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Abstract: Cosmopolitan Acrosorium species with hook-forming thalli have been merged under the
name of Acrosorium ciliolatum (Harvey) Kylin through a long and complicated nomenclatural his-
tory. We examined the specimens of ‘A. ciliolatum’ and related taxa from the northwestern (NW)
Pacific, the UK, southern Spain, Australia, New Zealand, and Chile, using morphological and mo-
lecular analyses. We confirmed that these specimens are separated into four clades based on rbcL
phylogeny, and the absence or presence of terminal hook-like structures represent intraspecific var-
iation. Our results indicated that Acrosorium flabellatum Yamada, Cryptopleura hayamensis Yamada,
Cryptopleura membranacea Yamada and the entities known as “A. ciliolatum’ in the NW Pacific are
conspecific; the name A. flabellatum is the oldest and has priority. This taxon exhibits extreme vari-
ations in external blade morphology. We also confirmed that the position of the tetrasporangial sori
is a valuable diagnostic characteristic for distinguishing A. flabellatum in the NW Pacific. We also
discussed the need for further study of European and southern hemisphere specimens from type
localities, as well as the ambiguous position of California specimens.

Keywords: Acrosorium; Delesseriaceae; hook-forming thalli; molecular phylogeny; morphology;
taxonomy

1. Introduction

The cosmopolitan genus Acrosorium Zanardini ex Kiitzing [1] currently comprises 11
species [2]. Acrosorium ciliolatum (Harvey) Kylin [3], with its distinctive hook-forming
branches [4-6], is the most widely distributed species, occurring from tropical to subpolar
regions in both the southern and northern hemispheres [2]. This species was described by
Harvey in 1855 as Nitophyllum ciliolatum on the basis of specimens from King George
Sound, Western Australia and Tasmania [7]. Two other species have a part in the nomen-
clatural history of A. ciliolatum: Nitophyllum venulosum Zanardini was described from
Zara, Croatia, Adriatic Sea in 1866 [8] and transferred to Acrosorium by Kylin as Acrosorium
venulosum (Zanardini) Kylin in 1924 [3]; and Fucus laceratus var. uncinatus Turner 1808 [9]
(type locality, Devonshire, UK) was elevated to species-level and transferred to Acroso-
rium by Kylin, also in 1924 [3]. Wynne [6] proposed that A. venulosum is the correct name
for the globally distributed hook-forming Acrosorium species going under the name of A.
uncinatum, and authentic A. uncinatum is conspecific with Cryptopleura ramosa (Hudson)
L. Newton [10]. Womersley merged A. venulosum with A. ciliolatum in 2003 [5]. Currently,
the name Acrosorium ciliolatum is applied to species with hook-forming thalli [2,5,11-17].
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In the northwestern (NW) Pacific, a hook-forming Acrosorium species was first re-
ported by Okamura [18] as Nitophyllum uncinatum (Turner) J. Agardh; this entity was later
identified as A. ciliolatum [19-21] or A. venulosum [22-24]. Subsequently, related species
Acrosorium flabellatum Yamad [25], Acrosorium yendoi Yamada [25], Cryptopleura membra-
nacea Yamada [26], Acrosorium polyneurum Okamura [27], Cryptopleura hayamensis Yamada
[28], and Acrosorium okamurae Noda in [29], were described. A. ciliolatum (or A. venulosum)
in the NW Pacific, A. flabellatum, C. membranacea, and C. hayamensis have tetrasporangial
sori restricted to marginal branchlets [23,25-27,30]. To date, morphological features, such
as thallus habit, branching pattern, apex shape, hook formation, and the presence or ab-
sence of basal macroscopic veins, have been used to distinguish these four species
[20,23,31].

During an investigation of species and genetic diversity in the family Delesseriaceae
from the NW Pacific, we encountered difficulties in identifying specimens of these four
species, due to overlapping morphological features. To resolve this problem, we at-
tempted to identify meaningful characters delimitating the four species, based on mor-
phology and rbcL sequences. Remarkably, our molecular phylogeny showed that the four
species are conspecific, with A. flabellatum having priority as the earliest name. To deter-
mine the relationship of this Acrosorium/Cryptopleura complex in the NW Pacific to speci-
mens identified as A. ciliolatum in other parts of the world, we obtained specimens from
the UK, southern Spain, southern Australia, New Zealand, Chile, and California, USA,
and compared their morphological and molecular characteristics (Figure 1).
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Figure 1. A map showing the sampling locations (circles: blue from Europe; green from NW Pacific; yellow from Califor-
nia; red from southern hemisphere), and type localities for A. venulosum (blue star), A. flabellatum (green star), and A.
ciliolatum (red star). Numbers: sample number for molecular analysis.

2. Results
2.1. Molecular Analyses

The phylogenetic analyses of rbcL included 1443 bp, of which 412 bp (28.6%) were
variable and 434 bp (17.9%) were phylogenetically informative. The rbcL sequences in the
NW Pacific Acrosorium/Cryptopleura complex differed by 0.73 to 0.98% from Californian,
1.55 t0 2.05% from European (Spain and UK), and 1.31 to 1.55% from southern hemisphere

(Chile, New Zealand, and Tasmania) samples. The sequences from Japan and Korea var-
ied by up to 0.32%.
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In the phylogenetic tree based on rbcL gene (Figure 2), the sequences from the NW
Pacific (Japan and Korea), California, Europe, and southern hemisphere formed inde-
pendent and monophyletic clades with high bootstrap values (100, 99, 100, and 100%, re-
spectively) in the tribe Cryptopleureae. The clades of the NW Pacific and California
formed sister-groups, with a low bootstrap value (72%). In the NW Pacific clade, the rbcL
sequences from each phenotype—AF (Figure 3B), CM (Figure 3E), AC (Figure 3L]), and
CH (Figure 3L)—and the overlapping phenotypes (Figure 3C,F-H) were all in the same
clade without any distinct structure (Figure 2).
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Figure 2. Maximum likelihood phylogenetic tree for the tribe Cryptopleureae derived from plastid-
encoded rbcL sequence data. Bootstrap values (1000 replicates) are shown above branches. For NW
Pacific samples, letters in parentheses refer to phenotype classifications: AC, Acrosorium ciliolatum;
AF, A. flabellatum; CH, Cryptopleura hayamensis; CM, C. membranacea; +, overlapping phenotype.
Scale bar represents substitutions per site.
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2.2. Morphological Observations
2.2.1. Acrosorium flabellatum Yamada 1930:31

e  Specimens examined (Figures 3-5)

