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ABSTRACT 20 

 21 

The expansion of the global macroalgal aquaculture and climate change creates the need for 22 

germplasm preservation of valuable aquaculture strains and maintenance of natural biodiversity. 23 

Compared to the large number of studies in fish and shellfish species, relative few studies have 24 

been conducted on the macroalgal germplasm cryopreservation. The first cryopreservation of 25 

macroalgae to -75 °C was reported on Neopyropia tenera (formerly called Porphyra tenera) in 26 

1964. To date, a total of 34 studies reported germplasm cryopreservation in 33 species, including 27 

Chlorophyta (7 species), Ochrophyta (14 species), and Rhodophyta (12 species). The goal of this 28 

review was to summarize the published studies on macroalgal germplasm cryopreservation, 29 

compare the reported protocols for the cryopreservation process, and identify the factors 30 

affecting post-thaw viability. Overall, the macroalgal germplasm for cryopreservation included 31 

haploid or diploid thalli, spores, and gametes. Cryotubes (1.5-ml or 2-ml) have been widely used 32 

to package germplasm samples for cooling and storage in most studies, and the 0.5-ml straws 33 

and 5-ml cryotubes have been used in several studies. Two approaches (programmable controlled 34 

cooling and vitrification) were employed for macroalgal germplasm cryopreservation. A two-step 35 

programmable controlled cooling (e.g., from initial culture temperature to a frozen temperature, 36 

such as -40 °C, and then directly plunging into liquid nitrogen at -196 °C) was determined to be 37 

an effective cooling strategy. Vitrification, a super rapid cooling for a sample to form 38 

non-crystalline amorphous solid, was applied on macroalgal germplasm cryopreservation with 39 

sample encapsulation and dehydration. Survival of post-thaw samples varied significantly in 40 

different studies. Based on research updates, recommendations are made for future research. It is 41 

expected that this review can serve as a foundation for future germplasm banking of macroalgae 42 

for aquaculture and biodiversity preservation.  43 

Key words: Macroalgae, Seaweed, Germplasm, Aquaculture, Cryopreservation.   44 
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1. Introduction 71 

 72 

Macroalgae, commonly known as seaweeds, are multicellular marine green, red, and brown 73 

algae consisting of complex life cycles, which include multicellular or siphonous macrothalli 74 

(Hurd et al., 2014). They vary in size from a few millimeters to ~60 meters (e.g., Macrocystis 75 

pyrifera) (Schiel and Foster, 2015). Based on the pigments in the chloroplast, macroalgae are 76 

classified into three groups: Chlorophyta (green algae), Ochrophyta (brown algae), and 77 

Rhodophyta (red algae) (Baweja et al., 2016; Graham et al., 2019). Macroalgae play a significant 78 

role in the ecosystem as ecological engineers (Umanzor et al., 2019), primary producers 79 

(Rosenzweig et al., 2008), habitat and structure providers (Dayton et al., 1984), nutrient cyclers 80 

(Paine, 1969), ecosystem services (Neori et al., 2004; Kim et al., 2014; 2015; Kim et al., 2017; 81 

Park et al., 2018; Kim et al., 2019; Park et al., 2021; Racine et al., 2021); essential connectors in 82 

the food chain for invertebrates and pelagic organisms, and shoreline buffers from storms 83 

(Steneck et al., 2002; Smale et al., 2013). Furthermore, some macroalgae also have great 84 

economic value as direct food sources, being used as polysaccharide additives, or food 85 

ingredients for human consumption because of their nutritional value, richness in proteins, 86 

vitamins, minerals, and other organic substances (MacArtain et al., 2007; Hafting et al., 2015; 87 

Wells et al., 2017; Naylor et al., 2021). Additionally, macroalgae have been used in the 88 

industries as fertilizers (Pereira and Yarish, 2008; Kim et al., 2017; Buschmann and Camus, 89 

2019), polysaccharides (Jönsson et al., 2020), oligosaccharides (Jiao et al., 2011), algal 90 

hydrocolloids (Roesijadi et al., 2010), minerals (Circuncisão et al., 2018), pharmaceuticals 91 

(McHugh, 2003), medical therapeutics (Vera et al., 2011), animal feeds (Vijn et al., 2020), and 92 

textile industries (Bixler and Porse, 2011). Overall, macroalgae are valuable and promising 93 

natural resources in diverse fields (Leandro et al., 2020).  94 

  To date, over 200 species of macroalgae have been harvested as food or for industrial uses 95 

(Sahoo et al., 2002; Ferdouse et al., 2018). Worldwide, macroalgal production in 2018 was 32.4 96 

million tonnes (FAO, 2020) including the Japanese kelp Saccharina japonica (35.3% by 97 

production), Eucheumoid seaweeds (29.1%; Kappaphycus alvarezii, Eucheuma denticulatum and 98 

other Eucheumoid spp.), Gracilaria spp. (10.7%), nori Neopyropia tenera and Neopyropia 99 

yezoensis (formerly called Porphyra tenera and Porphyra yezoensis, respectively) (8.9%), 100 

Sargassum fusiforme (0.8%), and other algal species (Buschmann et al., 2017; Kim et al., 2017; 101 
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Critchley et al., 2019; FAO, 2020). Macroalgal aquaculture is practiced in Asian countries 102 

