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Abstract: Gametophyte-to-sporophyte transition in the haploid-diploid life cycle depends on fertil-
ization of male and female gametes. We describe here a mutant of the marine red seaweed Neopyropia
yezoensis, designated akasusabi (aks), where the gametophyte-to-sporophyte transition occurs indepen-
dently of fertilization. Although conchocelis filaments were produced from carpospores, severe defects
in the maturation of carposporangia via mitosis to generate conchospores were observed. In the
aks mutant, however, somatic cells of gametophytic thalli were able to produce conchocelis filaments
without fertilization. Thus, apogamy occurs in aks. In addition, aks was highly sensitive to wounding
that promotes both asexual and apogamous reproductive responses by producing spores, which
develop either into blades or conchocelis filaments, indicating that aks responds to wounding by
enhanced reproduction. These findings indicated that the aks mutation enables the transformation of
vegetative cells to carpospores to produce sporophytes by apogamy and wound-inducible life cycle
trade-off, stimulating a reset of the timing of reproduction during the life cycle. Therefore, AKS is
involved in regulations of the gametophyte-to-sporophyte transition and asexual spore production
in N. yezoensis.
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1. Introduction

Life cycles in plants consist of diploid sporophyte and haploid gametophyte [1,2].
Similarly, life cycles of the red algae of the Bangiales are diphasic, with haploid leafy
gametophyte (thallus) and diploid filamentous sporophyte (conchocelis) [3,4], as first es-
tablished by Drew [5]. In general, meiosis and fertilization trigger the transitions from
sporophyte to gametophyte and from gametophyte to sporophyte, respectively, in plants
and algae [2,6,7]. Indeed, the transition from gametophyte to sporophyte in Bangiales
is triggered by fertilization of male and female gametes, which promotes the develop-
ment of a carposporangium from the fertilized female gamete on gametophytic thalli [4].
Then, the carposporangium produces unicellular carpospores via mitotic cell division,
which upon release, generate conchocelis filaments as sporophytes [4]. Thus, production of
carpospores in the carposporangium via fertilization of gametes is tightly linked to the
gametophyte-to-sporophyte transitions in the life cycle of Bangiales.

In the sporophyte-to-gametophyte transition in Bangiales, development of gameto-
phytic thalli starts from unicellular conchospores released from conchosporangia para-
sitically produced on conchocelis filaments [4]. However, meiosis occurs during the early
development of gametophytic conchospores in Bangiales [8-17]. Thus, gametophyte iden-
tity of the conchospore could be established during maturation of the conchosporangium
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in a meiosis-independent manner in Bangiales, which is different from the general concept
of a meiosis-dependent sporophyte-to-gametophyte transition [1,2]. Recently, we have
shown that the production of conchospores in conchosporangia depends on apospory,
which is a process producing diploid gametophytes from the diploid generation with-
out meiosis [18-20], in the marine red macroalga Neopyropia yezoensis (formerly Pyropia
yezoensis) [21]. Moreover, since physiological and genome-wide gene expression analy-
ses indicated that conchosporangium is one of the life cycle generations, it was renamed
conchosporophyte, by which the life-cycle strategy of Bangiales was hypothesized as
triphasic [21]. Based on these findings, generation transitions from sporophyte to con-
chosporophyte and conchosporophyte to gametophyte might be regulated in unique ways
in Bangiales, whereas the gametophyte-to-sporophyte transition depends on fertilization
as in both red seaweeds and terrestrial plants.

It is unknown whether the regulatory mechanism of the fertilization-dependent
gametophyte-to-sporophyte transition is conserved between red seaweeds and terrestrial
plants. Recently, life-cycle mutants proved useful in elucidating the regulators involved in
the generation transition in brown seaweeds. The mutants ouroboros (oro) and samsara (sam)
are defective in the regulation of the gametophyte-to-sporophyte transition in the model
brown seaweed Ectocarpus siliculosus, and the genes responsible for these mutations were
identified [22,23]. However, no life cycle mutants have been reported in Bangiales, although
a bisexual mutant has been isolated in Gracilaria tikvahiae of Florideophycidae [24,25]. Isola-
tion of life-cycle mutants from Bangiales is, therefore, one of the strategies for elucidating
the regulatory mechanisms of generation transition in red seaweeds.