From Korea: Udo, Jeju (@, ¢, 11 June 2011); Jeongdori, Wando (9 June 2012); Bi-
yangdo, Jeju (D, ¢, &, 17 February 2013,); Jongdal, Jeju (3 February 2013); Gapado, Jeju (%,
J, 4 March 2013; @, @, & 26 March 2013); Seopseom, Jeju (5 April 2013); Gangjeong, Jeju
(&, 22, May 2013); Chujado, Jeju (4 June 2013); Gyeongpo, Gangreung (27 October 2012);
Songjeong, Busan (20 December 2012); Dokdo, Ulleung (22 April 2013); Jukbyeon, Uljin
(19 July 2013); Geomundo, Yeosu (31 July 2013); from Japan: Chiba (9 April 2013);
Gochome, Shimoda (&, 12 April 2013; 26 March 2014), Enoshima, Kanagawa (28 March
2014); Ohara, Chiba (24 March 2014); Yoshio, Chiba (23 March 2014), Toji, Shimoda (28
March 2014).

Figure 3. Acrosorium flabellatum Yamada. (A) Holotype specimens (SAP 12344) of A. flabellatum. (B)
JN1403280085 from the type locality, Enoshima of Japan, phenotype as AF. (C) JN1307310149 from
Yeosu of Korea, as AF + AC. (D) SAP 15293, holotype specimens of C. membranacea Yamada. (E)
JN1404160015 from Wando of Korea, as CM. (F) JN1106110035 from Udo of Korea, as AC + CM. (G)
JN1306040012 from Chujado of Korea, as AF + CM. (H) JN1304050003 from Jeju of Korea, as CM +
AC. (I-K) JN1403280017 from Shimoda of Japan, JN1303260008 from Jeju of Korea, and
JN1308020036 from Wando of Korea, respectively, phenotype as AC. (L) JN1403240049 from Chiba
of Japan, as CH. (Phenotype: AC, A. ciliolatum; AF, A. flabellatum; CH, C. hayamensis; CM, C. membra-
nacea; +, overlapping phenotype). Scale bars: (C,D-F), 5 cm; (A L), 3 cm; (B,E,G-LK), 2 cm; (J), 1 cm.

e Vegetative morphology (Figures 3 and 4)

Thalli are extremely variable in shape and size, epilithic or epiphytic, membranous,
up to 30 cm high, pinkish red when alive, turning brownish red when dry, each consisting
of single to several large erect blades and a small prostrate base. When growing on rock
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or concrete, the erect blades expand from a compressed short stipe and are divided pal-
mately or di- to trichotomously several times, broadening into a flabellate outline (Figure
3A-H). When growing on other algae such as Corallina spp. or Cladophora spp., the erect
blades are usually linear and ribbon-shaped without a distinct stipe, and branched in al-
ternate, di- to trichotomous or irregular pattern, forming tangled clumps (Figure 3I-L).
Blade margins are entire with small semi-circular proliferations that occasionally elongate
to form marginal branches (Figure 3A—C,F,I-L). Blades tips are round (Figure 3D-F,H) to
acute with terminal curves (Figure 3A,B,H,L), hooks (Figure 3C,I-K), or not (Figure 3D-
G). Number and degree of hooks are variable (Figure 3A-L).

Multicellular peg-like rhizoids are often observed along the inner surfaces of termi-
nal hooks (Figure 4A). Microscopic veins are one cell thick, and extend distally (Figure
4B). Macroscopic veins are observed in the basal parts of thalli when the stipe is well-
developed (Figures 3A-H and 4G,H), otherwise not (Figure 3I-L). Apical growth is via
numerous obliquely dividing apical meristematic cells, followed by intercalary cell divi-
sion (Figure 4C,D). Erect blades are mostly monostromatic, except microscopic veins, sti-
pes, and lower portions of the thallus (Figure 4E-H). In cross-section, cortical cells are
cut off periclinally from large tetragonal central cells (Figure 4G, H). Cortical cells in the
blade are polygonal with parietal chloroplasts. Chloroplasts are lobed in young cells,
soon becoming numerous and discoid, then elongating in mature cells (Figure 41-K).
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Figure 4. Vegetative structures of Acrosorium flabellatum Yamada. (A) Terminal hook with multi-
cellular peg-like rhizoids (arrows). (B) Surface view of middle part of thallus with microscopic veins
(arrows). (C,D) Apex of young thallus showing numerous obliquely dividing apical cells (arrow-
heads). (E-H) Cross-sections of blade through upper (E), middle (F), stipe (G), and basal (H) por-
tions of blade. (I-K) Polygonal cortical cells with parietal chloroplasts from near meristematic (I),
middle (J) and lower (K) parts of blade. Scale bars: (A), 1 mm; (B), 300 um; (E-H), 100 pum; (C,J,K),
50 pm; (I), 30 pm.
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e Reproductive morphology (Figures 5 and 6)

Gametophytes are dioecious. Procarps are scattered on both sides of the thallus sur-
face, usually along microscopic veins near meristemic portions (Figure 5A). Formation
of the procarp is initiated by cutting off a supporting cell from the fertile central cell. The
supporting cell initially cuts off the first sterile-cell group, then the carpogonial branch
initial which forms the carpogonial branch by sequential division (Figure 5B-F). When
the carpogonial branch is three-celled, the supporting cell cuts off a second sterile-cell
group initial which usually divides once before fertilization (Figure 5C-F). The mature
procarp consists of a supporting cell, a four-celled carpogonial branch with a terminal
trichogyne swollen at the tip, a one- to two-celled first sterile-cell group, and, usually, a
two-celled second sterile-cell group (Figure 5E,F). Procarps develop on both sides of the
blade from a common fertile central cell; however, only one procarp develops into the
cystocarp (Figure 5G,I).

Figure 5. Female reproductive structures of Acrosorium flabellatum Yamada. (A) Positions of procarps
(pc). (B-G) Procarp development. (G) Cross-sectioned mature procarp. (H) Surface view of early
post-fertilization stage. (I) Cross-section view of early post-fertilization stage. (J) Surface view of
young cystocarp before pericarp formation. au, auxiliary cell; cb, carpogonial branch (numbers, cell
order); cp, carpogonium; fcc, fertile central cell; gi, gonimoblast initial; sc, supporting cell; st1, first
sterile cell group; st2, second sterile cell group; tr, trichogyne. Scale bars: (A), 500 um; (C-T), 50 um;
(), 30 pm.