(principally China, Indonesia, Korea, Philippines, Japan, and Malaysia), with total production  103 

being tripled from 2000 (10.6 million tonnes) to 2018 (32.4 million tonnes) (FAO, 2020). In 104 

recent years, seaweed aquaculture has been growing rapidly in European and North American 105 

countries for food, feed, bioenergy, nutrient bioextraction, and industrial uses (Grebe et al., 2019; 106 

Piconi et al., 2020; Vijn et al., 2020). With the steady growth of macroalgal aquaculture, 107 

breeding programs are being developed with different genetic manipulations to produce strains 108 

or lines suitable in different environments for improved productivity and quality (Mao et al., 109 

2020). Germplasm from these aquaculture lines need to be preserved to promote sustainable 110 

seaweed aquaculture (Wade et al. 2020). 111 

As many other marine species, macroalgae are also facing biodiversity losses at alarming 112 

rates (De Paula et al., 2020) due to multiple stressors, such as warming sea surface temperatures, 113 

pollutants, overharvesting, and other anthropogenic disturbances (Smale et al., 2013; Krumhansl 114 

et al., 2016; Wade et al., 2020). Potential consequences include changes of ecological structure, 115 

loss of genetic diversity, ecological function and services provided by macroalgae, and 116 

eventually extinction (Díez et al., 2012; Assis et al., 2017; Steneck et al., 2019). Loss of genetic 117 

diversity in macroalgae was identified in several farmed seaweed species due to limited space in 118 

germplasm banks or continuous inbreeding (Cardinale, 2011; Valero et al., 2017).  119 

The need for germplasm banking of macroalgae has been emphasized for the preservation of 120 

cultivars, biodiversity conservation and ecosystem restoration, and diverse research applications 121 

(Wade et al., 2020). Preservation of cultivated strains from the aquaculture industry is an 122 

important strategy to maintain this economically valuable germplasm in perpetuity (Wade et al., 123 

2020) and serve as the repositories of genetic variation (Tanksley and McCouch, 1997). 124 

Preservation of wild types for genetic diversity can provide biological insurance against 125 

environmental stresses, natural weather disasters, and unpredictable accidents from maritime 126 

industries (Barrento et al., 2016). Cryopreservation is a technology referring to the preservation 127 

of biological materials, including germplasm, at extremely low temperatures (commonly in 128 

liquid nitrogen at –196 °C). Application of cryopreservation technology for germplasm has 129 

played a significant role in human infertility treatment, maintenance of biological diversity, 130 

preservation of genetic resources, assistance of breeding programs, and conservation of 131 

imperiled species (Yang and Tiersch, 2020). For macroalgae, germplasm cryopreservation is 132 
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becoming an important and acceptable tool for long-term germplasm banking and conservation 133 

(O’Connell et al., 2020). 134 

In this review, the development of germplasm cryopreservation in macroalgae is evaluated 135 

and summarized for macroalgae aquaculture production and natural resource conservation. 136 

Literature searches were performed in databases from Web of Science Core Collection and 137 

Google Scholar with keywords of “macroalgae (or macroalgal), vitrification, cryopreservation 138 

(or cryopreserve), Chlorophyta, Ochrophyta, and Rhodophyta”. The findings and results in 139 

published studies on macroalgal germplasm cryopreservation will be summarized and compared 140 

at each step of the cryopreservation process (Tables 3, 4, and 5 for Chlorophyta, Ochrophyta, and 141 

Rhodophyta). The factors affecting post-thaw viability and repeatability were evaluated, and 142 

directions for future research will be discussed. It is anticipated that this review can serve as a 143 

foundation for future germplasm banking of macroalgae for aquaculture and natural resource 144 

conservation. For microalgal cryopreservation, the interested readers are referred to other related 145 

review references or book chapters (Day et al., 1999; Day, 2004; 2007; Day et al., 2010; 146 

Fernandes et al., 2019). 147 

 148 

2. Development of germplasm cryopreservation in macroalgae 149 

 150 

2.1. Approach for germplasm cryopreservation in macroalgae 151 

 152 

The history and principles of cryopreservation technology have been introduced and reviewed 153 

in other publications (Pegg, 2002; Yang and Tiersch, 2020). During the cooling process, two 154 

possible factors are responsible for cell injury: (1) solute effect, which injures cells by high solute 155 

concentrates when cells are cooled at a controlled cooling rate; and (2) intracellular ice formation, 156 

which injures cells via intracellular ice crystals when cells are cooled at fast cooling rates (Pegg, 157 

2002). Based on experimental observations, a two-factor hypothesis was proposed and was 158 

illustrated with follow-up experiments on cryopreservation for different types of cells at a wide 159 

range of cooling rates (Leibo, 1976). Since then, this hypothesis has been recognized as the basis 160 

of cryopreservation, and two cooling approaches have been developed for germplasm 161 

cryopreservation (Pegg, 2002).  162 

1) Cryopreservation by controlled cooling-rates.  163 
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This approach was based on the two-factor hypothesis. The optimized cooling rates can be 164 

experimentally determined (Yang et al., 2012) or theoretically predicted (Thirumala et al., 2005) to 165 

increase post-thaw cell survival (Mazur, 2004). For macroalgae, most of the cryopreservation 166 

studies used a two-step cooling rate method. The detailed summary will be illustrated in Section 3. 167 