We describe here a red-colored high-growth mutant obtained from N. yezoensis. In this
mutant, sporophytes developed directly from vegetative somatic cells or somatic cell-
derived spores because of defects in mitosis in the carposporangium to produce car-
pospores, which in turn, inhibited production of sporophytes via carpospores. In addition,
wounding stress increased the production of spores developing to sporophytes or gameto-
phytes. These findings indicate that it is the first life-cycle mutant of red seaweeds and the
genes responsible for this phenotype that are involved in both gametophyte-to-sporophyte
transition and asexual reproductive processes.

2. Materials and Methods
2.1. Isolation of a Mutant

A red-colored mutant naturally appeared, rather than being artificially generated,
during experimental aquaculture of gametophytes of the N. yezoensis wild type (WT;
strain U51) in the Marine Resources Research Center of Aichi Fisheries Research Institute
in Toyohama, Aich, Japan, in 2011. It was isolated and maintained in the laboratory
(see below) to analyze its morphological and physiological characteristics.

2.2. Algal Strain, Culture Conditions and Calculation of the Growth Rate

Gametophytic blades of the WT and the mutant of N. yezoensis were cultured in
sterilized artificial seawater (SEALIFE; Marinetech, Tokyo, Japan) containing ESS, with
NaNOQO;j; as a nitrogen source, along with vitamins and trace metals [26]. The samples were
cultured under 60-70 umol photons m~ s™! as an optimal photon flux density in a short-
day photoperiod (10 h light/14 h dark) at various temperatures (0, 4, 10, 15, 20 and 25 °C),
before being aerated with air filtered through a 0.22-um filter (Whatman; GE Healthcare,
Chicago, IL, USA). The culture medium was changed weekly. The growth rates of WT
and the mutant were calculated by dividing the lengths of germilings (cm) of asexually
released monospores by the duration of incubation (day) under 0, 4, 10, 15, 20 and 25 °C
for 4,11, 15, 21, 28 and 36 days.

2.3. Quantitative Measurement of Photosynthetic Pigments

Chlorophyll a (Chl a) was separately extracted from each sample with Dimethyl
sulfoxide (DMSO) and then with 90% acetone. After extraction, supernatants obtained
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by DMSO and acetone were kept for 3 h at room temperature in darkness to sediment
impurities without degradation of Chl a, and then measured with a spectrophotometer
(GENESYS 10 Bio, Thermo Electron Corporation, Beverly, MA, USA) at 665 and 661 nm,
respectively. The Chl a content was determined using the formula described in [27].
For quantification of phycoerythrin (PE) and phycocyanin (PC), the gametophytic blade
was thoroughly grounded in 0.1 M phosphate buffer (pH 6.8) with a glass homogenizer
and centrifuged at 13,200 g (12,000 rpm) for 10 min at 4 °C. The resultant supernatant
was employed for spectrophotometric determination of the PE (455, 564 and 592 nm) and
PC contents (592, 618 and 645 nm) using the formulae described in [28].

2.4. Stress Treatments

Thalli were cultured in 9 cm dishes (Asnol petri dishes of 90 mm diameter x 20 mm
height; As One Corporation, Osaka, Japan) containing 30 mL artificial seawater for a
week at 15 °C or 4 °C in darkness or in light. A razor blade was used to excise 1-mm?
gametophytic portions from the tip, middle (0.8 cm from the tip) and bottom (1.6 cm from
the tip) of thalli of 2.0 to 2.4 cm in length to induce a wounding response. The number
of all spores released into the medium was calculated by microscopic observation every
day for up to seven days. Explants were also excised from the tip of thalli of various
sizes: 0.7, 1.7, 2.4 and 3.2 cm from the tips. Gametogenesis and callus formation were
observed in all these samples, sometimes by making vertical sections. To further explore
callus formation, non- wounded thalli were incubated at 10, 15, 20 and 25 °C for 36 days
as controls. These explants were observed and imaged using an Olympus IX73 light
microscope (Olympus, Tokyo, Japan) equipped with an Olympus DP22 camera.

2.5. Statistics Analysis

Values are indicated with £SD from triplicate experiments except for the cell size
measurement that employed a number of cells. A one-way ANOVA followed by a Tukey-
Kramer test was used for multiple comparisons, and significant differences were deter-
mined using a cutoff value of p < 0.05.