After presumptive fertilization, the supporting cell is enlarged and distally cuts off
an auxiliary cell which divides to form a gonimoblast cell initial (Figure 5H-]). Cell fu-
sions among the fertile central cell, supporting cell, and auxiliary cell occur in an early
stage of cystocarp development, during which the gonimoblast cell initials develop into
gonimoblast filaments by sequential cell division (Figure 6A). Neither sterile-cell group
participates in the formation of the fusion cell, but they remain around the fusion cell
(Figure 6A,B). As the cystocarp grows, the fusion cell enlarges by incorporating neigh-
boring cells in the cystocarp floor. Some floor cells cut off one to two layers of small cells
in the direction of the cystocarp cavity (Figure 6B,C). The gonimoblast filaments extend
radially by cell division with subdichotomous or alternate branching, producing a single
carposporangium on each terminal cell (Figure 6B-D). The carposporangia are ovoid to
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elliptical, 60-80 um long, 25-30 um wide (Figure 6D). Mature cystocarps are hemispher-
ical with a protruding ostiole (Figure 6B,E).

Figure 6. Reproductive structures of Acrosorium flabellatum Yamada. (A,B) Cross-sectioned young
(A) and mature (B) cystocarp. (C) Base of cystocarp (arrow heads: small cells from floor cells). (D)
Carposporangia. (E) Surface view of mature cystocarp. (F) Spermatangial sorus. (G,H) Surface (G)
and cross-sectional views (H) of spermatangial sorus. (I) Tetrasporangial sori. (J) Cross-sectioned
tetrasporangial sorus (arrowheads: pit-connection). ca, carposporangium; cs, cystocarp; fc, fusion
cell; fee, fertile central cell; flc, floor cell; gb, gonimoblast cell; smc, spermatangial mother cell; spt,
spermatangium; ss, spermatangial sorus; stl, first sterile cell group; st2, second sterile cell group;
tss, tetrasporangial sorus; ts, tetrasporangium. Scale bars: (E), 1 mm; (F,I), 500 pm; (B,J), 300 pum;
(A,C), 100 pm; (D,H), 50 um; (G), 30 pm.

Spermatangial sori are produced on both surfaces of small marginal proliferations
(Figure 6F). Spermatangial mother cell initials are cut off fertile central cells by periclinal
divisions on both blade surfaces. The initial cells divide anticlinally several times to form
spermatangial mother cells, all of which cut off one to two clavate spermatangia (Figure
6G,H).

Tetrasporangial sori are formed on small marginal proliferations (Figure 6I). The tet-
rasporangia are globose, 70-100 um in diameter, and tetrahedrally divided. They are
usually cut off from central cells, or, rarely, from inner cortical cells, and arranged in two
layers on opposite sides of the central cells (Figure 6]).

2.2.2. Acrosorium ciliolatum from Beyond the NW Pacific

e  Specimens examined (Figure 7)

From southern hemisphere. Tasmania, Australia: Eaglehawk Neck (&, 8 November
2015); New Zealand: Muritai, East Bourne (14 September 2013); Cape Palliser, Ngawi (8
September 2013); Mathesons Bay, North Auckland (27 September 2013).
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From Europe. Spain: Roche, Cadiz (29 April 2014); Atlanterra, Tarifa (30 April 2014);
De Valdevatueros, Tarifa (6, 1 May 2014); La Caleta, Cadiz (28 April 2014).

From California, USA. South end of Monterey Bay, Monterey County (2 June 1967);
Diablo Canyon, San Luis Obisbo County (16 December 2008); Santa Cruz Island, Santa
Barbara County (14 September 2007, 14 September 2005); Dana Point, Orange County (12
December 2012); Santa Barbara Island, Santa Barbara County (12 September 2005).

Figure 7. Specimens of ‘Acrosorium ciliolatum’ from outside of the NW Pacific. (A—C) From Tasmania,
Australia ((A), JN15110800R5; (B), JN1309080014; (C), JN1511080067). (D) From New Zealand
(JN1309080014). (E-I) From Spain ((E), JN1404280001; (F), JN1404300010; (G), JN1404280053; (H),
JN'1404280046; (I), 1405010034). (J-N) from California, USA ((J), UC1934340; (K), UC1965235; (L),
UC1835679; (M), UC2034311; (N), UC2034278). Scale bars: (A-J,M,N), 1 cm; (K-L), 2 cm.

e  Habit (Figure 7)

From southern hemisphere (Figure 7A-D): Thalli are brownish to pinkish red, mem-
branous and epilithic or epiphytic on other algae, usually coralline algae. Several erect
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blades arise from the margins of a small prostrate base, forming tangled clumps. Erect
blades are linear with cuneate bases and acute apexes, measure up to 5 cm high and less
than 3 mm wide, and are branched in an alternate to irregular pattern, broadening to a
flabellate outline (Figure 7A-D). Margins of erect blades are entire. When growing on
other macroalgae, blade tips usually terminate in hooks, with small proliferations along
blade margins (Figure 7A,B,D). When growing on rock surfaces, hook-shaped tips are
absent (Figure 7C).

From southern Europe (Figure 7E-I): Thalli are pinkish red, membranous and epi-
lithic or epiphytic on other algae. Fronds consist of small basal prostrate blades and erect
upper flabellate blades. Erect blades are alternate, palmate, or di- to trichotomous, with
cuneate bases and entire margins, up to 2 cm tall, and less than 5 mm wide (Figure 7E-
I). Thallus tips are acute with terminal hooks (Figure 7E) when epiphytic on other algae,
or acute (Figure 7F) or rounded without terminal hooks (Figure 7G-I) when attached to
bedrock.

From California (Figure 7J-M): Thalli are pinkish to brownish red and membranous.
Fronds consist of small basal prostrate blades and erect flabellate blades. Erect blades are
usually ribbon-shaped, some cuneate, with alternate, or di- to trichotomous branches, up
to 7 cm tall, and less than 5 mm wide (Figure 7],K). Thallus margins are entire with mar-
ginal semi-circular proliferations (Figure 7K-N). Thallus tips are acute (Figure 7J-L) to
blunt (Figure 7M,N), with terminal hooks (Figure 7K,L) or not (Figure 7],M,N).