2) Vitrification by cooling at ultra-rapid rates.  168 

This approach involves intracellular formation of a stable glass state (i.e., the solidification of a 169 

liquid in the absence of crystallization) (Rall and Fahy, 1985) and used for mammalian 170 

cryopreservation of oocytes (Kuwayama et al., 2005), embryos (Kasai and Mukaida, 2004), and 171 

blastocyst (Dal Canto et al., 2019). Vitrification can be achieved through osmotic dehydration by 172 

using penetrating cryoprotectants or cooling at ultrafast rates, and complemented with ultra-rapid 173 

warming (Mazur and Paredes, 2016). For macroalgae, vitrification was conducted by 174 

encapsulating samples into 3% calcium alginate beads, which are cooled in liquid nitrogen directly 175 

after dehydration (Wang et al., 2000; Zhang et al., 2008). The detailed summary will be illustrated 176 

in Section 3. 177 

 178 

2.2. Germplasm materials for cryopreservation in macroalgae  179 

 180 

Macroalgae come in many varieties in sizes and structures. The smallest macroalgae are only 181 

a few millimeters with a simple filamentous structure, while the largest macroalgae (e.g., giant 182 

kelp measures up to 60 meters) could have complex structures with specific tissues (Mouritsen, 183 

2013) and cells containing several nuclei and organelles (Baweja et al., 2016).  184 

Generally, macroalgae have varying life history strategies which include gametic meiosis, 185 

sporic meiosis, or zygotic meiosis. Life histories of macroalgae that have sporic meiosis may 186 

have haploid and diploid generations that are isomorphic or heteromorphic life cycles (See 187 

detailed figures in Redmond et al., 2014; Graham et al., 2019). The sporophyte produces haploid 188 

meiospores, which upon germination grow directly into dioecious gametophytes. Gametophytes 189 

produce mitotically a range of gamete types depending upon the species (isogametes, 190 

anisogametes or oogametes). After gametes fuse, a diploid zygote grows mitotically into diploid 191 

sporophytes. If the haploid gametophyte is morphologically similar to the diploid sporophyte, 192 

such organisms are characterized by an alternation of isomorphic generations. If the haploid and 193 

diploid stages are dissimilar, the organism exhibits an alternation of heteromorphic generations. 194 
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In addition, algae characterized by an alternation of generations can reproduce asexually via 195 

mitosis - or gametophytes can produce haploid parthenogametes. Based on the life cycles, 196 

reproduction features, and capability for regenerations in macroalgae, germplasm materials for 197 

cryopreservation could be any stage of the algal thallus (sporophyte or gametophyte thalli, 198 

meiotic spores, mitotic spores, and/ or parthenogametes). 199 

 200 

2.3. History of macroalgal germplasm cryopreservation  201 

 202 

Seed banking in terrestrial plants has been emphasized for several decades (Tanksley and 203 

McCouch, 1997). For algae, germplasm cryopreservation has been studied in many microalgae 204 

species, and germplasm repositories have been established in several species of economic 205 

importance (Barrento et al., 2016). Comparatively, fewer germplasm cryopreservation studies 206 

have been reported on macroalgae with limited success for long-term repository establishment 207 

(Taylor and Fletcher, 1999b; Day and Harding, 2008). 208 

Macroalgal cryopreservation was firstly reported in 1960 on the survival of green alga Ulva 209 

pertusa after exposure to low temperatures at -5, -10, -15, -20, and -28 °C by direct cooling 210 

without cryoprotectants (Terumoto, 1960). The results indicated that Ulva pertusa could tolerate 211 

low temperature to -10 °C for at least 24 h without cell injury. Later on, Ulva intestinalis 212 

(formerly called Enteromorpha intestinalis), was found to tolerate -20 °C for 24 h without cell 213 

injury, and 50% of cells survived after 3 days freezing at -20 °C (Terumoto, 1961), indicating the 214 

different resistance to low temperatures between U. pertusa and U. intestinalis. Therefore, direct 215 

comparisons of three green algae and five red algae in their resistance were conducted and 216 

significant differences were found (Terumoto, 1964). Since no efforts were made for long-term 217 

cryopreservation with cryoprotectants, those studies were categorized as frost resistance or cold 218 

storage (Table 1).  219 

The first cryopreservation of macroalgae was reported in Neopyropia tenera (formerly 220 

referred to as Porphyra tenera) with glycerol or glucose at 2.5, 5, 10, and 20% as cryoprotectants 221 

(Migita, 1964). The findings were: 1) vegetative and rhizoidal cells of thalli showed higher 222 

resistance to freezing temperatures than carposporangial cells. Neutral spores showed higher  223 

resistance than carpospores and conchocelis filaments; 2) cells cryopreserved to -20 °C showed 224 

higher post-thaw survival than that to -75 °C; 3) half-dried cells remained fully viable after 225 
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cryopreservation at -20 °C for 4 months; and 4) glucose, but not glycerol, showed protection of 226 

cells against freezing (Migita, 1964). Following this study, effects of cooling rate and water 227 

content in thalli were studied in Neopyropia tenera (= Pyropia tenera), Neopyropia yezoensis 228 

(=Pyropia yezoensis), and Phycocalidia suborbiculata (=Pyropia suborbiculata) (Migita, 1966). 229 

