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Abstract

Gametophytic thalli with a large ovate shape were col-
lected at the Irifune fishing port at Hakodate in Hokkaido,
Japan. Phylogenetic analysis using rbcL sequences identi-
fied this alga as the red seaweed Pyropia yezoensis (order
Bangiales). Since the morphology of the Irifune specimen
was different from that of generally recognized P. yezoen-
sis specimens, indicating a naturally occurring variety of P.
yezoensis, the alga was named Pyropia yezoensis (Ueda)
M. S. Hwang & H. G. Choi var. irifuneiensis K. Mikami & H.
Nakao. Morphological characteristics of conchocelis fila-
ments and conchosporangia were identical to those of P.
yezoensis f. narawaensis, although the division formula for
female gametangia was slightly different. During early de-
velopment, vertical cell division was frequently observed in
the upper parts of thalli, establishing the cuneate and then
ovate shape. However, this morphological change was in-
hibited at 20°C, resulting in production of slender thalli and
suggesting a negative influence of mildly high temperature
on the frequency of vertical cell division in the upper part
of the thalli. Accordingly, the discovery of P. yezoensis var.
irifuneiensis will provide insight into seaweed cell biology
and approaches to preserve or improve aquaculture pro-
ductivity of nori.
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Pyropia yezoensis is an economically important species of
red algae used for production of nori in Asian countries [1,2].
In Japan, current nori cultivars mostly originate from Pyropia
yezoensis (Ueda) M. S. Hwang & H. G. Choi f. narawaensis N.
Kikuchi, Niwa & Nakada [3], which grows vigorously to form a
large, elongated gametophytic thallus [4]. Genetic heteroge-
neity is quite low among pure strains of this form due to re-
petitive self-fertilization [5,6], creating difficulty in establishing
high quality, strong growth and stress tolerance traits. Although
much effort has been put into breeding P. yezoensis by cross-
fertilization with other strains and mutagenesis [7-10; for re-
view, 11], identifying valuable species such as P. yezoensis f.
narawaensis is indispensable for sustainable development of
the nori aquaculture industry.

Taxonomic understanding of the order Bangiales was re-
cently revised by creating 16 genera [12,13], whereas only the
foliose Porphyra C. Agardh and filamentous Bangia Lyngb. had
been recognized previously [14]. Of these genera, the genus
Pyropia is most diverse and contains many unidentified speci-
mens, suggesting the potential for finding valuable species for
nori aquaculture among naturally growing Pyropia algae. Here,
we describe a naturally growing Pyropia variety isolated from
Hakodate in Hokkaido, Japan; this variety has a large gameto-
phytic thallus and shows vigorous growth in comparison with
other naturally grown Pyropia species.

Thalli of foliose Bangiales were harvested at slopes in boat
lift yards of the Irifune fishing port (41°46'N, 140°42'E), Hako-
date, on April 2 and 27, 2018; these specimens were typically
found on shellfish with the green alga Enteromorpha prolifera
(Supplementary Fig. 1). Size and morphology of collected speci-
mens were variable, with elliptical, ovate and round shapes
(Supplementary Fig. 1). The type specimen collected on April 2,
2018, is shown in Figure 1A.

We performed molecular phylogenetic analysis to determine
the phylogenetic position of the Irifune specimen (HMO00003)
using sequence information for the plastid rbcL gene encod-
ing the large subunit of ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco) from various Pyropia species. HM00003
clustered in the P. yezoensis clade (Supplementary Figure 2),
supported by complete identity of the rbcL nucleotide se-
quences with those of P. yezoensis specimens in the same clade
(data not shown). These findings indicated that the seaweed
collected at the Irifune fishing port is a naturally occurring vari-
ety of P. yezoensis for which we propose the name P. yezoensis
(Ueda) M. S. Hwang & H. G. Choi var. irifuneiensis K. Mikami
& H. Nakao; the Japanese name is Irifune susabinori. Mor-
phologies of conchocelis filaments and conchosporangia were
indistinguishable from those of P. yezoensis f. narawaensis (Fig.
1B and 1C). However, most reproductive sori of male gametogo-
nia were parallel to the apical-basal axis of thalli (Supplemen-
tary Fig. 1 and Fig. 1A), different from those crossing this axis
diagonally in P. yezoensis f. narawaensis. In addition, represen-
tative division formulae in male and female gametogonia were
128 (a/4, b/4, c¢/8) and 32 (a/2, b/4, c/4), respectively (Figs.
1D-G), the latter being slightly different from 16 (a/2, b/2, c/4)
in P. yezoensis f. narawaensis [15].