3. Results
3.1. Increased Growth of aks Gametophytes

In the red-colored mutant (Figure 1A), phycoerythrin (PE) was highly accumulated
in comparison to in the WT, although the amounts of phycocyanin and chlorophyll a
were comparable to those in the WT (Figure 1B). Since it is responsible for the red-colored
phenotype of the mutant, this mutant was named akasusabi (aks; red-colored N. yezoensis
in Japanese).

To characterize aks, growth rates of monospores under various temperature conditions
(0 to 25 °C) were compared with those of WT. Four-week cultivation of monospores indi-
cated that an optimal temperature of aks and WT was 20 °C (Figure 2 and Supplementary
Figure S1). Aks had a higher growth rate than WT (Figure 2B and Supplementary Figure S1)
but discoloration and high growth retardation at 0 °C, and an unusual shrink-and-twist
morphology was observed in both WT and aks thalli at 25 °C (Figure 2A).
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Figure 1. A red-colored mutant aksasusabi (aks) isolated from Neopyropia yezoensis. (A) Comparison
of color of gametophytic thalli between the wild type (WT; strain U51) and mutant (B). Pigment
compositions between WT (black bars) and mutant named aks (white bars). The error bars indicate
the standard deviations (N = 3). Different letters represent the significant difference (p < 0.05). Chl a,
chlorophyll a; PE, phycoerythrin; PC, phycocyanin.
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Figure 2. Effects of temperature on growth of gametophytic thalli of WT and aks of Neopyropia
yezoensis. (A) Representative images of thalli of WT (upper) and aks (lower) grown from monospores
at 0, 4, 10, 15, 20 and 25 °C for four weeks. Scale bars are 50 pm for 0 °C panels and 500 pm for
other panels. (B) Lengths of thalli grown from monospores at 0, 4, 10, 15, 20 and 25°C for four weeks
between WT (black bars) and aks (white bars). The error bars indicate the standard deviations (N = 3).
Different letters represent a significant difference (p < 0.05, and different letters on bars indicate
significant differences at p < 0.05 as tested with ANOVA.

3.2. Sporophyte Production with Mitotic Defect in aks Carposporangia

Although the distribution of reproductive sori, male gametangia, was similar between
WT and aks (Figure 3A,B), defects in cell division were observed in both male gametan-
gia and carposporangia in aks. Indeed, surface views of reproductive sorus were mostly
of 16- and 4-cell clusters for male gametogonia and carposporangia, respectively, in WT
(Figure 3C,G, Supplementary Figure S2), whereas aks revealed four- to eight-cell clusters
for male gametangia and one- and two-cell clusters for carposporangia in aks (Figure 3D,H,
Supplementary Figure 52). Although there is a reduction in the number of anticlinal divi-
sions in aks (Figure 3D), we found all three periclinal cell divisions, forming four-cell layers,
in male gametogonia of both WT and aks (Figure 3E,F). In contrast, defects of cell division
were severe in carposporangia in aks; vertical section views indicated either none or one
anticlinal cell division in aks carposporangia (Figure 3]), which was different from that in
WT with triple cell division forming a four-cell layer (Figure 3I). Moreover, the average
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diameter of carposporangial cells was 4.65 to 5.23 um and that of carpospores was 10.26 pm
in WT (Table 1), indicating that carpospores were enlarged to ca. two-fold after releasing.
However, the diameters of both carposporangium cells and carpospores were ca. 11 pm in
aks (Table 1).

Figure 3. Characteristics of male gametogonia and carpospores in aks. Surface views of reproductive
sori produced in thalli (A,B), male gametogonia (C,D) and carpospores (G,H), and transverse views
of male gametogonia (E,F) and carpospores (I,J) were compared between WT (A,C,E,G,I) and aks
(B,D,F,H,J) of Neopyropia yezoensis. Scale bars are 500 pm for (A) and (B) and 10 pum for (C-J).

Aks was able to produce conchocelis filaments as well as blades (Figure 4A). In this
respect, it is worth noting that vegetative cells of gametophytes were able to produce
filamentous conchocelis (Figure 4B). Although these filaments sometimes contained only
a few thick cells at their base, resembling conchosporangia, they became narrower dis-
tally (Figure 4C).
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Figure 4. Apogamy in aks. (A) Development of thalli and conchocelis filaments from explants from aks
thallus. (B,C) Generation of conchocelis filaments from vegetative cells of aks blades. Thallus producing
conchocelis filaments were cut transversely to observe the origin of conchocelis filaments. Scale bars are
50 pum for (A) and (C) and 12 pum for (B).