3. Discussion

The hook-forming Acrosorium species, currently known as A. ciliolatum, have a long
and complicated nomenclatural history. After the description of Nitophyllum ciliolatum in
1855 by Harvey (type locality King George Sound, Western Australia and Tasmania) [7],
Nitophyllum venulosum Zanardini (in 1866) [8], and Acrosorium aglaophylloides Zanardini ex
Kiitzing (in 1869) [1] were sequentially described from Croatia on the Adriatic Sea. Kylin
[3] noticed that A. aglaophylloides had been redescribed under the name N. venulosum; then,
he made the new combination Acrosorium venulosum (Zanardini) Kylin, and synonymized
A. aglaophylloides with A. venulosum. In the same study [3], he transferred six more De-
lesseriacean species to the genus Acrosorium, including Nitophyllum reptans Crouan &
Crouan, N. acrospermum J. Agardh, N. corallinarum Nott, N. uncinatum J. Agardh, N. ciliola-
tum Harvey, and Cryptopleura minor Sonder. At that time, Kylin [3] mentioned that A. ven-
ulosum differed from A. uncinatum: the former has a rounded apex, whereas the latter has
a hook-shaped one. However, he was not confident about separating the three species, A.
venulosum, A. uncinatum, and A. reptans. Wynne [6] re-examined the type specimens and
Kylin’s [3] original illustrations of the three Acrosorium species and concluded that: (1) the
hook-forming thalli are morphologically variable in these taxa, (2) A. uncinatum and A.
reptans are conspecific with Cryptopleura ramosa (Hudson) L. Newton, and (3) A. venulosum
is the correct name for the cosmopolitan A. uncinatum sensu Kylin [3]. Womersley [5] men-
tioned a quotation from Kylin [32], “A. ciliolatum is not specifically distinct from A. venu-
losum and is the earliest name for this Acrosorium”. He therefore merged A. venulosum with
A. ciliolatum. Thus, Acrosorium populations with hook-forming thalli have been identified
under the name A. ciliolatum [17].

Morphological plasticity, intraspecific variation in form due to environmental differ-
ences, makes identifying specimens difficult [33-37]. Similarly, different species with con-
vergent morphologies are difficult to distinguish [38—40]. These dilemmas are not con-
fined to any particular taxon or region, but to various macroalgae worldwide. Molecular
methods using DNA sequencing have improved the delimitation of species with similar
morphologies, as well as species with morphological plasticity in various taxonomic
groups [33,37,41-43]. In particular, chloroplast-encoded rbcL sequences are useful for spe-
cies-level delimitation among members of the Delesseriaceae (e.g., [37,41,42,44-46]), and
a large quantity of verified rbcL sequences from previous studies is available from Gen-
Bank [47].
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Our molecular and morphological evidence supports Wynne’s [6] opinion that the
presence or absence of hook-forming thalli cannot be used as a morphological trait to dis-
tinguish among Acrosorium species, because this trait shows intraspecific variation and
has arisen more than once in the evolution of Acrosorium species. Furthermore, our phy-
logenetic tree (Figure 2) and specimens (Figures 3 and 7) indicate that there are extensive
variations in thallus habit and size, branching pattern, apex shape, and the presence or
absence of a basal stipe within each population, in addition to the formation of apical
hooks. There is no correlation between the clades of our rbcL tree and any of the above-
mentioned external morphological features (Figures 2,3 and 7). We also confirmed mor-
phological similarities among specimens from different clades (e.g., Figure 3] vs. Figure
7A,D; Figure 7C vs. Figure 7F; Figure 3H vs. Figure 7G). Uncertainties with respect to
species identification arise from intraspecific morphological variations, as well as similar-
ities among species. Consequently, relying only on morphology, it was impossible to dis-
tinguish Acrosorium specimens from different regions.

The rbcL tree (Figure 2) shows that our samples fell into four clades: three distinct
clades (the NW Pacific, Europe, and southern hemisphere) and a less well-supported Cal-
ifornia clade. We conclude that the name A. ciliolatum represents a complex consisting of
at least three different species, contrary to the opinions of Wynne [6] (A. venulosum = glob-
ally known as A. uncinatum) and Womersley (A. ciliolatum = A. venulosum) [5]. We found
that the position of the tetrasporangial sori is a conclusive feature for distinguishing the
NW Pacific specimens from those from other regions. Taxa from the NW Pacific, including
*A. ciliolatum’ auctorum, A. flabellatum, C. hayamenis, and C. membranacea have tetrasporan-
gial sori restricted to small marginal proliferations (Figure 6I) [20,23,25,26,28,30,48]. Tet-
rasporangial sori are formed on the thallus tip or on marginal proliferations in European
*A. ciliolatum’ [4], but are restricted to the thallus tip in Australian A. ciliolatum [5].

In the NW Pacific, Okamura [18] first reported this entity as Nitophyllum uncinatum
(Turner) J. Agardh. Later, he provided a detailed description with many illustrations [30:
pl. XXVI, figures 1-19]. He illustrated several variations in habit, including thalli both with
and without hooks, linear or broader, and with round or acute tips, under the name of N.
uncinatum, and regarded these variations as intraspecific. He also described tetrasporan-
gial sori as produced on small marginal proliferations [30: pl. XXVI, figures 12-13].
Yamada [25,26] then described Acrosorium flabellatum from Ohara, Kazusa and Enoshima,
Sagami, Japan, and Cryptopleura membranacea from Amakusa, Kyushyu, Japan, which re-
sembled Okamura’s [30] flabellate frond with an acute and somewhat bent apex [30: pl.
XXVI, figure 3], and a palmate frond with a basal stipe and round apex [30: pl. XXVI,
figure 5], respectively. Yamada [28] described another species, Cryptopleura hayamensis,
from Hayama, Sagami, Japan, with linear thalli lacking hooks. Noda [in 29] described
Acrosorium okamurae, which was merged with A. flabellatum by Yoshida [23]. Among the
various phenotypes of N. uncinatum sensu Okamura [30], only the specimens with irregu-
larly branching linear thalli with terminal hooks [30: pl. XXVI, figure 1] have been referred
to as A. uncinatum sensu Kylin, then currently identified as A. venulosum or A. ciliolatum
[19-24,31].

