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Heat-Stress Responses Differ among Species from Different
‘Bangia’ Clades of Bangiales (Rhodophyta)
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Abstract: The red alga ‘Bangia’ sp. ESS1, a ‘Bangia’ 2 clade member, responds to heat stress via accelerated asexual reproduction and acquires thermotolerance based on heat-stress memory. However,
whether these strategies are specific to ‘Bangia’ 2, especially ‘Bangia’ sp. ESS1, or whether they are
employed by all ‘Bangia’ species is currently unknown. Here, we examined the heat-stress responses
of ‘Bangia’ sp. ESS2, a newly identified ‘Bangia’ clade 3 member, and Bangia atropurpurea. Intrinsic
thermotolerance differed among species: Whereas ‘Bangia’ sp. ESS1 survived at 30 ◦ C for 7 days,
‘Bangia’ sp. ESS2 and B. atropurpurea did not, with B. atropurpurea showing the highest heat sensitivity.
Under sublethal heat stress, the release of asexual spores was highly repressed in ‘Bangia’ sp. ESS2
and completely repressed in B. atropurpurea, whereas it was enhanced in ‘Bangia’ sp. ESS1. ‘Bangia’
sp. ESS2 failed to acquire heat-stress tolerance under sublethal heat-stress conditions, whereas the
acquisition of heat tolerance by priming with sublethal high temperatures was observed in both
B. atropurpurea and ‘Bangia’ sp. ESS1. Finally, unlike ‘Bangia’ sp. ESS1, neither ‘Bangia’ sp. ESS2
nor B. atropurpurea acquired heat-stress memory. These findings provide insights into the diverse
heat-stress response strategies among species from different clades of ‘Bangia’.
Keywords: Bangia atropurpurea; ‘Bangia’ sp.; heat stress; asexual reproduction; stress memory; thermotolerance
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1. Introduction
Bangiales is a monophyletic order of red algae [1] comprising over 150 species [2].
Although filamentous Bangia Lyngb. and foliose Porphyra C. Agardh were previously
recognized as genera within Bangiales [3], recent phylogenetic analyses demonstrated the
presence of unexpected diversity in Bangiales, with cryptic species showing highly similar
morphologies [4–9]. This limits the taxonomic analysis of Bangiales based on morphological
characteristics. Therefore, to understand the diversity within Bangiales, it is important to
compare the nucleotide sequences of widely conserved genes, such as the plastid gene rbcL,
encoding the large subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco),
and the nucleus-encoded small subunit ribosomal ribonucleic acid (SSU rRNA).
Based on phylogenetic analyses of rbcL and SSU rRNA [10,11], the taxonomy of Bangiales was revised by splitting it into 13 genera (including 4 filamentous and 9 foliose
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genera) and 3 filamentous clades. Accordingly, although for the past few decades, all members of the genus Bangia were considered to include only three species, i.e., B. atropurpurea,
B. fuscopurpurea, and B. gloiopeltidicola, the previously recognized genus Bangia was recently
divided into one genus (Bangia) and three clades (‘Bangia’ 1, ‘Bangia’ 2, and ‘Bangia’ 3) [10].
In this classification system, B. atropurpurea and B. gloiopeltidicola fall into Bangia and ‘Bangia’
3, respectively, while B. fuscopurpurea, which has been used in numerous studies and is
thought to represent a single species, is classified into ‘Bangia’ 2 and ‘Bangia’ 3 [10]. Thus,
species previously classified as B. fuscopurpurea are a mixture of phylogenetically close but
distinct species.
In Japan, species belonging to ‘Bangia’ are widely distributed along coastal regions.
However, the local and seasonal distributions of these species have not been extensively
surveyed. It is therefore unclear whether species belonging to the three ‘Bangia’ clades
are present in Japan, although the ‘Bangia’ 2 species, ‘Bangia’ sp. ESS1, has been identified in Esashi, Hokkaido [12]. The use of a combination of molecular phylogenetic and
physiological approaches to study species from various locations could potentially resolve
this question.