Table 1. Comparison of the diameter (um) of cells in carposporangia and carpospores between WT and aks of Neopyropia yezoensis.

Strain Carposporangia ! Carpospores >
Two-cell layer Four-cell layer
WT Upper Lower Top to bottom
114 £26 9.61 £21 4.69 £ 0.6 4.65 £05 4.68 £0.4 523+0.6 10.26 £ 1.7
(n=14) (n=14) n=7) n=7) n=7) n=7) (n=62)
One-cell layer Two-cell layer
ks Upper Lower
175+ 3.3 11.68 £+ 1.6 11.18 £ 1.4 11.84 £14
(n=41) (n =30) (n =30) (n=76)

1 Cells in transverse views were measured. 2 Cells producing a conchocelis filament were measured. Sample numbers (n) are indicated
under the values represented with £ SD.
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3.3. High Spore Productivity after Wounding Stress in aks

To address whether the aks mutation affects this wounding stress response,
the wounding-dependent production and release of spores were examined using explants
excised from three different areas (tip, middle and bottom) of thalli by further incubation at
15 °C. As shown in Figure 5A, the tip explants released a number of spores after a three-day
incubation, while a four-day incubation promoted gametogenesis and development of
spores to gametophytes and sporophytes (Figure 5B,C). Despite the observation of game-
togenesis, apogamy rather than fertilization-dependent production of carpospores was
expected, as mentioned in Figure 3. In addition, the release of a large number of spores
was observed in all three areas compared to WT, with tip explants showing the highest
spore production (Figure 5D).
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Figure 5. Stimulation of spore discharge by wounding in aks. (A) Wounding-induced discharge
of spores three days after excising. At this stage, it was difficult to determine whether a spore
was monospore or carpospore. (B) Induction of gametogenesis in wounded thallus four days after
excising. Whitish area is male gametogonia. (C) Development of spores released from explants
four days after excising. Most of the spores were monospores that developed into gametophytic
thalli. Conchocelis filament produced from carpospores generated by apogamy is indicated by arrow.
Scale bars are 100 pm. (D) Comparison of spore releasing between WT (black bars) and aks (white
bars). Explants were excised from tip, middle (0.8 cm from the tip) and bottom (1.6 cm from the
tip) of 2.4 cm thalli and incubated for seven days. The numbers of discharged spores (Y axis) were
counted every day as indicated on the X axis. Error bars indicate the standard deviation of triplicate
experiments (N = 3), and different letters on bars indicate significant differences at p < 0.05 as tested
with ANOVA.
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3.4. Heat Stress Inducibility of Callus Formation in aks

Whole aks thalli without wounding incubated at 25 °C for 36 days also produced cal-
luses (Figure 6A) and were responsible for the “shrink-and-twist” morphology (Figure 2A
and Supplementary Figure S3) revealed by the formation of multilayers of vegetative cells
(Figure 6B and Supplementary Figure S3). Moreover, calluses of aks produced gameto-
phytes with normal morphology (Figure 6C) similar to WT [29]. Although the frequency
of callus production per thallus was lower than that of WT (Figure 5D), calluses were
produced at 10 and 20 °C in addition to 25 °C (Figure 6E), in contrast to WT where calluses
were produced only at 25 °C [29]. Thus, the aks mutation alters the frequency and tempera-
ture dependency of callus production, although callus-derived generation of gametophytes
is not affected.
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Figure 6. Heat stress-induced callus production in non-wounded aks thalli. (A) Production of callus
on thallus incubated at 25 °C for 36 days. (B) Transverse view of callus. (C) Development of normal
thallus from callus. (D) Comparison of frequency of callus formation per thallus at 25 °C for 36 days
between WT (black bar) and aks (white bar). Error bars indicate the standard deviation of triplicate
experiments (N = 3) and an asterisk (*) indicates a significant difference at p < 0.05 as tested with
ANOVA. (E) Callus production under broad ranges of temperatures (10, 15 and 20 °C). Scale bars are
250 um for (A), 100 pum for (B) and (C) and 250 um for (E).