Although Yamada [25,26,28] established A. flabellatum, C. membranacea, and C. haya-
mensis on the basis of the various phenotypes of N. uncinatum sensu Okamura [30], the
phenotypic overlaps (Figure 3C,F-H) among numerous individuals raise the question as
to whether these phenotypes are independent species. Our results provide a clear reso-
lution to this problem, strongly supporting Okamura’s [30] opinion that the differences
in thalli width, apex shape, and branch pattern are variations within a single species. All
specimens from Korea and Japan, with their various phenotypes (i.e., AC, AF, CH, and
CM) and overlapping phenotypes (Table S1 and Figure 3A-L), are conspecific (Figure 2).
Although analyses using more variable mitochondrial or nuclear markers might reveal
population-level differences within this clade, we consider the rbcL data sufficient sup-
port at the species level. Therefore, we propose the merging of ‘Acrosorium ciliolatum’



Plants 2021, 10, 2269

11 of 15

auctorum in the NW Pacific, Cryptopleura hayamensis Yamada, and Cryptopleura membra-
nacea Yamada with A. flabellatum Yamada, which is the earliest name. This taxon is dis-
tinguishable from the European and Australian taxa by rbcL sequences and the position
of the tetrasporangial sori, which are restricted to marginal proliferations (Figure 6I)
[4,5,20,23,27,30,48].

In this study, the rbcL tree (Figure 2) shows that the European Acrosorium clade,
which currently goes under the name of A. ciliolatum, is clearly separate from the southern
hemisphere A. ciliolatum. However, we will postpone the formal taxonomic treatment of
the European clade until examination of specimens from the two type localities, Zadar,
Croatia for the European, and King George Sound, western Australia for the southern
hemisphere populations. The Californian specimens form a clade that is sister to the NW
Pacific clade, with borderline bootstrap support and genetic differentiation (Figure 2).
Moreover, we could not find reproductive structures including tetrasporangial sori or
identify any morphological differences from the other clades despite examining more
than 50 specimens in the UC herbarium. According to Abbott and Hollenberg [49], fertile
fronds are rare and only tetrasporophytes have been reported in California, without any
description of the position of the tetrasporangial sori. Further studies using additional and
more sensitive markers are essential to probe and clarify the relationship of California
Acrosorium to its sister clade in the NW Pacific.

Existing studies on red algal phylogeny have focused on the relationships between
female reproductive structures and molecular phylogeny. Most of these studies indicate
that the developmental patterns of carposporophytes provide important information for
delimitating genera in the orders Halymeniales, Gigartinales, and Ceramiales [39,42,44—
46,50-52]. During our collections, male and female gametophytes were rarely collected;
most were from the Jeju coast of Korea. Most of our collections, including California spec-
imens, were vegetative or tetrasporic thalli. For this reason, our observations of female
reproductive structures were conducted only on A. flabellatum from the Korean coast. The
female reproductive anatomy of A. flabellatum is nearly identical to that of A. acrospermum
(J. Agardh) Kylin described by Papenfuss [13].

4. Taxonomic Conclusions

Acrosorium flabellatum Yamada (p. 31, [25]).

HOLOTYPE: SAP 12344 (Figure 3A) deposited in SAP, Hokkaido University, Japan
(p- 959, [23)).

TYPE LOCALITY: Ohara, Kazusa Prov., Japan (p. 959, [23]).

SYNONYMS: Acrosorium ciliolatum auctorum in the NW Pacific (p. 132, [19]), (figure
46A—C, [20]), non A. ciliolatum (Harvey) Kylin; Acrosorium okamurae Noda in (p. 45, figure
12, [29]); Acrosorium uncinatum auctorum in NW Pacific (p. 225, [53]), (p. 786, pl. 379, [27]),
(p- 315, pl. 67, figure 256, [31]), (p. 113, figures A,B, [48]), (p. 266, figures A-C, [54]), non A.
uncinatum (Turner) Kylin (p. 78, [3]); Acrosorium venulosum auctorum in NW Pacific (p. 960,
[23]), (p. 267, figures A-C, [54]), non A. venulosum (Zanardini) Kylin (p. 77, [3]); Cryp-
topleura hayamensis Yamada (p. 200, pl. 43, figure 2, [28]); Cryptopleura membranacea
Yamada (p. 28, pl. 11, figure 1, [26]); Nitophyllum uncinatum sensu Okamura (p. 49, [18]),
(p- 121, pl. XXVI, [27]), non N. uncinatum (Turner) J. Agardh (p. 654, [55]).

5. Materials and Methods
5.1. Collections

Specimens were collected from the coast of the Korean peninsula, eastern Honshu in
Japan, New Zealand, Tasmania in the south-eastern Australia, and the Spanish side of the
Gibraltar Strait either intertidally or subtidally by SCUBA diving. The field-collected sam-
ples were kept fresh in a cool-box with an ice pack and then transported to the laboratory,
where the specimens were pressed on herbarium sheets while still alive. Samples for mor-
phological observation were preserved in 5% formalin/seawater. Voucher specimens were
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deposited in the herbarium of Jeju National University (JNUB, Jeju, Korea). California
specimens borrowed from the University Herbarium, University of California at Berkeley
(UC) were also examined (Figure 1, Table S1).

5.2. Classifying Specimens with Phenotype

All the specimens from the NW Pacific were divided into four phenotypes based on
key characteristics outlined by Yoshida [23], including thallus width, branching pattern,
the shape of the apex, and hook-formation: (1) A. ciliolatum-type (AC: subdichotomously
branching linear thalli with hook-forming acute apices); (2) A. flabellatum-type (AF: flabel-
late thallus with a stipe, tapering branches, and slightly curved acute apices); (3) C. haya-
mensis-type (CH: di- to trichotomously branching linear thalli without hooks); (4) C. mem-
branacea-type (CM: stipitate, broad, and palmate thallus with visible macro- and invisible
microscopic veins and round apices without terminal hooks) (Figure 3). Two to five indi-
viduals with each phenotype and with overlapping phenotypes were chosen for molecu-
lar analyses (Figures 2 and 3, Table S1).