The physiological properties of ‘Bangia’ species were recently investigated, specifically
the response to heat stress. For instance, heat-inducible asexual reproduction to produce
gametophytic clones via the release of asexual spores from gametophytes was observed in
‘Bangia’ sp. ESS1 and other species collected from various locations [13–15]. In addition,
‘Bangia’ sp. ESS1 can remember heat stress, allowing it to survive subsequent exposure to
lethal temperatures after priming via exposure to sublethal temperatures [16]. This indicates that these algae maintain thermotolerance as a heat stress-responsive physiological
state during subsequent non-stress control conditions, which increases the threshold level
of heat-stress sensing. These findings suggest that ‘Bangia’ sp. ESS1 responds to heat stress
by producing new generations via accelerated asexual reproduction and the acquisition
of thermotolerance based on stress memory. However, it is currently unknown whether
these strategies are specific to ‘Bangia’ 2, especially ‘Bangia’ sp. ESS1, or whether they are
common to all ‘Bangia’ species.
Here, to address this question, we identified the marine species living at the rocky
coast ‘Bangia’ sp. ESS2, a Bangiales belonging to ‘Bangia’ 3, and characterized its heatstress responses in terms of growth-limiting temperature, accelerated asexual reproduction,
and the acquisition of heat-stress tolerance compared to ‘Bangia’ sp. ESS1 [12,16] and the
freshwater species living close to the mountain stream B. atropurpurea [17]. Our results
uncover the diverse heat-stress response strategies among ‘Bangia’ species from different
‘Bangia’ clades.
2. Results and Discussion
2.1. Identification of a Species Belonging to ‘Bangia’ 3
We amplified and sequenced a DNA fragment corresponding to the rbcL gene from
gametophytes of a species collected on Kamomejima Island, Esashi, in April 2018 (GenBank
accession number LC602264). We then performed phylogenetic analysis using the rbcL
sequences from this species and species belonging to ‘Bangia’ 2, including ‘Bangia’ sp.
ESS1 [12] and ‘Bangia’ sp. OUCPT-01 [18], as well as the ‘Bangia’ 3 clade of Bangiales [10].
As shown in Figure 1, the species was classified as a member of ‘Bangia’ 3, with the
closest relationship to Bangia sp. collected on Disko Island in Greenland, Rankin Inlet in
Canada, and Chaichei Island in the United States, whose rbcL sequences were identical
and deposited in GenBank under accession number AF043366 [19]. We designated the new
species ‘Bangia’ sp. ESS2 (ESS represents Esashi).
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It was difficult to induce male and female gamete development under laboratory
culture conditions. However, some naturally harvested thalli had already formed carposporangia via the fertilization of male and female gametes. Thus, these carposporangia
produced conchocelis filaments in the laboratory (Figure 2K), which appeared black. Thus,
it is clear that ‘Bangia’ sp. ESS2 undergoes both sexual and asexual propagation during
its life cycle. As shown in Figure 2L, all conchocelis filaments were uniseriate, with cylindrical cells (4.62 ± 0.72 µm in diameter (N = 20)/12.76 ± 1.65 µm long (N = 27)), from
which branches were often produced. Conchosporangia developed on the conchocelis
filaments as thick filaments composed of cells 16.97 ± 2.97 µm in diameter (N = 27) and
15.37 ± 2.69 µm long (N = 26), which underwent branching (Figure 2M). These findings
indicate that the morphologies of ‘Bangia’ sp. ESS2 are similar to those of other previously
reported ‘Bangia’ species [13,14].