Additionally, sucrose, glycerol, NaCl, and ethylene glycol were used to cryopreserve Neopyropia 230 

yezoensis, NaCl and ethylene glycol did not cause cell injury, but sucrose, glycerol, and distilled 231 

water resulted in a fatal frost-injury to the cells (Terumoto, 1965). Since the early 1980s, a 232 

two-step cooling approach (van der Meer and Simpson, 1984) has been largely employed in 233 

many publications to cool macroalgae at cryogenic temperatures (-196 °C) with varied post-thaw 234 

survival. In recent studies, different pre-treatments before cooling, cryoprotectants, and cooling 235 

approaches were explored. 236 

Through an intensive literature search, a total of 35 papers have been found on macroalgal 237 

cryopreservation (Table 2). These 35 publications addressed germplasm cryopreservation in a 238 

total of 33 species, including 7 green algae (6 publications, Table 3), 14 brown algal species (15 239 

publications, Table 4), and 12 red algae (13 publications, Table 5). Because of their economic 240 

value as marine aquaculture crops, Neopyropia yezoensis, Undaria pinnatifida, and Saccharina 241 

japonica were the most studied species for germplasm cryopreservation (Table 2). Besides these 242 

research publications, one review paper (Taylor and Fletcher, 1999b), three book chapters or 243 

conference proceedings (Kuwano and Saga, 2000; Day, 2018; Paredes et al., 2021), and one 244 

perspective paper (Wade et al., 2020) were found on macroalgal germplasm cryopreservation.  245 

Despite these publications on macroalgal germplasm cryopreservation, significant variations 246 

in post-thaw survival were reported and there have been no uniformed standardized protocols 247 

even for the same species. Therefore, long-term germplasm repositories in macroalgae are still 248 

lacking (Wade et al., 2020). Currently, macroalgal collections in many institutes are held as live 249 

collections with a few species cryopreserved, such as the Culture Collection of Algae and 250 

Protozoa (ccap.ca.uk), the Roscoff Culture Collection (http://roscoff-culture-collection.org/), and 251 

the Bigelow Laboratory for Ocean Sciences (https://www.bigelow.org/). Maintenance of live 252 

macroalgae needs space, manpower and is prohibitively expensive. Furthermore, there is always 253 

a risk of losing certain strains or species due to catastrophic failure of the environmental systems 254 

or contamination by human error. Therefore, further studies on standardization and 255 
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quantification of cryopreservation procedures are needed to increase the protocol repeatability 256 

for successful application on germplasm banking.  257 

 258 

3. Germplasm cryopreservation of macroalgae 259 

 260 

Cryopreservation procedures involve a series of steps that are connected to each other and 261 

need to be optimized by experimental trials for the species of interest. These steps include: 1) 262 

germplasm sample collection; 2) selection of cryoprotectants by evaluating the acute toxicity and 263 

cryoprotective function during cooling process; 3) packaging of germplasm samples after mixing 264 

with cryoprotectants; 4) cooling process at suitable cooling rates by evaluating post-thaw 265 

survival; 5) thawing of frozen samples at different temperatures; and 6) viability assays or 266 

post-thaw amendments of samples before further use. Optimization of each cryopreservation step 267 

is crucial for protocol development with high post-thaw viability because these steps are 268 

interconnected and any error at any step could result in final failure (Leibo and Pool, 2011). In 269 

general, the optimized conditions at each step varied among different species, cell types (cell size, 270 

cell wall and cytoplasm membrane, etc.), and even the same samples when handling differently. 271 

The summary of macroalgal cryopreservation at each step was reviewed as follows. 272 

 273 

3.1. Germplasm collection and preparation for cryopreservation 274 

 275 

The targeted macroalgal germplasm for cryopreservation needs to be specific to their life 276 

cycle and reproduction characteristics (Wade et al., 2020). See section 2.2 the statement of life 277 

cycle and potential germplasm materials for cryopreservation. 278 

 279 

3.1.1. Diploid or haploid thalli  280 

Haploid and diploid thalli are present at different stages of the life cycle for macroalgae. For 281 

Chlorophyta and Ochrophyta macroalgae (Tables 3 and 4), the germplasm for cryopreservation 282 

included haploid gametophytic thalli (Wang et al., 2005; Zhang et al., 2007b; Zhang et al., 2007a; 283 

Zhang et al., 2008; Nanba et al., 2009; Barrento et al., 2016; Lee and Nam, 2016; Gao et al., 284 

2017; Visch et al., 2019), and haploid parthenosporophyte thalli in Ectocarpus species (Heesch 285 

et al., 2012). For Rhodophyta, including Neopyropia and Porphyra spp. (Table 5), diploid 286 
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conchocelis was the most common germplasm for cryopreservation (Kuwano et al., 1993; Wang 287 

et al., 2000; Zhou et al., 2007; Choi et al., 2013), and gametophytic thalli and free-living diploid 288 

conchocelis filaments were cryopreserved with relatively higher post-thaw viability (Kuwano et 289 

al., 1996; Jo et al., 2003) (Table 5). For other Rhodophyta macroalgal species, such as Gracilaria 290 

corticata, Gracilaria tikvahiae and Hypnea musciformis, apical segments of mature thalli were 291 

used for cryopreservation (van der Meer and Simpson, 1984; Lalrinsanga et al., 2009).  292 