Development of unicellular monospores (Figure 2A) released
naturally from thalli was monitored in standing culture for 6
weeks and subsequent aeration culture for up to 18 weeks in
the laboratory. Monospores first developed into straight and
oblanceolate thalli after 2 and 3 weeks of development (Figs.
2B and 2C). Within 6 weeks, thallus morphology changed, with

horizontal expansion of the upper part resulting in production
of a cuneate-shaped thallus (Figure 2D). Further observations
in aerated culture revealed an elliptical shape after a further 3
weeks of culture (total 9 weeks; Figure 2E) and finally a large,
ovate shape after 18 weeks of culture (Fig. 2F). The ovate shape
of thalli, a representative characteristic of P. yezoensis f. irifu-
neiensis, was therefore established in a stepwise fashion during
early development via sequential morphological changes from
straight to elliptical and then ovate.

To explore growth characteristics, we examined the effects of
temperature on growth of asexual monospores at 5, 10, 15, 20
and 25°C under laboratory culture conditions, as previously de-
scribed [16]. Monospores were prepared by wounding thalli, as
established previously for P. yezoensis [17]. At 5°C, both height
and width of thalli were highly attenuated compared with those
at 15°C (Supplementary Figure 3), while incubation of mono-
spores at 25°C promoted the formation of three-dimensional
shrink-and-twist morphology with reduction in growth rate (Fig-
ure 3D). P. yezoensis f. narawaensis strain U51 showed the same
morphology at 25°C, although frequency of callus production in
this form was higher than that in the Irifune specimen (data not
shown). These findings indicated that thalli of P. yezoensis var.
irifuneiensis cannot grow normally at 5 or 25°C.

In contrast, thalli grew well at 10 and 15°C, although growth
of thalli incubated at 10°C was slightly retarded compared with
that at 15°C (Supplementary Fig. 3). We therefore considered
the most optimal temperature for growth to be 15°C. As men-
tioned above, thalli grown at 15°C for 6 weeks (Figures 2D &
3B) as well as at 10°C (Figure 3A) showed a cuneate shape,
which was not observed in P. yezoensis f. narawaensis strain
U51 grown under the same conditions (Figures 3E & 3F). How-
ever, incubation at 20°C caused repression of expansion in the
upper part, with thalli becoming slender in shape (Figures 3C).
Therefore, we propose that vertical cell division, which crosses
the apical-basal axis of thalli at right angles and is responsible
for the expansion of the upper part of thalli, is sensitive to mild
heat stress at 20°C in P. yezoensis var. irifuneiensis.

The large size of P. yezoensis var. irifuneiensis is similar
to that of P. yezoensis f. narawaensis growing after separa-
tion from culture nets in nori aquaculture (See photos by Su-
zuki M, http://natural-history.main.jp/Tree_of_life/Eukary-
ote/Plantae/Rhodophyta/Porphyra_yezoensis_narawaensis/
Porphyra_narawaensis.html). It is possible that both P. yezoensis
var. irifuneiensis and P. yezoensis f. narawaensis possess similar
mutations in genes responsible for large and vigorous growth
through changing the timing and frequency of vertical cell
division. How expansion of thalli is regulated via vertical cell
division remains an outstanding question. Since heat stress
reduced the frequency of vertical cell division in P. yezoensis
var. irifuneiensis (Figure 3C), it is necessary to identify genes
whose functions in the regulatory machinery of vertical cell di-
vision are repressed by heat stress. In addition, incubation at
25°C resulted in shrink-and-twist morphology by production of
callus (Figure 3D), suggesting that P. yezoensis var. irifuneiensis
can be established as a novel experimental material for basic
biological researchinto Bangiales, where regulatory mechanisms
of two-dimensional expansion of single or two cell-layered leafy
thalli have not been elucidated. In addition, its large and vigor-
ous growth phenotype with adhesion to substrates suggests the
potential for application of P. yezoensis var. irifuneiensis in nori
aquaculture, similar to P. yezoensis f. narawaensis. Therefore,
discovery of P. yezoensis var. irifuneiensis will provide novel
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insight into basic biological studies of the genus Pyropia and A
benefit sustainable aquaculture of nori.

Figure 3: Representative photos of Pyropia yezoensis var. iri-
funeiensis and Pyropia yezoensis f. narawaensis U51 cultured at
various temperatures for 6 weeks. (A—D) Thalli of P. yezoensis var.
irifuneiensis cultured at 10, 15, 20 and 25°C for 6 weeks. (E & F)
Thalli of P. yezoensis f. narawaensis U51 cultured at 10 and 15°C
for 6 weeks. Bars: 500 pum.

Figure 1: Morphological characteristics of the Irifune specimen.
(A) Type specimen collected on April 2, 2018. (B & C) Morphol-
ogy of conchocelis filaments and conchosporangia. (D & E) Surface
views of male and female gametangia. (F and G) Transverse views
of male and female gametangia. Bars: 4 cm (A), 50 um (B, C), 10
um (D-G).
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