Notably, the tip of each conchosporangium was pointed (Figure 2M), which is similar
to the pointed conchosporangium tips of a Porphyra species collected in New Zealand [20];
however, other known Neopyropia species such as N. pseudolinearis and N. yezoensis have
rounded tips [21,22]. Thus, as mentioned in Knight and Nelson [20], it appears that the
morphology and shape of conchosporangia are effective taxonomic characteristics for discovering new species of Bangiales, although molecular validation via phylogenetic analysis
would provide indispensable confirmatory evidence. Indeed, the conchosporangium tips
of ‘Bangia’ sp. collected in Fukaura, Aomori in Japan were pointed (see Figure 1C in [13]),
suggesting that this species might be a ‘Bangia’ 3 species, like ‘Bangia’ sp. ESS2.
2.3. Growth-Limiting Temperatures of Gametophytic Thalli in ‘Bangia’ sp. ESS2 and Bangia
Atropurpurea
When the thalli of ‘Bangia’ sp. ESS2 were incubated at 15, 20, 25, and 28 ◦ C, they
appeared dark red-brown. These thalli could not be stained with erythrosine (Figure 3A),
and most vegetative cells were alive (Figure 3B and Table S1). In addition, their survival
was not affected by a 3-day incubation at 30 ◦ C or a 1-day incubation at 32 ◦ C (Figure 2B).
However, a 7-day incubation at 30, 32, or 34 ◦ C promoted greening and staining of the thalli
with erythrosine (Figure 3A), indicating the death of thalli. Indeed, viability gradually
decreased depending on the duration of incubation, and over 95% of cells were dead after
7 days of culture (Figure 3B and Table S1). These results are different from our previous
findings for ‘Bangia’ sp. ESS1 of the ‘Bangia’ 2 clade [12,23], which cannot survive at 32 ◦ C,
whereas 80 and 40% survival were observed following incubation at 30 ◦ C for 7 days and
3 weeks, respectively [15].
By contrast, B. atropurpurea thalli were sensitive to temperatures >20 ◦ C: 70–80% of
thalli survived a 7-day incubation at 20, 25, and 28 ◦ C but not at 30, 32, or 34 ◦ C (Figure 4
and Table S3). These results indicate that B. atropurpurea is more sensitive to heat stress than
‘Bangia’ sp. ESS2 and that the level of intrinsic tolerance to heat stress in ‘Bangia’ sp. ESS1
is highest among the three species, although the growth-limiting temperatures of ‘Bangia’
sp. ESS1 and ‘Bangia’ sp. ESS2 are similar and slightly higher than that of B. atropurpurea.
Therefore, sensitivity to heat stress varied among species from different ‘Bangia’ clades.
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different between the ‘Bangia’ 2 and ‘Bangia’ 3 clades of Bangiales. Why the strategies for
asexual spore release differ between ‘Bangia’ sp. ESS1 and ‘Bangia’ sp. ESS2, and how heat
and calm stress differentially promote the asexual life cycle in a species-dependent manner
remain to be elucidated.
2.5. Defect in the Acquisition of Heat-Stress Tolerance
‘Bangia’ sp. ESS1 can acquire heat-stress tolerance by priming via incubation at nonlethal high temperatures, resulting in survival under subsequent exposure to lethal heat
stress [16]. Thus, we addressed whether ‘Bangia’ sp. ESS2 and B. atropurpurea are also able
to acquire heat-stress tolerance. We pre-incubated ‘Bangia’ sp. ESS2 thalli (Figure 6B,C) at
28 ◦ C for 7 days, followed by incubation at 32 ◦ C for 1 to 7 days (Figure 6A). Although
the thalli were alive during pre-incubation at 28 ◦ C (Figure 6D,E), as indicated in Figure 3,
incubation at 32 ◦ C for only 1 day killed all vegetative cells in the thalli (Figure 6F,G). These
results demonstrate that ‘Bangia’ sp. ESS2 cannot acquire thermotolerance under sublethal
heat-stress conditions.