5.3. Molecular Analysis

Samples for genomic DNA extraction were taken from selected pressed specimens.
Total genomic DNA was extracted from the specimens and prepared with a DNeasy Plant
Mini kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol. The amplifi-
cation for rbcL was conducted using the primers F7 (or F145), R898, F762, and R1442
[33,56]. Polymerase chain reaction (PCR) amplifications were performed in Swift MaxPro
thermal cyclers (ESCO, Singapore) with an AccuPower PCR PreMix (Bioneer, Dajeon, Ko-
rea). Amplification reactions were set up and run as described in Saunders and Moore
[57]. The PCR products were purified with an AccuPrep PCR Purification Kit (Bioneer,
Daejeon, Korea) and sequenced commercially by Macrogen (Seoul, Korea). The elec-
tropherogram output of each sample was edited using Chromas Lite 2.01 (Technelysium,
Helensvale, Queensland, Australia) and PHYDIT version 3.1 software [58]. The DNA se-
quences of rbcL. were assembled in BioEdit 7.0.5 [59] and visually aligned. A total of 47
rbcL sequences were successfully amplified, including 29 from the NW Pacific, six from
California, five from Spain, and seven from Tasmania and New Zealand (Table S1). The
rbcL sequences in GenBank identified as A. ciliolatum from Chile (MH649426) and A. ven-
ulosum (AF254156) from UK were also aligned with sequences from our material. Because
six rbcL sequences from Chilean samples in GenBank were all identical, we used only one
sequence (MH649426) in our phylogenetic analysis (Figures 1 and 2). The phylogenetic
relationships of the 49 aligned rbcL sequences were investigated by comparing them with
15 taxonomic groups in GenBank, including ten assigned to the tribe Cryptopleureae and
five to Neuroglosseae (as an outgroup).

The uncorrected pair-wise genetic distances (p) among the populations were esti-
mated using the phylogenetic analysis software MEGA 4.0 [60] to assess the genetic vari-
ation of rbcL. Phylogenetic analyses were performed using RAXML [61], with the GTR+T
+ I evolutionary model. To identify the best tree, we constructed 200 independent tree
inferences, using the -# option with the default -I (automatically optimized subtree prun-
ing-regrafting rearrangement) and -c (25 distinct rate categories) software options. To
generate bootstrap values, we used the same program with the same settings for 1000
replications.

5.4. Morphological Observation

Sections for morphological examination were cut by hand using a razor blade, or
with a bench-top freezing microtome (MFS no. 222; Nippon Optical Works, Tokyo, Japan).
Sections and whole mount materials were either stained with 1% aniline blue acidified
with 1% HCI and mounted in 40% corn syrup solution, or stained with Wittmann’'s [62]
aceto-iron-hematoxylin-chloral hydrate and mounted in 50% Hoyer’s mounting medium
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[41]. Images of the pressed specimens were captured using a G7x digital camera (Canon,
Tokyo, Japan) and photomicrographs were taken using a BX 43 microscope (Olympus,
Tokyo, Japan) with an EOS 600 D digital camera (Canon, Tokyo, Japan). The digitized
images were imported into Adobe Photoshop (ver. 6.1) and edited to produce plates.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/plants10112269/s1, Table S1: List of Acrosorium samples with collection information, phe-
notype, and GenBank accession numbers. Phenotype = AC, Acrosorium ciliolatum; AF, A. flabellatum;
CH, Cryptopleura hayamensis; CM, C. membranacea.

Author Contributions: Conceptualization, ].C.K., S.-M.L. and M.S.K.; Sample collection, J.C.K. and
K.AM.; Morphological observations and plates preparation, ].C.K. and S.-M.L.; DNA extraction and
molecular data analyses, ].C.K. and M.S.K,; Original draft preparation, ].C.K.; Review and editing,
M.S.K. and K.A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Basic Science Research Program (2019R1A6A1A10072987)
through the National Research Foundation of Korea (NRF) to Research Institute for Basic Sciences
(RIBS) of Jeju National University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank all members of the molecular phylogenetic marine algal Laboratory
at Jeju National University for collecting materials and supporting this investigation. We also thank
to Ricardo B. Lacida at National University of Ireland, Norio Kikuchi at Coastal Branch of History
Museum and Institute, Chiba, Japan, and Shigeki Wada at Shimoda Marine Research Centre of Uni-
versity of Tsukuba, Japan for collection guidance in Spain and Japan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.
13.
14.
15.
16.

17.

Kiitzing, F.T. Tabulae phycologicae; oder, Abbildungen der Tange; Gedruckt auf kosten des Verfassers: Nordhausen, Germany, 1869;
Volume 19, p. 4.

Guiry, M.D.; Guiry, G.M. AlgaeBase. World-wide electronic publication, National University of Ireland, Galway. 2021. Availa-
ble online: http://www.algaebase (accessed on 12 August 2021).

Kylin, H. Studien iiber die Delesseriaceen. Lunds Univ. Arsskr. N.F. Avd. 1924, 20, 5-111.

Maggs, C.A.; Hommersand, M.H. Seaweeds of the British Isles. Vol. 1. Rhodophyta. Part 3A. Ceramiales; HMSO Books: London, UK,
1993; pp. 245-257.

Womersley, H.B.S. The Marine Benthic Flora of Southern Australia. Rhodophyta. Part IIID: Ceramiales—Delesseriaceae, Sarcomeniaceae,
Rhodomelaceae; Australian Biological Resources Study, Canberra and the State Herbarium of South Australia: Adelaide, Aus-
tralia, 2003; pp. 129-133.

Wynne, M.]. Towards the resolution of taxonomic and nomenclatural problems concerning the typification of Acrosorium unci-
natum (Delesseriaceae: Rhodophyta). Brit. Phycol. . 1989, 24, 245-252, https://doi.org/10.1080/00071618900650271.

Harvey, W.H. Some account of the marine botany of the colony of western Australia. T. Roy. Irish Acad. 1855, 22, 525-566.
Zanardini, G. Scelta di Ficee nuove o piu rare dei mari Mediterraneo ed Adriatico. [Decade VII]. Mem. R. Ist. Veneto Sci. Lett.
Arti 1866, 13, 141-176, pls. XLIX-LVL

Turner, D. Fuci Sive Plantarum Fucorum Generi a Botanicis Ascriptarum Icones Descriptiones et Historia.; Typis ]J. M'Creery, impensis
J. et A. Arch in vico Cornhill dicto: London, UK, 1808; Volume 1, pp. 151-152, pl. 8.

Newton, L. A Handbook of the British Seaweeds; The Trustees of the British Museum (Natural History): London, UK, 1931; p. 332.
Howe, M.A.; Taylor, W.R. Notes on new or little-known marine algae from Brazil. Brittonia 1931, 1, 7-33,
https://doi.org/10.2307/2804654.

