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Abstract: The minute marine multicellular heterokont alga
originally described as “Giraudyopsis stellifer” by P.J.L.
Dangeard, nom. inval., from Atlantic France, was re-isolated
by the germling emergence technique and classified ac-
cording to psaA and psbC sequences. It is genetically similar
(99-100 % identity) to Phaeosaccion multiseriatum R.A.
Andersen, L. Graf et H.S. Yoon recently described from the
NE Pacific, an ephemeral alga of wide geographical distri-
bution. We isolated it also from substratum samples
collected in Korea and the Falkland Islands, where it had
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not been reported previously. Two isolates of similar
morphology from the coast of Chile had the same nuclear
ribosomal SSU sequence but differed from P. multiseriatum
and P. okellyi R.A. Andersen, L. Graf et H.S. Yoon from New
Zealand in psaA and psbC sequences (3—4 % genetic distance).
These two isolates are here described as Phaeosaccion west-
ermeieri sp. nov.. Our isolations of P. multiseriatum and
P. westermeieri are a further demonstration that the germling
emergence technique can reveal microscopic multicellular
benthic algae that are easily overlooked in the field.

Keywords: Antarctosaccion applanatum; biogeography;
molecular-assisted identification; Phaeosaccion collinsii;
taxonomy

1 Introduction

Wynne and Furnari (2014) have pointed out that several taxa
described by PJ.L. Dangeard [Father, Pierre Clement
Augustin Dangeard (1862-1947) and son, Pierre Jean Louis
Dangeard (1895-1970), are frequently confused by phycolo-
gists. Both described many marine and freshwater algae]
were invalidly published because he did not indicate a type
or include a single gathering as required by the International
Code of Nomenclature after 1 January 1958 (ICN Art. 40.1;
Turland et al. 2018). One such designation is “Giraudyopsis
stellifer” P.J.L. Dangeard, a minute ephemeral heterokont
multicellular marine alga from Atlantic France originally
classified in the Phaeophyceae (Dangeard 1966a). Cytolog-
ical, ultrastructural, and biochemical examinations (Billard
1974; Billard et al. 1990; Loiseaux 1967, 1970; O’Kelly and
Floyd 1985) showed that it was not a brown alga. Loiseaux
(1967) referred Giraudyopsis to the “filamentous chryso-
phytes”, but sequence data were required for its precise
classification. However, “Giraudyopsis stellifer” and the genus
designation “Giraudyopsis” P.J.L. Dangeard are invalid as the
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protologue of “Giraudyopsis stellifer” included two gatherings
from France (Guéthary, Pyrénées-Atlantiques and Roscoff,
Bretagne), and a type was not indicated; a genus designation
based on an invalid species designation is also invalid. The
original, correct orthography of the species designation
“stellifer” was generally incorrectly rendered “stellifera” by
subsequent authors. While both are acceptable as botanical
epithets, the choice of the original author has precedence.

Graf et al. (2020) described two strains present in an
algal culture collection (CCMP1308 from the Northeast Pa-
cific and CCMP1666 from New Zealand; Table 1) and identi-
fied originally as Giraudyopsis stellifer and Giraudyopsis sp.,
respectively, as Phaeosaccion multiseriatum R.A. Andersen,
L. Graf et H.S. Yoon and P. okellyi R.A. Andersen, L. Graf et
H.S. Yoon, respectively. Because they did not study material
from Europe, they did not comment on the identity of
Dangeard’s G. stellifer. Phaeosaccion and the new class
Phaeosacciophyceae were based on P. collinsii Farlow, a
macroscopic species with a sac-like habit described in 1882
from the NW Atlantic Ocean, which had likewise initially
been classified in the Phaeophyceae (Farlow 1882). In addi-
tion to P. multiseriatum and P. okellyi, a further strain not yet
identified to species level, designated as Giraudyopsis sp.,
was isolated from Japan and maintained as culture 1862 in
the public culture collection of the National Institute for
Environmental Studies, Japan (NIES, Table 1).