We then tested the ability of B. atropurpurea to acquire thermotolerance. Although
this alga showed approximately 70% survival at 28 ◦ C, but not 32 ◦ C after 7 days of
culture (Figures 4 and 7), the cultures were primed by treatment at 28 ◦ C for 7 days, and
the survival rate at the normally lethal temperature of 32 ◦ C increased; for instance, a
survival rate of 50% was observed after 7 days of culture at 32 ◦ C (Figure 7, Table S4). Thus,
B. atropurpurea can acquire thermotolerance by priming at 28 ◦ C. We therefore examined
whether B. atropurpurea can establish heat-stress memory to survive subsequent lethal
high-temperature conditions. When the thalli were returned to 15 ◦ C for 2 days after 7-day
priming at 28 ◦ C, incubation at 32 ◦ C resulted in the loss of viability (Figure 7, Table S4).
The results indicate that although B. atropurpurea has the ability to acquire thermotolerance
by priming, it cannot establish heat-stress memory to maintain thermotolerance.
Since the living conditions of sessile organisms usually fluctuate dramatically and
are often recurrent, the acquisition of thermotolerance via heat-stress memory (following
exposure to sublethal heat-stress conditions) is thought to be essential for survival under
subsequent lethal high-temperature stress in seaweeds including ‘Bangia’ sp. ESS1, as
well as terrestrial plants [16,25–28]. Thus, the inability to acquire heat-stress tolerance
in ‘Bangia’ sp. ESS2 and heat-stress memory in B. atropurpurea was unexpected; these
are notable characteristics of poikilotherms. ‘Bangia’ sp. ESS1 and ‘Bangia’ sp. ESS2
were collected in May and April from different regions of the same island ([23] and see
Section 3); thus, the environmental conditions experienced by these two species were likely
similar. We propose that the different heat-stress response strategies of these species, rather
than seasonal preferences, enable their compartmentalization on Kamomejima Island.
In addition, B. atropurpurea was harvested from the rocky bed of a river (see Section 3);
in such an environment, algae are usually splashed by river currents in the mountains
and environmental conditions are relatively constant. Therefore, it is currently unclear
whether the differences in the seasonal appearance of these species based on environmental
conditions and their distinct heat-stress response strategies are related. Alternatively, since
these three species belong to phylogenetically separated clades of ‘Bangia’, the variation in
their heat-stress response strategies could be due to their different phylogenetic positions.
Despite these remaining unresolved questions, our results clearly indicate that species
from different clades of ‘Bangia’ employ different heat-stress response strategies. Specifically, ‘Bangia’ sp. ESS2 and B. atropurpurea lack the intrinsic ability to acquire heat-stress
tolerance and establish heat-stress memory to cope with recurrent changes in environmental conditions. Since this does not fit the general notion that poikilotherms require
heat-stress tolerance and heat-stress memory [16,25–28], the presence of diverse responses
to heat stress appears to be a special characteristic of ‘Bangia’ species. Therefore, it remains
to be elucidated why ‘Bangia’ species from different clades employ different strategies in
response to heat stress. Such information might help confirm the recently revised taxonomy
of Bangiales [10].
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3. Materials and Methods
3.1. Algal Materials, Culture Conditions, and Morphological Observation
Gametophytes of filamentous Bangia grown on rocks were harvested on April 20,
2018 from Kamomejima Island (41◦ 520 N, 140◦ 060 E) in Esashi, Hokkaido in Japan. The
thalli were maintained in sterilized artificial seawater (SEALIFE, Marinetech, Tokyo, Japan)
enriched with ESS2 [29] under 60–70 µmol photons m−2 s−1 light with a short-day photoperiod (10 h light/14 h dark) at 15 ◦ C with air filtered through a 0.22 µm filter (Whatman,
Maidstone, UK). Conchocelis filaments appeared during the culture of thalli and were
maintained as described for thalli; the conchosporangia parasitically developed on the
conchocelis filaments. The culture medium was changed weekly. Thalli of the freshwater
species Bangia atropurpurea, which were collected from the rocky bed of a river with a
rapid current in Higashi-kawachisawa, Shizuoka, Japan in May 2005 and April 2006, were
maintained according to Yokono et al. [17] in commercially available Ca2+ -rich mineral
water (Contrex® , Nestlé Waters Marketing & Distribution) in plastic culture vessels, except
that the culture conditions described above for marine Bangia species were utilized. Thalli,
conchocelis, and conchosporangia were observed and imaged under an Olympus IX73
light microscope (Olympus, Tokyo, Japan) equipped with an Olympus DP22 camera.