Preparation of diploid or haploid thalli were performed by cleaning with sterilized seawater 293 

and cutting into 1-2 mm fragments using blenders or single edge razor blades. In some reports, 294 

the fragments after cutting were cultured in sterilized medium with or without antibiotics for a 295 

period of days or months before being used for cryopreservation. 296 

 297 

3.1.2. Spores, gametes, and zygotes,  298 

For most animals, germplasm such as gametes, embryos, and larvae are the primary focus 299 

for cryopreservation. For macroalgae, spores, gametes, and zygotes were suitable germplasm for 300 

long-term cryopreservation. To date, several studies reported successful cryopreservation or cold 301 

storage of meiospores from Saccharina japonica (Zhang et al., 2007b), Ulva intestinalis (Taylor 302 

and Fletcher, 1999a), Ulva fasciata and Ulva pertusa (Bhattarai et al., 2007), gametes from Ulva 303 

rigida (Gao et al., 2017) and zygotes (embryos) from Fucus edentatus (Bird and McLachlan, 304 

1974). In addition, meiospores of kelps were reported cryopreserved successfully in the Bigelow 305 

Laboratory (www.bigelow.org, personal communication with M. Lomas).  306 

For Chlorophyta (Table 3), zoospores of Ulva fasciata and Ulva pertusa cooled down to 307 

4 °C in f/2 seawater medium with ampicillin (100 µg mL–1) showed a viability of 42-61% after 308 

storage for 100 days (Bhattarai et al., 2007). Zoospores of Ulva intestinalis cooled to -20 °C 309 

showed a viability of over 40% after storage for 5 weeks (Taylor and Fletcher, 1999a), and 310 

gametes of Ulva rigida cooled to -20 °C and -80 °C showed 7.0 - 18.7% and 3.5–12.1% 311 

post-thaw viability (Gao et al., 2017). Released gametes and zoospores in Ulva species were 312 

collected by concentrated them using a point light source (Hiraoka and Enomoto, 1998). For 313 

Ochrophyta (Table 4), meiospores of Saccharina japonica cryopreserved in liquid nitrogen by 314 

gradual cooling at 0.25-5.0 °C min-1 to -60 °C followed by plunging directly into liquid nitrogen 315 

showed a 13-50 % viability after 24 h (Zhang et al., 2007b). For Saccharina japonica, 316 

meiospores were released from 10-cm2 pieces of sorus tissue in sterilized seawater at 8 °C and 317 
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were collected by filtering through a 30-µm cell strainer (Zhang et al., 2007b). For Rhodophyta 318 

macroalgae (Table 5), there has been no study on spores or gametes cryopreservation.  319 

 320 

3.2. Choice of cryoprotectants and evaluation of acute toxicity    321 

 322 

The use of cryoprotectants is essential for cryopreservation technology since the first 323 

application of glycerol (20%) as cryoprotectant for fowl semen cryopreservation (Polge et al., 324 

1949). Since then, cryopreservation has been investigated in many hundreds of different species, 325 

and the use of cryoprotectant is almost universal for cryopreservation technology. For different 326 

cell types and species for cryopreservation, effective cryoprotectant types and concentrations 327 

need to be determined through systematic experimentation based on cryoprotectant toxicity, 328 

molecular weight, and permeability (See reviews in Pegg, 2002; Elliott et al., 2017; Yang and 329 

Tiersch, 2020). Depending on cryoprotectant toxicity, cell sensitivity, and osmotic pressures, 330 

methods to mix cryoprotectants and biological cell suspension could be conducted in different 331 

ways at different temperatures. After mixing with cryoprotectants, sample suspensions usually 332 

require a specific time, which is called “equilibration time”, to allow cryoprotectants and 333 

samples to interact with one another before cooling. Systematic assessment of the acute toxicity 334 

of cryoprotectants on fresh samples is an effective way to screen cryoprotectant types, 335 

concentrations, and equilibration time for germplasm cryopreservation.  336 

For macroalgae, choice of cryoprotectants in most studies were based on peers’ results with 337 

DMSO, glycerol and sugars. Acute toxicity evaluation for screening cryoprotectants were 338 

reported in only two studies (Zhang et al., 2007b; Choi et al., 2013)). For Neopyropia yezoensis, 339 

a total of 10 cryoprotectants were evaluated on gametophytic thalli, and a combination of 5% 340 

DMSO and 20% diglycerol showed the least toxicity with a 94.6% post-exposure viability (Choi 341 

et al., 2013). For Saccharina japonica, five cryoprotectants (DMSO, glycerol, sucrose, dextrose, 342 

and sorbitol) were showed toxicity on meiospores, and DMSO showed the lowest level of 343 

toxicity. After exposure to 5% DMSO for 50 min or 10% DMSO for 15 min, about 70% of the 344 

meiospores developed into gametophytes (Zhang et al., 2007b). 345 

 346 

3.2.1. Types and concentrations of cryoprotectant  347 



13 | P a g e  

 

The cryoprotectant types used for macroalgae germplasm cryopreservation include DMSO, 348 

glycerol, methanol, ethylene glycol, polyethylene glycol, propylene glycol, dipropylene glycol, 349 

3-methyl-1,3-butanediol, 1,3-propanediol, 1,2-butanediol, 1,3-butanediol, and 2,3-butanediol 350 