To clarify the identity of the alga studied by Dangeard in
Europe we have re-isolated it at Roscoff, which is one of the
original localities. Here we show, using the two plastid-
encoded markers psaA and psbC, that this alga is identical to
Phaeosaccion multiseriatum, and we provide new records of
the species from Korea and the Falkland Islands. Addition-
ally, we describe a morphologically similar species discov-
ered in Chile, which genetically differs from the closely
related P. multiseriatum and P. okellyi.

2 Materials and methods

Abiotic or biotic substrata from nine localities in temperate
regions (Figure 1, Table 2) were incubated in the laboratory
to stimulate the emergence of macroalgae from the bank of
microscopic stages (“germling emergence”, Peters et al.
2015). Single clonal cultures free of other eukaryotes were
obtained by sub-isolating individual germlings. They were
cultivated in Petri dishes in half-strength Provasoli-enriched
(Coelho et al. 2012) autoclaved natural sea water from
Roscoff, 10-15 °C and natural light near a north-facing win-
dow. Micrographs were taken with a Zeiss Axiovert com-
pound microscope equipped with a Zeiss Axiocam MRC™
camera. The most important strains were deposited in the

no data.

Table 1: Taxa and isolates of Phaeosaccion present in public collections, and accessions of sequences published for them; ND

CAC gene; LHCP

SSsuU psaA psaB psbA psbhC rbcL
gene

Year of Isolator

isolation

Origin

Culture

Taxon

accession

ND

Andersen, RA. MT582120 MT582058 MT582026 MT581992 MT581966 ND

2011
<1991

Little Nahant, Massachusetts

A12843°

Phaeosaccion multiseriatum CCMP 1308°

Phaeosaccion collinsii

HQ710702 MK787194 HQ710597 Z46920°

HQ710646 ND
HQ710557 HQ710645 MT582027 HQ710701

U78034

Norris, R.E.

San Jun Island, Washington, USA

HQ710755 HQ710596 ND

ND

1985 O’Kelly, C.

2005 Kai, A.

CCMP 1666° Leigh, North Island, New Zealand

Phaeosaccion okellyi
Phaeosaccion sp.?

ND

AB365205

ND

ND

AB365204 ND

Awaiji Isl. Iwaya, Awaji Hyogo Japan

NIES 1862¢

3Giraudyopsis sp. in the NIES strain catalog. °Not clear which collection; strain information from GenBank entry. “National Center for Marine Algae and Microbiota, USA, ncma.bigelow.org. “Microbial Culture

Collection at the National Institute for Environmental Studies, Tsukuba, Japan, mcc.nies.go.jp. *Not clear if from this isolate. Used in publication doi: 10.1007/bf00019125.
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Figure 1: New collecting sites of Phaeosaccion multiseriatum (white text)
and P. westermeieri sp. nov. (yellow text); asterisk indicates type locality of
P. westermeieri.

Roscoff Culture Collection (RCC; https://roscoff-culture-
collection.org/) and the Culture Collection of Algae and Pro-
tozoa (CCAP, Gachon et al. 2013) (Table 2).

Permanent microscopic mounts on microscope slides
were prepared using acetocarmine as fixative and dye and
50% Karo™ syrup as embedding medium (Miller and
Ramirez 1994). Herbarium abbreviations follow the Index
Herbariorum (https://sweetgum.nybg.org/science/ih/).

DNA extraction, PCR amplification and Sanger sequencing
techniques were as described previously (Mufioz et al. 2018), the
markers targeted being the nuclear ribosomal small subunit
(18S; our sequences included 1,100 bp at the 5-end and 523 bp
at the 3-end), the plastid-encoded psaA (1,566 bp) and
5'-partial psbC (617 bp), for which there existed previously
generated sequences (Table 1) and we possessed oligonu-
cleotide primers that worked with our isolates (Supple-
mentary Table S1). Sequences were deposited in the public
data base NCBI/GenBank (www.nchinlm.gov) (Table 2).