3.2. Phylogenetic Analysis
Total genomic DNA was extracted from the species collected at Esashi from air-dried
samples using a DNeasy Plant Mini kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions. A 466-bp portion of the rbcL gene was amplified from the
Esashi species with gene-specific primers (50 -AAGTGAACGTTACGAATCTGG-30 and
50 -GATGCTTTATTTACACCCT-30 ; [30]) using Ex Taq polymerase (TaKaRa Bio, Kusatsu,
Japan) and sequenced on an ABI Model 3130 Genetic Analyzer (Life Technologies, Carlsbad, CA, USA). The nucleotide sequence of the amplified DNA fragment was deposited
in DDBJ/EMBL/GenBank under accession number LC602264. A neighbor-joining phylogenetic tree was constructed with MEGA 7 software (https://www.megasoftware.net
(accessed on 2 April 2021) using ClustalW to align the rbcL sequences from other Bangia
species [10]. The accession numbers of these rbcL sequences are listed in front of the species’
names in the phylogenetic tree.
3.3. Determining the Growth-Limiting Temperature
Each 0.05 g sample (fresh weight) of thalli (from aeration cultures grown at 15 ◦ C) was
incubated statically in dishes (Azunoru dish; 90 mm diameter × 20 mm height, As One Co.,
Ltd.) containing 50 mL of seawater for marine species or Contrex® for freshwater species
at 20, 25, 28, 30, 32, and 34 ◦ C for 7 days, while control experiments were performed at
15 ◦ C. The viability of these thalli was visualized daily by staining with artificial seawater
containing 0.01% erythrosine (Wako Pure Chemical Industries, Japan) as described by
Kishimoto et al. [16]. In brief, thalli were stained for 5 min at room temperature, gently
rinsed with artificial seawater or Contrex® to remove excess erythrosine, and mounted
on a slide with medium. The thalli were observed and photographed under an Olympus
IX73 light microscope equipped with an Olympus DP22 camera. Cells stained by the dye
were defined as dead cells. Viability was calculated from the number of living and dead
cells obtained using micrographs. Analysis of samples under each treatment condition was
repeated three times.
3.4. Quantification of Released Asexual Spores
Each 0.02 g sample (fresh weight) of thalli (aeration-cultured at 15 ◦ C) was incubated
statically in dishes (Azunoru dish; 90 mm diameter × 20 mm height, As One) containing
50 mL of seawater at 15, 20, 25, 28, 30, 32, and 34 ◦ C for 7 days. The number of asexual
spores released onto the bottom of the dishes was counted daily by observation under an
Olympus IX73 light microscope. Analysis of samples under each treatment condition was
repeated three times.
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3.5. Confirmation of Acquisition of Thermotolerance
Each 0.05 g (fresh weight) of thalli aeration-cultured at 15 ◦ C was incubated statically
in dishes (Azunoru dish; 90 mm diameter × 20 mm height, As One) containing 50 mL of
seawater at 28 ◦ C for 7 days or 28 ◦ C for 7 days plus subsequent treatment at 32 ◦ C for 1 to
7 days. The viability of these thalli was examined as described above. Analysis of samples
under each treatment condition was repeated three times.
3.6. Statistical Analysis
Values are indicated by ±SD from triplicate experiments. Two-way ANOVA followed
by a Tukey–Kramer test was used for multiple comparisons, and significant differences
were determined using a cutoff value of p < 0.05.