(see summaries in Tables 3, 4, and 5) with DMSO reported in majority of the publications  351 

(Taylor and Fletcher, 1999a). Additionally, amino acids (proline and L- proline) and sugars 352 

(sorbitol, sucrose, mannitol, glucose, dextrose, and dextran T-500), and others (hydrochloride 353 

betaine and skimmed milk) have been used together with the cryoprotectants for macroalgal 354 

cryopreservation (Jo et al., 2003; Lee and Nam, 2016).  355 

Different cryoprotectants showed varied effects in different macroalgae species because cell 356 

sizes, types of tissues, cell wall construction, and cytoplasm membrane composition. For 357 

example, DMSO at 10% showed effective protection for Ulva lobata (highest post-thaw survival) 358 

(Lalrinsanga et al., 2009), but was considered to be harmful to the fresh mature thalli and 359 

germlings of Ulva rigida (Gao et al., 2017). Glycerol at 20% showed the highest protection 360 

during cryopreservation for Ulva prolifera (Lee and Nam, 2016). 361 

Cryoprotectants can be used independently or in combination for germplasm 362 

cryopreservation (Taylor and Fletcher, 1999b). DMSO, the mostly used cryoprotectant for 363 

macroalgae, is often combined with other cryoprotectants such as sugars and amino acids for 364 

germplasm cryopreservation in many species (Tables 3, 4, and 5) (Kuwano et al., 1993; Kuwano 365 

et al., 1994; 1996; Bhattarai et al., 2007; Zhou et al., 2007; Nanba et al., 2009; Choi et al., 2013; 366 

Lee and Nam, 2016; Visch et al., 2019). Additionally, combinations of different cryoprotectants 367 

(e.g., DMSO combining diglycerol; DMSO combing glycerol and proline) have been reported in 368 

several studies with effective protection of germplasm materials were identified with high 369 

post-thaw viability (Bhattarai et al., 2007; Choi et al., 2013; Lee and Nam, 2016).  370 

The concentration of cryoprotectants is another important factor which affects the post-thaw 371 

viability of cryopreserved germplasm. For example, high concentration of glycerol caused high 372 

mortality of cryopreserved gametophytes of Undaria pinnatifida due to cytotoxic leakage of 373 

vacuolar contents to the cell cytoplasm and destruction of thylakoids in plastids 374 

(Ginsburger-Vogel et al., 1992). For macroalgae, the cryoprotectant concentrations used for 375 

germplasm cryopreservation ranged from 5% to 25% (Tables 3-5). For example, the highest 376 

post-thaw viabilities for male and female gametophytes of Saccharina latissima were found in 377 

samples cryopreserved with DMSO 10% (v/v) using controlled-rate cooling methods (Visch et 378 



14 | P a g e  

 

al., 2019). Gametophytic thalli of Ulva prolifera had a viability of 91.6 % using a two-step 379 

controlled-rate cooling method with 20 % glycerol (Lee and Nam, 2016). Optimal concentrations 380 

varied depending on different cryoprotectants and macroalgal species. These conditions could be 381 

determined through systematic evaluation of cryoprotectant toxicity on fresh cells and protection 382 

during cooling process (examined on post-thaw viability). 383 

 384 

3.2.2. Equilibration time  385 

Before cooling, germplasm cells need to be mixed with cryoprotectants at optimal 386 

concentration and equilibration time in culture medium to minimize intracellular water (Pegg, 387 

2002). Overall, most publications used only one equilibration time, usually ranging from 15-60 388 

min. Equilibration time used for macroalgae germplasm cryopreservation varied for different 389 

species and germplasm materials, and even for the same species in different reports. 390 

For Gracilaria tikvahiae, equilibration time between 5 to 90 min had no effects on 391 

germplasm cell viability (van der Meer and Simpson, 1984). For Neopyropia yezoensis, 392 

gametophytic thalli were found sensitive to cryoprotectants and a 5-second equilibration time 393 

yielded the best post-thaw viability (Choi et al., 2013). The optimal equilibration time has been 394 

investigated in several other macroalgal species, including the meiospores of Saccharina 395 

japonica (Zhang et al., 2007b) and vegetative thalli of Gracilaria corticata, Hypnea musciformis, 396 

and Ulva lobata (Lalrinsanga et al., 2009). For the meiospores of Saccharina japonica, 397 

equilibration with 10% DMSO for 15 min was optimal (Zhang et al., 2007b). For vegetative 398 

thalli of Gracilaria corticata, the equilibration time of 60 min was found to be the most optimal. 399 

For vegetative thalli of Hypnea musciformis and Ulva lobata equilibration time of 45 min was 400 

sufficient (Lalrinsanga et al., 2009). For (spore producing thallus) sporothalli filaments of 401 

Neoporphyra and Pyropia species, the equilibration time of 45 min was found optimal (Jo et al., 402 

2003). 403 

The temperature for the equilibration process can change the optimal equilibration time. For 404 

macroalgae that inhabit temperate regions, such as Ulva prolifera and Gracilaria tikvahiae, 405 

equilibration time was optimal at room temperature (usually 20-23 °C), while for macroalgae 406 

that inhabit colder regions, such as Neopyropia yezoensis and Saccharina latissima, equilibration 407 

was usually performed at lower temperatures at 0-10 °C (Zhou et al., 2007; Visch et al., 2019). 408 
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As mentioned above in this section, evaluation of acute toxicity at different temperatures could 409 

be an effective approach to determine the optimal equilibration temperature.  410 