The newly generated DNA sequences were assembled,
manually aligned, and examined with Se-AI™ v2.0all
(Sequencing Alignment Editor Version 2.0 alpha 11; Rambaut
2002), checked for correctness by inspecting the chromato-
grams, and compared to published sequences by means of
the Basic Local Alignment Search Tool (BLAST) housed at the
United States National Center of Biotechnology Information
(NCBI; Zhang et al. 2000). Phylogenetic trees were calculated
from the plastid-encoded sequences using Maximum Like-
lihood (ML) and Bayesian Inference (BI). ML was executed in
RAXML version 8.2.11 with 1,000 bootstrap replications (BP)
and GTR GAMMA as evolutionary model. RAXML only im-
plements GTR-based models because GTR is the most com-
mon and general model for real-world DNA analysis
(Stamatakis 2014). BI was implemented in MrBayes version
3.2.6, using default settings four MCMC chains, with a chain
length of 1,000,000, subsample frequency of 1,000, and a
burn-in of 10%. (Huelsenbeck and Ronquist 2001). Both
plugins were developed to be executed in Geneious® 11.1.5
(https://www.geneious.com). Analyses were made for each
gene separately, and for an alignment of concatenated se-
quences of the two genes combined.

3 Results

3.1 New isolates of Phaeosaccion
multiseriatum

Phaeosaccion multiseriatum thalli were not directly observed
in field material but appeared in our laboratory cultures after
incubation of ahiotic or biotic substrata (Table 2). Our isolates of
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P. multiseriatum from Roscoff and Korea first developed a
prostrate base, on which erect, initially monosiphonous fila-
ments were formed, consisting of cylindrical cells of 6-8 pm
diameter and the same length (Figures 2-4). Rarely, the up-
rights were branched distally (Figure 3). At maturity, the basal
portions of the erect filaments became wider and multiseriate
(Figure 5), and the cells of the filaments were transformed into
zoids (Figure 6). The zoids developed into thalli showing the
same morphology as their parents. Isolates from the Falkland
Islands had the same morphology except for the more
frequent occurrence of false ramifications (Figures 7-9).

3.2 Phaeosaccion westermeieri A.F. Peters, sp.
nov.

Type locality: CHILE, Valdivia, Pilolcura, Roca Hueca (39°
67,290 S 73° 35,326 W), leg. A.F Peters, A. Montecinos and M.-L.
Guillemin, 26 November 2013 (holotype PC0677387, isotype
PC0677388). Sequence accessions: SSU PP216037 and PP216044,
psaA PP230479, psbC PP230487. Authentic strain CH13-637
deposited as CCAP 2111/2.

A.F. Peters et al.: Phaeosaccion multiseriatum and P. westermeieri sp. nov. =—— 5

Etymology: The specific epithet honours Renato West-
ermeier, Professor Emeritus of Universidad Austral de Chile,
for his contributions to the knowledge of macroalgae and
their mariculture in Chile.

Description: Minute multicellular alga (Figure 10)
attached to the substratum by basal creeping filaments
(Figure 11). Erect filaments unbranched, flexible,
tapering, initially monosiphonous, subsequently showing
longitudinal divisions and becoming wide and multi-
seriate (Figures 10-12). The transition between the
thinner distal and the thicker basal parts of the uprights is
occasionally abrupt (Figure 13). Vegetative cells cylindrical,
from distally 6-8 um in diameter to basally 20 um, and 6-
10 pm in length. All cells may be transformed into hetero-
kont zoids 4 x 6 um in size, containing a plastid with a red
stigma. They are released each through an individual pore in
the cell wall of the loculus (Figure 13). Settled zoids develop
into the same kind of thallus as the parents. The two isolates
of P. westermeieri from Chile showed the same overall
morphology, which is similar to that of P. multiseriatum,
however, we have not observed branching of the erect
filaments.