Jaasund, E. Marine algae in Tanzania, V. Bot. Mar. 1977, 20, 333-338, https://doi.org/10.1515/botm.1977.20.5.333.

Papenfuss, G.F. The development of the reproductive organs of Acrosorium acrospermum. Bot. Notiser. 1939, pp. 11-20.
Papenfuss, G.F. Notes on South African marine algae. I. Bot. Notiser. 1940, pp. 200-226.

Papenfuss, G.F. Notes on South African marine algae. II. J. S. Afr. Bot. 1943, 9, 79-92.

Taylor, W.R. Pacific Marine algae of the Allan Hancock Expeditions to the Galapagos Islands. Allan Hancock Pacific expeditions Vol. 12;
The University of Southern California Press: Los Angeles, CA, USA, 1945; pp. 284-286, pl. 95.

Wynne, M.]. The Red Algal Families Delesseriaceae and Sarcomeniaceae; Koeltz Scientific Books: Konigstein. Germany, 2014; pp.
157-160.



Plants 2021, 10, 2269 14 of 15

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Okamura, K. Nippon Sorui-Meii [Book Listing Japanese Algae]; Keigyosha: Tokyo, Japan, 1902; p. 49 (In Japanese).

Boo, S.M.; Ko, Y.D. Marine Plants from Korea; Marine & Extreme Genome Research Centre Program: Seoul, Korea, 2012; p. 132
(In Korean).

Nam, K.W.; Kang, P.]. Algal Flora of Korea. Volume 4, Number 7 Rhodophyta: Florideophyceae: Ceramiales: Delesseriaceae: 22 Genera
including Acrosorium; NIBR: Incheon, Korea, 2012; pp. 57-79.

Titlyanov, E.A.; Titlyanov, T.A.; Xia, B.M.; Bartsch, I. Retrospective analysis of diversity and species composition of marine
macroalgae on Hainan Island (China). Ocean Sci. ]. 2016, 51, 1-22, https://doi.org/10.1007/s12601-016-0044-6.

Tseng, C.K. Seaweeds in Yellow Sea and Bohai Sea of China; Science Press: Beijing, China, 2009; p. 453. (In Chinese).

Yoshida, T. Marine Algae of Japan; Uchida Rokakuho Publishing Co., Ltd.: Tokyo, Japan, 1998; pp. 955-1001 (In Japanese).
Yoshida, T.; Suzuki, M.; Yoshinaga, K. Checklist of marine algae of Japan (Revised in 2015). Jpn. J. Phycol. 2015, 63, 129-189 (In
Japanese).

Yamada, Y. Notes on some Japanese algae, 1. J. Fac. Sci. Hokkaido Imper. Univ. 1930, 1, 27-36, Available online: http://hdl.han-
dle.net/2115/26201 (accessed on 20 July 2021).

Yamada, Y. Notes on some Japanese algae, VL. Sci. Pap. Inst. Algol. Res. Fac. Sci. Hokkaido Imper. Univ. 1935, 1, 27-35, Available
online: http://hdl.handle.net/2115/48045 (accessed on 20 July 2021).

Okamura, K. Nippon kaiso shi [Descriptions of Japanese Algae]; Uchida Rokakuho: Tokyo, Japan, 1936; pp. 755-795 (In Japanese).
Yamada, Y. Notes on some Japanese algae IX. Sci. Pap. Inst. Algol. Res. Fac. Sci. Hokkaido Imper. Univ. 1941, 2, 195-215, Available
online: http://hdl.handle.net/2115/48066 (accessed on 20 July 2021).

Noda, M.; Kitami, T. Some species of marine algae from Echigo Province facing the Japan Sea. Sci. Rep. Niigata Univ. Ser. D 1971,
8, 35-52.

Okamura, K. Icones of Japanese Algae; Kazamashobo: Tokyo, Japan, 1908; Volume I, pp. 121-232.

Kang, J.W. Illustrated Encyclopedia of Fauna and Flora of Korea. Vol. 8. Marine Algae; Ministry of Education: Seoul, Korea, 1968; pp.
310-323 (In Korean).

Kylin, H. Die Delesseriaceen Neu-seelands. Lunds Univ. Arsskr. N.F. Avd. 1929, 2, 10-14.

Gavio, B.; Fredericq, S. Grateloupia turuturu (Halymeniaceae, Rhodophyta) is the correct name of the non-native species in the
Atlantic known as Grateloupia doryphora. Eur. J. Phycol. 2002, 37, 349-360, https://doi.org/10.1017/S0967026202003839.

Lee, Y. The genus Martensia Hering (Delesseriaceae, Rhodophyta) with M. albida sp. nov. and M. flammifolia sp. nov. on Jeju
Island, Korea. Algae 2006, 21, 15-48, https://doi.org/10.4490/ALGAE.2006.21.1.015.

Yang, M.Y.; Macaya, E.C.; Kim, M.S. Molecular evidence for verifying the distribution of Chondracanthus chamissoi and C. teedei
(Gigartinaceae, Rhodophyta). Bot. Mar. 2015, 58, 103-113, https://doi.org/10.1515/bot-2015-0011.

Couceiro, L.; Cremades, J.; Barreiro, R. Evidence for multiple introductions of the Pacific green alga Ulva australis Areschoug
(Ulvales, Chlorophyta) to the Iberian Peninsula. Bot. Mar. 2011, 54, 391-402, https://doi.org/10.1515/bot.2011.044.

Kang, J.C.; Yang, M.Y,; Lin, S.-M.; Kim, M.S. Reappraisal of nine species of Martensia (Delesseriaceae, Rhodophyta) reported
from Korea based on morphology and molecular analyses. Bot. Mar. 2015, 58, 151-166, https://doi.org/10.1515/bot-2014-0075.
Kim, S.Y.; Han, E.G; Kim, M.S,, Park, ] K.; Boo, S.M. Grateloupia jejuensis (Halymeniales, Rhodophyta): A new species previously
confused with G. elata and G. cornea in Korea. Algae 2013, 28, 233-240, https://doi.org/10.4490/algae.2013.28.3.233.