 411 

3.2.3. Mixing of cryoprotectants with germplasm materials 412 

   The addition of cryoprotectants to germplasm materials could cause abrupt osmotic changes 413 

because most cryoprotectants have high osmolarity. For example, DMSO has an osmolarity over 414 

2000 mOsmol/kg. Therefore, the method of mixing cryoprotectants and germplasm materials is 415 

critical to avoid sudden osmotic changes to germplasm cells. For macroalgae, cryoprotectants 416 

were added gradually to macroalgae germplasm in majority of publications, including the 417 

cryopreservation of conchocelis of Neopyropia, Neoporphyra and Porphyra spp. (P. seriata, 418 

Neopyropia yezoensis, Neopyropia tenera, Porphyra pseudolinearis and Neoporphyra dentata) 419 

(Kuwano et al., 1993; Jo et al., 2003), gametophytic cells of six species of Laminariales 420 

(Saccharina japonica, S. longissima, Kjellmaniella crassifolia, Ecklonia stolonifera, E. kurome, 421 

and Undaria pinnatifida) (Kuwano et al., 2004), vegetative thalli of Gracilaria corticata, 422 

Hypnea musciformis and Ulva lobata (Lalrinsanga et al., 2009), gametophytic thalli of Ulva 423 

prolifera (Lee and Nam, 2016), and gametophytes of Undaria pinnatifida (Nanba et al., 2009). 424 

 Generally, addition of cryoprotectants to germplasm materials were performed drop by drop 425 

within 15 min, and the mixture was left for 45 min of equilibration time at specific temperatures. 426 

Rapid mixing of cryoprotectants with target germplasm samples was also reported for 427 

macroalgal cryopreservation, for example, gametophytic thalli of Ulva rigida (Gao et al., 2017), 428 

gametophytes of Saccharina latissima (Visch et al., 2019), parthenosporophytes of Ectocarpus 429 

(E. siliculosus, Ectocarpus sp., E. fasciculatus) (Heesch et al., 2012) and meiospores (suspended 430 

or settled) of Saccharina japonica (Zhang et al., 2007b). Comparisons of mixing DMSO with 431 

conchocelis cells of Neopyropia yezoensis with different times from 0-30 min revealed that 432 

post-thaw survival was higher when DMSO was added gradually to reach its final concentration 433 

than that when DMSO was added rapidly (Kuwano et al., 1993).   434 

To compensate the osmotic change, cryoprotectant media in some studies were made in 50% 435 

of seawater (van der Meer and Simpson, 1984) or even distilled water (Bhattarai et al., 2007). To 436 

keep the pH balance after mixing of cryoprotectant and germplasm materials, HEPES (0.01 M, 437 

pH = 8) was employed to make cryo-media in many studies (Kuwano et al., 1994; 1996; Jo et al., 438 

2003; Kuwano et al., 2004; Lalrinsanga et al., 2009; Nanba et al., 2009; Lee and Nam, 2016). 439 
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Similarly, the removal of cryoprotectant from post-thaw samples could be performed either 440 

gradually or rapidly. The details were stated in section 3.7. 441 

 442 

3.3. Packaging of macroalgal germplasm samples  443 

 444 

Packaging containers are important for germplasm cryopreservation because the cooling and 445 

warming of germplasm samples is directly related to the volume, shape, and material type of 446 

packaging containers. Currently, the commercially available containers include straws (0.25 ml, 447 

0.3 ml, 0.5 ml, 5 ml) made of different materials (polyvinyl chloride for French straw, and 448 

ionomeric resin for CBS™ straw) for sperm and embryos, cryopreservation bags for blood and 449 

stem cells, cryovials made of different materials (polypropylene for the Corning™ cryovials) for 450 

cell lines, and other custom containers.  451 

For macroalgae germplasm cryopreservation, cryogenic vials (1.5 ml or 2 ml) were used in 452 

almost all published studies as packaging containers (Tables 3, 4, and 5). Large volume cryovials 453 

(5 ml) were sometimes used for germplasm cryopreservation of Gracilaria corticata, Hypnea 454 

musciformis, and Ulva lobata (Lalrinsanga et al., 2009). Occasionally, straws (0.5-ml) were used 455 

for macroalgal cryopreservation with high post-thaw viabilities, such as gametophytes and 456 

meiospores of Saccharina japonica (Zhang et al., 2007b; Zhang et al., 2007a) and gametophytic 457 

thalli of Neopyropia yezoensis (Choi et al., 2013). To date, no comparison of different packaging 458 

containers has been reported for macroalgal germplasm cryopreservation. 459 

 460 

3.4. Cooling process 461 

 462 

Based on the two-factor hypothesis (Mazur et al., 1972), cooling rate was considered a 463 

critical factor of post-thaw cell viability. The optimal cooling rate could be empirically 464 

determined depending on germplasm cell types, cryoprotectants, packaging containers etc. 465 

(Mazur, 1977; Pegg, 2002). Cooling of samples can be conducted to a temperature (-40 °C or 466 