4. Discussion

Our characterization of aks derived from N. yezoensis strain U51 indicated defects in the
maturation of carposporangia and apogamy to generate carpospores from vegetative cells
of gametophytes for production of sporophytes. In seaweeds, only two life-cycle mutants,
oro and sam, have been isolated to date from the brown alga E. siliculosus [23,24], which do
not represent apogamy from vegetative cells because of the production of gametophytes
from unfertilized gametes, although these gametes usually develop to parthenogameto-
phytes by parthenogenesis [6,22,23]). Therefore, we concluded that aks is the first life-cycle
mutant in Rhodophyta and the first apogamous mutant in macroalgae.

Table 1 indicates similarity in the diameters of carposporangium cells and carpospores
in aks. If carpospores are released from carposporangia in aks, these should be enlarged in
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seawater (see WT in Table 1); however, no enlarged spores appeared (Table 1), although fer-
tilization occurs in aks (Figure 3D,H, Supplementary Figure S2). Thus, aks cannot produce
carpospores in carposporangia via mitosis, suggesting a possibility that carpospores to
generate conchocelis filaments might be produced in an alternative way different from mat-
uration of carposporangia. We, therefore, proposed that the aks mutation brings apogamy,
the generation of sporophytes from gametophytes without fertilization [19,20], to overcome
the lack of carpospore production by defects in maturation of carposporangia through
mitotic cell divisions, which is responsible for the production of conchocelis filaments in aks.

However, since gametogenesis and fertilization occurred, sexual reproductive pro-
cesses to produce carpospores were not fully suppressed. At present, little is known about
the relationship between apogamy and defects in the maturation of male gametagonia and
carposporangia. Alternatively, it is possible to propose a stepwise generation of aks causing
defects in carpospore production in an apogamous strain or acquisition of apogamous abil-
ity in a carposporangium-immature strain. Although artificial inactivation of carpospore
production in N. yezoensis is technically impossible at present, genetic analysis of aks is
expected to partly contribute to answering these questions by, for instance, confirmation of
heritability of the aks mutation.

Apogamy is defined as gametophyte-to-sporophyte transition without fertilization or
chromosome duplication [19,20]. Thus, it is a question of whether aks produces haploid
sporophytes. As far as we observed, sporophytes of aks produced conchosporophytes that
released unicellular conchospores as gametophytic cells to generate haploid gametophytic
thalli (data not shown), suggesting a possibility that aks sporophytes are diploid. Recently,
it has been observed that vegetative cells of male and female gametophytes have the poten-
tial to produce sporophytes via chromosome duplication in Neopyropia haitanensis [30,31],
which is different from so-called apogamy and parthenogenesis. As we defined these phe-
nomena as diploid apogamy [32], we proposed that aks can generate diploid sporophytes
from vegetative cells via diploid apogamy with chromosome duplication. Karyotypic
analysis of chromosome numbers in aks sporophytes should be necessary to confirm this
prediction. One of the remarkable characteristics of aks was a higher growth rate than
that of WT, while the optimal temperature for growth was the same for both WT and aks.
It has been reported that reproductive sterility resulted in acceleration of the growth rate
in the sterile mutant of the green alga Ulva rigida, for which the contribution of adenosine
triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADP) produced
by photosynthesis on lipid synthesis was proposed to support faster growth [33,34].

We observed discoloration of thalli at 0 °C with strong growth retardation, and for-
mation of the “shrink-and-twist” morphology, by callus formation at 25 °C in both WT
and aks. Although discoloration might be due to the cold-inducible inhibition of nitrogen,
uptake resulting in destruction of phycobilisomes [35], little is known about how callus
formation is induced by heat stress. Heat stress disrupts the direction of cell division,
and such a non-polarized random cell division produces calluses. Thus, elucidation of the
mechanisms of callus formation could provide insights into the regulatory mechanisms
of single-cell-layered blade formation. Moreover, production of gametophytic thalli from
calluses was observed, indicating that production of calluses in aks could be a method of
asexual reproduction [29]

Wounding and heat stress promote asexual reproduction in aks, but the frequency of
promotion was influenced differently by these stresses, with enhancement of the wounding
inducibility of spore production (Figure 5D) and attenuation of heat-dependent callus
production. Little is known about the relationship between these two asexual strategies
in N. yezoensis.