Yang, M.Y; Kim, M.S. DNA barcoding of the funoran-producing red algal genus Gloiopeltis (Gigartinales) and description of a
new species, Gloiopeltis frutex sp. nov. J. Appl. Phycol. 2017, 30, 1381-1392, https://doi.org/10.1007/s10811-017-1330-0.
Sherwood, A.R.; Lin, S.-M.; Wade, R.M.; Spalding, H.L.; Smith, C.M.; Kosaki, R.K. Characterization of Martensia (Delesseriaceae;
Rhodophyta) from shallow and mesophotic habitats in the Hawaiian Islands: Description of four new species. Eur. ]. Phycol.
2019, 55, 172-185, https://doi.org/10.1080/09670262.2019.1668062.

Lin, S.-M.; Hommersand, M.H.; Nelson, W.A. An assessment of Haraldiophyllum (Delesseriaceae, Rhodophyta), including H.
crispatum (J.D. Hooker et Harvey) comb. nov. from New Zealand based on rbcL and LSU sequence analysis and morphological
evidence. Eur. |. Phycol. 2007, 42, 391-408, https://doi.org/10.1080/09670260701644791.

Kang, J.C.; Yang, M.Y.; Kim, M.S. Neoharaldiophyllum a new genus of Delesseriaceae (Rhodophyta) based on carposporophyte
development and molecular data. Bot. Mar. 2017, 60, 515-532, https://doi.org/10.1515/bot-2017-0003.

Yang, M.Y.; Kim, M.S. Molecular phylogeny of the genus Chondracanthus (Rhodophyta), focusing on the resurrection of C. oka-
murae and the description of C. cincinnus sp. nov. Ocean Sci. ]. 2016, 51, 517-529, https://doi.org/10.1007/s12601-016-0046-4.

Lin, S.-M.; Nelson, W.A.; Hommersand, M.W. Hymenenopsis heterophylla gen. et sp. nov. (Delesseriaceae, Rhodophyta) from
New Zealand, based on a red alga previously known as Hymenena palmata f. marginata sensu Kylin, with emphasis on its cysto-
carp development. Phycologia 2012, 51, 62-73, https://doi.org/10.2216/11-38.1.

Kang, J.C; Kim, M.S. Transfer of Papenfussia japonica (Delesseriaceae, Rhodophyta) from Korea to the genus Augophyllum. Bot.
Mar. 2016, 59, 405-415, https://doi.org/10.1515/bot-2016-0033.

Lin, 5.-M.; Fredericq, S.; Hommersand, M.H. Apoglosseae trib. nov. (Delesseriaceae, Rhodophyta) based on two molecular da-
tasets and cystocarp development. J. Phycol. 2002, 38, 23—24, https://doi.org/10.1046/j.1529-8817.38.51.68 x.

Kang, J.C.; Kim, M.S. A novel species Symphyocladia glabra sp. nov. (Rhodomelaceae, Rhodophyta) from Korea based on mor-
phological and molecular analyses. Algae 2013, 28, 149-160, https://doi.org/10.4490/algae.2013.28.2.149.

Mikami, H. On Acrosorium uncinatum (Turner) Kylin (Rhodophyceae, Delesseriaceae) from Japan. Jap. J. Phycol. 1980, 28, 113-116
(In Japanese).



Plants 2021, 10, 2269 15 of 15

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Abbott, I.A.; Hollenberg, G.J. Marine algae of California; Stanford University Press: Stanford, CA, USA, 1976; Volume i—xii, pp.
1-827, 701 figs.

Diaz-Tapia, P.; Boo, S.M.; Geraldino, P.J.L.; Maneiro, I.; Barbara, I.; Hommersand, M.H. Morphology and systematics of Calli-
blepharis hypneoides, sp. nov. (Cystocloniaceae, Rhodophyta) from the Atlantic Iberian Peninsula. Eur. ]. Phycol. 2013, 48, 380-
397, https://doi.org/10.1080/09670262.2013.844860.

Gargiulo, G.M.; Morabito, M.; Manghisi, A. A re-assessment of reproductive anatomy and postfertilization development in the
systematics of Grateloupia (Halymeniales, Rhodophyta). Cryptogamie Algol. 2013, 34, 3-35,
https://doi.org/10.7872/crya.v34.iss1.2013.3.

Lee, H.W.; Kim, M.S. Female reproductive structures define the novel genus, Nesoia (Halymeniaceae, Rhodophyta). Eur. J. Phy-
col. 2019, 54, 66-77, https://doi.org/10.1080/09670262.2018.1513166.

Lee, Y.; Kang, S. A catalogue of the Seaweeds in Korea; Cheju National University Press: Jeju, Korea, 2001; Volume 8, pp. 1-662 (In
Korean).

Lee, Y. Marine algae of Jeju; Academy Publication: Seoul, Korea, 2008; Volume i—xvi, pp. 1-477 (In Korean).

Agardh, J.G. Species Genera et Ordines Algarum, seu Descriptiones Succinctae Specierum, Generum et Ordinum, Quibus Algarum Reg-
num Constituitur; C.W.K. Gleerup: Lund, Sweden, 1852; Volume 2, pp. 577-700.

Kim, M.S.; Kim, S.Y.; Nelson, W. Symphocladia lithophila sp. nov. (Rhodomelaceae, Ceramiales), a new Korean red algal species
based on morphology and rbcL sequences. Bot. Mar. 2010, 53, 233-241, https://doi.org/10.1515/BOT.2010.031.

Saunders, G.W.; Moore, T.E. Refinements for the amplification and sequencing of red algal DNA barcode and RedToL phylo-
genetic markers: A summary of current primers, profiles, and strategies. Algae 2013, 28, 31-43, https://doi.org/10.4490/al-
gae.2013.28.1.031.

Chun, J. PHYDIT Version 3.1. 2001. Available online: http://plaza.snu.ac.kr/~jchun/phydit/ (accessed on 23 August 2012).

Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic
Acids Symp. Ser. 1999, 41, 95-98.

Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. MEGA4: Molecular evolutionary genetics analysis (MEGA) software version 4.0. Mol.
Biol. Evol. 2007, 24, 1596-1599, https://doi.org/10.1093/molbev/msm092.

Stamatakis, A. RAXML-VI-HPC: Maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 2006, 22, 26882690, https://doi.org/10.1093/bioinformatics/btl446.

Wittmann, W. Aceto-iron-haematoxylin-chloral hydrate for chromosome staining. Stain Technol. 1965, 40, 161-164,
https://doi.org/10.3109/10520296509116398.