Figures 2-9: Phaeosaccion multiseriatum,
laboratory culture. (2-3) Strain from Roscoff:
(2) creeping filaments adhering to substratum
(arrowhead) and monosiphonous uprights; (3)
basal filaments forming a small disk
(arrowhead). One of the uprights shows
branching (arrow). (4-6) Germlings from
Korea: (5) reproductive thallus, showing
thicker basal portions of uprights; (6) terminal
part of upright filament transformed into
zoids, two of them released and attached to
empty loculus (arrowheads). (7-9) Thalli from
the Falkland Islands: (7) general habit with
more frequent branching of upright filaments
(arrow); (8) detail of branching, note
continuous pectin layer (arrowhead); (9)
another example of branching, showing that it
can also occur in multiseriate parts of the
thallus.
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3.3 DNA sequence analyses (Supplementary
Tables S2, S3)

The 3-partial SSU sequences (ca. 500 bp) of our five isolates
of P. multiseriatum from France and Korea, the two isolates
of P. westermeieri, as well as the published sequences of
P. multiseriatum, P. okellyi and the strain NIES-1862 were
identical. They differed by five nucleotides from those of
P. collinsii and by seven from Antarctosaccion applanatum
(Gain) Delépine. The 5-partial SSU sequences (ca. 1,000 bp)
were identical in our P. multiseriatum isolate from Roscoff,
one from Korea (the other isolates were not sequenced), and
the authentic strain of P. multiseriatum. They differed by two
bp from the homologous sequence of P. okellyi, and by three
bp plus four indels from that of strain NIES-1862. The two
strains of P. westermeieri had identical 5-partial SSU se-
quences, differed by one bp from P. okellyi, by three bp from
P. multiseriatum, and by four indels from strain NIES-1862.
Antarctosaccion applanatum was more different (94.5%
identity). The P. collinsii SSU sequence did overlap only in a
short part (426 bp) with that available for our strains. In that
partit had the same sequence as P. multiseriatum. The SSU of
our isolates from the Falkland Islands was not sequenced.
The plastid markers were more variable, the intraspe-
cific genetic differences were 0-0.1% in P. multiseriatum
and 0.5-0.6 % in P. westermeieri (Supplementary Tables S2,
S$3). In psaA, our isolates of P. multiseriatum from France,
Korea and the Falklands (only one from the Falklands
sequenced) were identical, except for strain KR15-001-1, which
differed by a single substitution. They had 1-2 substitutions
compared to the authentic strain of P. multiseriatum from the

DE GRUYTER
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= Figures 10-13: Phaeosaccion westermeieri sp.
-l nov. from Chile, laboratory culture. (10) Overall

morphology of immature thallus from the type
locality near Valdivia. Incipient (arrowhead)
and more advanced (arrow) multiseriate
thallus parts. (11-13) Strain from Caldera: (11)
group of very young germlings; (12) distal part
of upright, with first longitudinal division
(arrow); (13) mature thallus. Arrowhead shows
rather abrupt transition from thinner to
thicker parts of an erect filament. Zoids are
being released distally in another part (arrow).

NE Pacific Ocean (corresponding to 99.93 and 99.86 % identity,
respectively). The genetic identities with P. okellyi, P. collinsii
and Antarctosaccion applanatum were 95.58 (95.5), 93.72 (93.79)
and 86.85 (86.85) %, respectively. In psbC, our isolates of P. mul-
tiseriatum from France, Korea and the Falklands (only one from
the Falklands sequenced) were identical but differed by three bp
from the authentic strain (99.32 % identity). The two P. west-
ermeieri strains showed a genetic distance of about 4 % from
P. multiseriatum in both markers. Sequences of psaA and psbC
of P. okellyi (CCMP1666) differed from strains of P. multi-
seriatum, by 4.1-4.6 % in psaA and 3.8-4.3 % in psbC; the dif-
ference from P. westermeieri was 3.8—4.1 % in psaA and 2.7 % in
psbC (Supplementary Table S3).

