplex var. inflatum, and in some specimens, the projec-
tions of the marginal cells were observed to either face
each other or diverge (PL. 46, figs. 6, §, 11 in Matsuoka &
Hase 1977, but some specimens lacked such pronounced
morphological features (Pl. 46, figs. 7, 9 in Matsuoka &
Hase 1977). Therefore, Matsuoka & Hase (1977) identified
these specimens as P. simplex var. duodenarium. At that
time, the characteristics of the projection of the marginal
cell had not been quantified and examined, so in this study,
the side ratio of the marginal cell was newly measured
for these specimens (Fig. 7). The results ranged from 0.86
to 0.80, which is slightly larger than the side ratio for the
marginal cells of M. biwaensis collected from Lake Biwa
and Osaka Bay, but still falls within the range of the side
ratio of M. biwaensis reported to date. As a result, the
specimens shown in Fig. 7-1, -2, -3 (=Pl. 46, figs. 6, 8§, 1lin
Matsuoka & Hase 1977) from the Sahama Mud Member
may be identified as M. biwaensis.

Matsuoka (1972) reported the occurrence of M. simplex,
Psudopediastrum boryanum, and Monactinus sp. from the
Mal Member of the Osaka Group in the Takano-hara area
of Nara Prefecture. Monactinus sp. (Fig. 6-6) was poorly
preserved, making it impossible to measure the side ra-
tio of the marginal cell. However, given its characteristic
slender and asymmetrical marginal cell, it is highly likely
to be M. biwaensis. This suggests that M. simplex and M.
biwaensis might coexist even in the Mal Member of the
Osaka Group.

Thus, M. biwaensis and M. simplex can be distinguished
even in specimens of the genus Monactinus extracted from
Middle Pleistocene consolidated sediments.

The establishment of the Lake Biwa—Yodo River System

Although there is only one example of molecular phy-
logenetic evidence for plankton, Pediastrum, identifiable
as Monactinus biwaensis based on morphological charac-
teristics measured by the side ratio of marginal cells out-
side of Japan, has been recorded extensively in freshwater
habitats ranging from temperate to tropical regions (Khaw
et al. 2020). Furthermore, as stated in the Guidebook pro-
vided by the Institute of Biology of Yokkaichi Universi-
ty, M. biwaensis is now reported from various locations
throughout Japan. From this perspective, it can no longer
be considered an endemic species to the Lake Biwa—Yodo
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River system. However, the occurrence of M. biwaensis
in the Karato Formation and Sahama Mud Member of the
Hamamatsu Formation, which do not belong to the Lake
Biwa—Yodo River system, indicates that this species in-
habited waters outside the Paleo (ancient) Lake Biwa—Yodo
River system at least by the Early-Middle Pleistocene. This
strongly suggests that its presence in waters outside the
modern Lake Biwa—Yodo River system is not solely due to
human factors but is also highly likely to be influenced by
geo-historical factors.

Conclusion

I Monactinus biwaensis, including Pediastrum simplex
var. biwaense (sic), occurred in not only the Lake Biwa—
Yodo River system regions but various other locations in
Japan and the world.

2 Occurrence of fossil Monactinus biwaensis was record-
ed in Plio-Pleistocene sediments of the Karato Forma-
tion and the Sahama Mud Member of the Hamamatsu
Formation which outcropped outside of the present Lake
Biwa—Yodo River drainage system.

3 Monactinus biwaensis is not an endemic species for the
Lake Biwa—Yodo River system on the basis of data from
recent geographical and stratigraphical occurrences.
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