We also observed that wound stress enhanced the production of monospores and
apogamous carpospores. These findings indicated that wound stress promotes the life
cycle trade-off to reset the timing of both asexual and sexual reproductive phases in aks.
Although this has been observed in wounded WT thalli [29], the aks mutation strongly
enhanced the wound-dependent productivity of these spores compared to WT, suggest-
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ing the high frequency of the life cycle trade-off in wound-stressed aks. Thus, we proposed
that productivity of spores by the life cycle trade-off in aks is basically high, which is fur-
ther accelerated by wounding, although it is unclear whether enhanced spore production
depends on the increase in the sensitivity to wounding or strength of stress response in
aks. Moreover, as in WT [29], we also observed that three-day dark treatment of aks prior
to wounding resulted in the enhancement of asexual life cycle trade-off for monospore
production and apogamy for the fertilization-independent gametophyte-to-sporophyte
transition (data not shown), indicating that the aks mutation has no effect on the ability of
dark-enhanced spore formation. Since these findings suggest that dark treatment might
increase the intrinsic potential of monospore production and apogamy in N. yezoensis,
it is possible that the activities of factors involved in these events might be influenced
by the dark. Identification of a dark-sensitive factor contributes to understanding the
regulatory mechanisms of monospore production and apogamy since little is known about
the factors involved in asexual life cycle trade-off and apogamy in N. yezoensis to date.
In fact, promotion of gametogenesis by wounding or wounding plus heat stress has also
been observed in the green algal genus Ulva [33,34,36-39]. Therefore, comparative analysis
of the wounding-dependent gametogenesis between red and green alga might provide
insight into regulatory mechanisms of the life cycle trade-off in macroalgae.

Based on the above findings, it is proposed that a gene(s) responsible for the aks pheno-
types is involved in the gametophyte-to-sporophyte transition in N. yezoensis. Factors reg-
ulating gametophyte-to-sporophyte transition in terrestrial plants have been identified,
indicating that polycomb repressive complex 2 (PRC2) and bell-like 1 (BELL1) of the three-
amino acid-length extension class homeodomain (TALE-HD) transcription factors regulate
the transition from gametophyte to sporophyte in the moss Physcomitrium patens (formerly
Physcomitrella patens) [40-42], where gametophyte identity is maintained through the repres-
sion of a gene encoding BELL1 by PRC2 containing curly leaf and fertilization-independent
endosperm. In fact, it has already been demonstrated that red algae including N. yezoensis
and green algae have homologs of BELL1 transcription factors [21,43,44], and conserva-
tion of components of PRC2 in red and green algae has been demonstrated [45-48]. Thus,
the similarity in the regulation of the gametophyte-to-sporophyte transition is proposed
between terrestrial plants and algae. It is supported by recent findings in the brown alga
E. siliculosus, in which repression of genes encoding TALE-HD transcription factors resulted
in maintenance of gametophyte identity [23]. In addition, we have confirmed the presence
of genes encoding BELL1 homologs in N. yezoensis [21], although the functions of these
genes remain to be elucidated. Future research should investigate whether AKS encodes
a member of a PRC2 or BELL1 transcription factor, to provide novel insights into the
regulatory mechanisms of gametophyte-to-sporophyte transition in macroalgae.

5. Conclusions

We isolated and characterized aks, that is, the first life-cycle mutant in Bangiales.
There are two main phenotypes in aks in addition to the red coloration and high-growth
property. One is employment of apogamy to overcome the lack of maturation of car-
posporangia to produce carpospores developing directly into sporophytes, while the other
is enhancement in gametogenesis, frequency of the life cycle trade-off and apogamy by
responding to wounding and heat stress. These findings reveal that aks is indispensable
material for elucidation of the regulatory mechanisms of generation transition in the life cy-
cle and reproductive events like gametogenesis and monospore production in Rhodophyta.
Studies on factors promoting apogamy, monospore production and callus formation in
aks will present major opportunities to shed light on the regulatory mechanisms of gen-
eration transition and flexible promotion of life cycle trade-off by environmental stresses
in macroalgae.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/phycology1010002/s1, Figure S1: Comparison of time courses of changes in growth rate
of thalli in WT (A) and aks (B) under various temperature, Figure S2: Defects in maturation of male
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gametogania and carposporangia in aks, and Figure S3: Callus production leading the shrink-and-
twist morphology under heat stress conditions in aks.
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