Phylogenetic analyses using alignments of psaA, pshC,
or of the two concatenated markers, with Antarctosaccion
as outgroup, placed our isolates of Phaeosaccion multi-
seriatum in a highly supported clade together with the
authentic strain, and P. westermeieri in another clade,
which also contained P. okellyi. A further branch was
formed by P. collinsii. Except for the grouping of P. west-
ermeieri with P. okellyi, the topology among the species of
Phaeosaccion was unresolved. Figure 14 and Supplemen-
tary Figures S1-S2 show the trees calculated by BI; the
trees from ML analyses were similar in the essential
features.

4 Discussion

DNA sequences from a newly isolated strain from France
corresponding to the marine alga named Giraudyopsis
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PmulPH14_01

KR15_002_3

KRI5_157_1
49/0.58

KRI15_161_1

78/0.92 FAL17_244_03

L HQ710646

KR15_001_1

CHI3_259A
92/0.99

77/0.92 CHI3_637

0.05

stellifer by Dangeard (1966a) show that this alga is Phaeo-
saccion multiseriatum. The species is rarely recorded in
marine algal floras (as “Giraudyopsis stellifer”, e.g., Asensi
1976; Broom et al. 1999; Kornmann and Sahling 1983; Ped-
ersen 1980), but it is suspected to be cosmopolitan (C. Billard,
pers. comm.), which we confirm here with new records from
the western and eastern coasts of Korea and from the
Falkland Islands. The authentic isolate of P. multiseriatum
originates from San Juan Island in the NE Pacific Ocean (Graf
et al. 2020).

Dangeard introduced two infraspecific designations of
“G. stellifer”, “G. stellifera f. typica” and “G. stellifera f. con-
densata” (Dangeard 1966b), both are invalid as the nominal
form is specified by the ICN as “f. stellifera” and the latter
because a type was not designated. Repeated isolations and
genetic and morphological studies would be required to
establish if separation of these forms is justified.

Two isolates from Chile, obtained in culture after in-
cubation of biotic substrata in the context of a revision of
Ectocarpus (Montecinos et al. 2017), were morphologically
similar to P. multiseriatum and had almost the same SSU
sequence, but sequences of the two plastid-encoded
markers psaA and psbC showed about 4% genetic dis-
tance to P. multiseriatum, about 3% genetic distance to
P. okellyi, and about 6 % genetic distance to P. collinsii,
which is significantly more than the intraspecific genetic
variation (Supplementary Table S3). We propose thus

A.F. Peters et al.: Phaeosaccion multiseriatum and P. westermeieri sp. nov.

Phaeosaccion westermeieri sp. nov.

Horioe4s  Phaeosaccion okellyi
mrss20s8  Phaeosaccion collinsii

mss0s7 Antarctosaccion applanatum

—_— 7

Phaeosaccion multiseriatum

Figure 14: Phylogenetic tree of the species of
Phaeosaccion based on concatenated psaA and
psbC sequences (2,183 bp), Antarctosaccion
applanatum serving as outgroup, from
Bayesian inference (BI) analysis. Support
values from maximum likelihood (ML;
bootstrap percentages, bp, from 1,000
bootstraps) and BI posterior probabilities (pp)
are provided at the nodes (MLbp/BIpp). The
scale represents the number of subtitutions
per site.

Phaeosaccion westermeieri sp. nov.,, which is a cryptic
species (i.e. a genetically distinct species that lacks clear
morphological differences, Payo et al. 2013). It represents
the first record of the genus from Pacific South America. A
phylogenetic tree of the four species of Phaeosaccion and
their closest relative Antarctosaccion applanatum, based
on concatenated sequences of the two plastid-encoded
markers, is provided in Figure 14.