4. Conclusions
We identified ‘Bangia’ sp. ESS2 as a member of ‘Bangia’ 3 and compared its heat-stress
response strategies with those of B. atropurpurea and ‘Bangia’ sp. ESS1. Our analysis
revealed diversity in the heat-stress response strategies among these three species in terms
of asexual sporulation, the acquisition of thermotolerance, and the memorization of heat
stress. These findings suggest that the intrinsic abilities to respond to and tolerate heat
stress vary among species from different clades of ‘Bangia’. Physiological and molecular
biological studies of the mechanisms regulating heat-stress responses and the memorization
of heat stress in species from inter- and intra-‘Bangia’ clades could help explain why these
strategies are diverse in ‘Bangia’. Such information would increase our understanding of
the biology of ‘Bangia’ species from different clades and could confirm the recently revised
taxonomy of Bangiales.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10081733/s1, Table S1: Viability of vegetative cells in ‘Bangia’ sp. ESS2 thalli in response
to different durations of incubation under various temperature conditions, Table S2: Viability of
vegetative cells in Bangia atropurpurea thalli in response to different durations of incubation under
various temperature conditions, Table S3: Number of asexual spores released from ‘Bangia’ sp. ESS2
thalli in response to different durations of incubation under various temperature conditions, Table S4:
Viability of vegetative cells in Bangia atropurpurea thalli associated with the acquisition of heat-stress
tolerance and the memorization of heat stress.
Author Contributions: Conceptualization, K.M.; methodology, S.S. and K.M.; validation, H.V.K. and
K.M.; formal analysis, H.V.K.; investigation, H.V.K., P.K., and S.S.; data curation, H.V.K. and P.K.;
writing—original draft preparation and writing—reviewing and editing, K.M.; visualization, H.V.K.
and P.K.; resources H.U. and A.M.; supervision and project administration, K.M. All authors have
read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.
Acknowledgments: We are grateful to Hiromi Nakao from Betsukai Fishery Cooperative, Shyoichi
Itakura from the Hiyama Fisheries Extension Office, Yoshitomo Hamaya from the Esashi Branch of
the Fisheries Co-operative Association of Hiyama, and Hidehiko Sasaki from the Main Branch of the
Fisheries Co-operative Association of Hiyama for permission and support in collecting seaweed on
Kamomejima Island in Esasi. We also thank Ryunosuke Irie for technical assistance in phylogenetic
analysis, Chengze Li for the maintenance of ‘Bangia’ sp. ESS2, and Yuji Hiwatashi for technical
assistance in microscopic observation. Ho Viet Khoa was supported by Ministry of Education,
Culture, Sports, Science and Technology of Japan. Puja Kumari is an International Research Fellow
supported by JSPS with Postdoctoral Fellowship for Research in Japan (Standard). We also thank
Hiroyuki Mizuta for permission of Ho Viet Khoa to study in the Miyagi University.
Conflicts of Interest: The authors declare no conflict of interest.

Plants 2021, 10, 1733

14 of 15

References
1.
2.
3.
4.
5.
6.

7.
8.

9.
10.
11.

12.
13.
14.

15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.

Milstein, D.; de Oliveira, M.C. Molecular phylogeny of Bangiales (Rhodophyta) based on small subunit rDNA sequencing:
Emphasis on Brazilian Porphyra species. Phycologia 2005, 44, 212–221. [CrossRef]
Brodie, J.; Mortensen, A.M.M.; Ramirez, M.E.; Russell, S.; Rinkel, B. Making the links: Towards a global taxonomy for the red
algal genus Porphyra (Bangiales, Rhodophyta). J. Appl. Phycol. 2008, 20, 939–949. [CrossRef]
Müller, K.M.; Cannone, J.J.; Sheath, R.G. A molecular phylogenetic analysis of the Bangiales (Rhodophyta) and description of a
new genus and species, Pseudobangia kaycoleia. Phycologia 2005, 44, 146–155. [CrossRef]
Neefus, C.D.; Mathieson, A.C.; Klein, A.S.; Teasdale, B.; Gray, T.; Yarish, C. Porphyra birdiae sp. nov. (Bangiales, Rhodophyta): A
new species from the northwest Atlantic. Algae 2002, 17, 203–216. [CrossRef]
Lindstrom, S.C.; Fredericq, S. rbcL gene sequences reveal relationships among north-east Pacific species of Porphyra (Bangiales,
Rhodophyta) and a new species, P. aestivalis. Phycol. Res. 2003, 51, 211–224. [CrossRef]
Brodie, J.; Bartsch, I.; Neefus, C.; Orfanidis, S.; Bray, T.; Mathieson, A.C. New insights into the cryptic diversity of the North
Atlantic-Mediterranean ‘Porphyra leucosticta’ complex: P. olivii sp. nov. and P. rosengurttii (Bangiales, Rhodophyta). Eur. J. Phycol.