The strain NIES-1862 from Japan, which is slightly
different in rbcL from both CCMP1308 (P. multiseriatum;
98.07 %) and CCMP1666 (P. okellyi; 98.78 %), may be a fifth
species of Phaeosaccion. We did not succeed in generating
rbcL sequences for P. westermeieri, which would be required
for its comparison with NIES-1862.

The presence of cryptic species in the genus Phaeo-
saccion shows that records based only on morphology
(Asensi (1976) for Patagonia, Argentina, Pedersen (1980) for
the Isle of Man, UK., Kornmann and Sahling (1983) for Hel-
goland, Germany, O’Kelly and Floyd (1985) for Connecticut,
USA) require molecular-assisted confirmation. However,
SSU sequences are not sufficiently variable (the differences
are close to sequencing error; Supplementary Table S2) to
distinguish the species of Phaeosaccion, and identifications
based on this conservative marker (e.g., Broom et al. 1999) do
in fact only reveal the genus. More rapidly evolving markers,
in our case psaA and psbhC, in contrast, allow barcoding of
isolates down to the species level.
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Our collections of Phaeosaccion multiseriatum in France
and Korea were from low intertidal pools and the upper sub-
tidal, but the isolates from the Falkland Islands show that the
alga may occur from low intertidal pools down to at least 15 m
depth (Table 1). We have not seen P. multiseriatum in crude
cultures from substratum samples from the Mediterranean
(Peters et al. 2015; Rizouli et al. 2020), subtropical Kuwait (Hasan
et al. 2023) or tropical Ascension Island (Tsiamis et al. 2017),
which suggests that the species may be restricted to colder
waters, but it is less confined than the type species P. collinsii,
which occurs only in Arctic waters and the cold-temperate
North Atlantic (Guiry and Guiry 2023). However, we did not
obtain P. multiseriatum from substratum samples collected in
the high Canadian Arctic (Kiipper et al. 2016). Phaeosaccion
westermeieri is distributed along the coast of Chile from cold-to
warm-temperate regions. The species P. okellyi, by contrast, is
from subtropical northern New Zealand, and the strain
NIES-1862, which still must be identified to species level, orig-
inates from the warm-temperate Japanese Inland Sea.

Minute multicellular benthic algae are usually over-
looked when examining field material, but they may appear
in crude cultures, particularly if the species show massive
replication from spores. P.J.L. Dangeard, who studied many
such algae in laboratory cultures, detected P. multiseriatum
in crude cultures of different marine algae (Dangeard 1966a,
as “Giraudyopsis stellifer”); as did Asensi, but on one occa-
sion he observed it in microscopically examined field
material (1976). Dangeard also described other small green
and brown algae from isolates that appeared in culture (e.g.,
Dangeard 1966¢, 1970). Subsequently, other colleagues have
used incubation of substratum (“germling emergence”;
Peters et al. 2015) to isolate cultures of macroalgae from their
microscopic stages (Miller and Ramirez 1994; Ramirez and
Miiller 1991). With the availability of molecular-assisted
identification, algae isolated by germling emergence have
become more amenable to identification and classification
(e.g., Hasan et al. 2023; Kawai et al. 2003; Kiipper et al. 2016;
Muiioz et al. 2018; Peters et al. 2015; Rizouli et al. 2020;
Robuchon et al. 2014; West et al. 2008). It is not surprising
that inconspicuous algae are new records in remote local-
ities like the Falkland Islands. The fact that P. multiseriatum
is a new record in Korea, and P. westermeieri new for Chile,
shows that the germling emergence technique has a poten-
tial for discoveries also in well-studied benthic marine
floras. Similarly, in the intensely studied algal floras of
Helgoland and the British Isles, putative P. multiseriatum
was found rather late; in both cases, it appeared in crude
cultures (Kornmann and Sahling 1983; Pedersen 1980).

The genome of the strain of P. multiseriatum from
Roscoff has recently been sequenced (Mc Cartney et al. 2024).
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