2007, 42, 3–28. [CrossRef]
Lindstrom, S.C. Cryptic diversity, biogeography and genetic variation in northeast Pacific species of Porphyra sensu lato (Bangiales,
Rhodophyta). J. Appl. Phycol. 2008, 20, 951–962. [CrossRef]
Niwa, K.; Iida, S.; Kato, A.; Kawai, H.; Kikuchi, N.; Kobiyama, A.; Aruga, Y. Genetic diversity and introgression in two cultivated
species (Porphyra yezoensis and Porphyra tenera) and closely related wild species of Porphyra (Bangiales, Rhodophyta). J. Phycol.
2009, 45, 493–502. [CrossRef] [PubMed]
Niwa, K.; Kikuchi, N.; Hwang, M.-S.; Choi, H.-G.; Aruga, Y. Cryptic species in the Pyropia yezoensis complex (Bangiales,
Rhodophyta): Sympatric occurrence of two cryptic species even on same rocks. Phycol. Res. 2014, 62, 36–43. [CrossRef]
Sutherland, J.; Lindstrom, S.; Nelson, W.; Brodie, J.; Lynch, M.; Hwang, M.S.; Choi, H.G.; Miyata, M.; Kikuchi, N.; Oliveira, M.;
et al. A new look at an ancient order: Generic revision of the Bangiales. J. Phycol. 2011, 47, 1131–1151. [CrossRef] [PubMed]
Sánchez, N.; Vergés, A.; Peteiro, C.; Sutherland, J.E.; Brodie, J. Diversity of bladed Bangiales (Rhodophyta) in western Mediterranean: Recognition of the genus Themis and descriptions of T. ballesterosii sp. nov., T. iberica sp. nov., and Pyropia parva sp. nov. J.
Phycol. 2014, 50, 908–929, Corrigendum in 2015, 46, 206. [CrossRef]
Li, C.; Irie, R.; Shimada, S.; Mikami, K. Requirement of different normalization genes for quantitative gene expression analysis
under abiotic stress conditions in ‘Bangia’ sp. ESS1. J. Aquat. Res. Mar. Sci. 2019, 2019, 194–205.
Notoya, M.; Iijima, N. Life history and sexuality of archeospore and apogamy of Bangia atropurpurea (Roth) Lyngbye (Bangiales,
Rhodophyta) from Fukaura and Enoshima, Jpn. Fish. Sci. 2003, 69, 799–805. [CrossRef]
Wang, W.-J.; Zhu, J.-Y..; Xu, P.; Xu, J.R.; Lin, X.Z.; Huang, C.K.; Song, W.L.; Peng, G.; Wang, G.C. Characterization of the life history
of Bangia fuscopurpurea (Bangiaceae, Rhodophyta) in connection with its cultivation in China. Aquaculture 2008, 278, 101–109.
[CrossRef]
Mikami, K.; Kishimoto, I. Temperature promoting the asexual life cycle program in Bangia fuscopurpurea (Bangiales, Rhodophyta)
from Esashi in the Hokkaido Island, Japan. Algal Resour. 2018, 11, 25–32.
Kishimoto, I.; Ariga, I.; Itabashi, Y.; Mikami, K. Heat-stress memory is responsible for acquired thermotolerance in Bangia
fuscopurpurea. J. Phycol. 2019, 55, 971–975. [CrossRef] [PubMed]
Yokono, M.; Uchida, H.; Suzawa, Y.; Akiomoto, S.; Murakami, A. Stabilization and modulation of the phycobilisome by calcium
in the calciphilic freshwater red alga Bangia atropurpurea. Biochim. Biophys. Acta 2012, 1817, 306–3011. [CrossRef] [PubMed]
Cao, M.; Bi, G.; Mao, Y.; Li, G.; Kong, F. The first plastid genome of a filamentous taxon ‘Bangia’ sp. OUCPT-01 in the Bangiales.
Sci. Rep. 2018, 8, 10688. [CrossRef]
Müller, K.M.; Sheath, R.G.; Vis, M.L.; Crease, T.J.; Cole, K.M. Biogeography and systematics of Bangia (Bangiales, Rhodophyta)
based on the Rubisco spacer, rbcL gene and 18S rRNA gene sequences and morphometric analyses. 1. North America. Phycologia
1998, 37, 195–207. [CrossRef]
Knight, G.A.; Nelson, W.A. An evaluation of characters obtained from life history studies for distinguishing New Zealand
Porphyra species. J. Appl. Phycol. 1999, 11, 411–419. [CrossRef]
Kim, N.-G. Culture studies of Porphyra dentate and P. pseudolinearis (Bangia, Rhodophyta), two dioecious species from Korea.
Hydrobiologia 1999, 398/399, 127–135. [CrossRef]
Takahashi, M.; Mikami, K. Phototropism in the marine red macroalga Pyropia yezoensis. Am. J. Plant Sci. 2016, 7, 2412–2428.
[CrossRef]
Hirata, R.; Takahashi, M.; Saga, N.; Mikami, K. Transient gene expression system established in Porphyra yezoensis is widely
applicable in Bangiophycean algae. Mar. Biotechnol. 2011, 13, 1038–1047. [CrossRef]
Omuro, Y.; Khoa, H.V.; Mikami, K. The absence of hydrodynamic stress promotes acquisition of freezing tolerance and freezedependent asexual reproduction in the red alga ‘Bangia’ sp. ESS1. Plants 2021, 10, 465. [CrossRef]
Bruce, T.J.A.; Matthes, M.C.; Napier, J.A.; Pickett, J.A. Stressful “memories” of plants: Evidence and possible mechanisms. Plant
Sci. 2007, 173, 603–608. [CrossRef]
Bäurle, I. Plant heat adaptation: Priming in response to heat stress. F1000Res. 2016, 5, 694. [CrossRef]
Crisp, P.A.; Ganguly, D.; Eichten, S.R.; Borevitz, J.O.; Pogson, B.J. Reconsidering plant memory: Intersections between stress
recovery, RNA turnover, and epigenetics. Sci. Adv. 2016, 2, e1501340. [CrossRef]

Plants 2021, 10, 1733

28.
29.
30.

15 of 15

Sanyal, R.P.; Misra, H.S.; Saini, A. Heat-stress priming and alternative splicing-linked memory. J. Exp. Bot. 2018, 69, 2431–2434.
[CrossRef]
Li, C.; Ariga, I.; Mikami, K. Difference in nitrogen starvation-inducible expression patterns among phylogenetically diverse
ammonium transporter genes in the red seaweed Pyropia yezoensis. Am. J. Plant Sci. 2019, 10, 1325–1349. [CrossRef]
Ohnishi, M.; Kikuchi, N.; Iwasaki, T.; Kawaguchi, R.; Shimada, S. Population genomic structures of endangered species (CR+EN),
Pyropia tenera (Bangiales, Rhodophyta). Jpn. J. Phycol. (Sorui) 2013, 61, 87–96.