-80 °C) at which samples and the cryo-medium should be completely frozen, and then frozen 467 

samples can be directly immersed liquid nitrogen at -196 °C for long-term storage. This 468 

approach is often called controlled cooling cryopreservation. Another method of 469 

cryopreservation, called ‘vitrification.’ This process cools samples at ultrafast cooling rates, 470 
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which yield a glass-like ice transformation rather than ice crystallization to avoid injuring cells 471 

during cooling process (Fahy et al., 1984). Vitrification has been successfully used for human 472 

egg and embryo cryopreservation as routine for artificial fertilization (Loutradi et al., 2008; 473 

Rienzi et al., 2017). 474 

 475 

3.4.1. Cryopreservation with controlled cooling rates  476 

For controlled cooling, a two-step cooling procedure was commonly applied for macroalgal 477 

cryopreservation (Tables 3, 4, and 5). Cooling rates, initial temperature, final temperature, and 478 

holding time of the first step and second-step cooling were different for different macroalgae 479 

species. Overall, a controlled cooling rate at around 1 °C min-1 was applied for the first step 480 

cooling procedure using a computer-programmed freezer or cooling at 1-6 cm above the surface 481 

of liquid nitrogen. This probably related to the large cell size of macroalgal germplasm which 482 

need more time for intracellular water transport during cooling process (Grout and Morris, 1987) 483 

to avoid intracellular ice crystal formation (McLellan, 1989). For some macroalgal species such 484 

as Gracilaria tikvahiae, slow and fast cooling rates (0.2 °C min-1 to 32 °C min-1) did not yield 485 

significant differences in post-thaw survival (van der Meer and Simpson, 1984). While in other 486 

macroalgal species, such as Saccharina japonica, controlled cooling rates at 0.25 °C min-1 and 487 

5.0 °C min-1 resulted in the loss of preserved meiospores. The post-thaw viability of meiospores, 488 

immersed directly in liquid nitrogen, was 34% (Zhang et al., 2007b).  489 

Initial temperature of the first step cooling process was usually the temperature for 490 

equilibration of germplasm with cryoprotectants. For Saccharina latissima, a cold temperate 491 

species, cooling started at 10 °C (Visch et al., 2019) while for Ectocarpus species (E. siliculosus, 492 

Ectocarpus sp., and E. fasciculatus), which inhabit warm temperate regions, cooling started from 493 

20 °C (Heesch et al., 2012). The final temperature of the first step cooling process was usually 494 

−40 °C, which was demonstrated as optimal in majority of the reports for macroalgal germplasm 495 

cryopreservation (Tables 3, 4, and 5). Cooling to a temperatures higher than −40 °C would 496 

increase cell death because of insufficient intracellular dehydration (Kuwano et al., 1994). For 497 

cryopreservation of gametophytes of Saccharina japonica, cooling of samples to -60 °C at a 498 

cooling rate of 1 °C min-1 yielded a 59% post-thaw survival (Zhang et al., 2007a) . 499 

Holding time between the first-step and second-step cooling procedure was different among 500 

reports, e.g., 5 min for Ulva prolifera gametophytic thalli cryopreservation (Lee and Nam, 2016), 501 
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and 10~15 min for cryopreservation of gametophytes of Saccharina latissima (Visch et al., 502 

2019). The effect of holding times after the first step cooling on post-thawed gametophyte 503 

viabilities was investigated in S. japonica and 40 min proved to be the optimal holding time 504 

(Zhang et al., 2007a). In some reports, no holding time was reported after the first cooling step.  505 

The second cooling step was to immerse samples directly into liquid nitrogen (-196 °C) or 506 

liquid nitrogen vapor. Samples were then kept in liquid nitrogen (or vapor phase) for long-term 507 

storage. This cooling procedure was reported in majority of macroalgae for germplasm 508 

cryopreservation studies. However, for green macroalgae Ulva intestinalis, Ulva fasciata, Ulva 509 

pertusa, and Ulva rigida, the second cooling step was to -80 °C rather than -196 °C. The reports 510 

suggested high post-thaw survival for gamete and zoospore cryopreservation (Taylor and 511 

Fletcher, 1999a; Bhattarai et al., 2007; Gao et al., 2017). 512 

 513 

3.4.2. Vitrification – ultrafast cooling 514 

Vitrification is the process of liquid “solidification” without ice crystallization but 515 

transformation into a glass state (Harding et al., 2004). Complete vitrification requires ultra-fast 516 

cooling rates and high sample viscosity by use of evaporative desiccation and/or employing 517 

osmotic dehydration with penetrating cryoprotectants (Harding et al., 2004; Day, 2018). Another 518 

method to achieve vitrification is encapsulation-dehydration, which involves in encapsulation 519 

and dehydration of encapsulated materials by immersion and storage in liquid nitrogen (Sakai 520 

and Engelmann, 2007). There are no toxic cryoprotectants required for samples, therefore 521 

post-thaw samples can be cultured upon thawing without the need for cryoprotectant removal 522 

(Taylor and Fletcher, 1999b).   523 

   Vitrification has been extensively applied to germplasm cryopreservation of animals, humans, 524 

and higher plants (Harding et al., 2004; Sakai and Engelmann, 2007). To date, only a few studies 525 

were reported on vitrification of macroalgal germplasm. Mostly vitrification was conducted by 526 

simply immersing samples, with or without cryoprotectants, directly into liquid nitrogen (Tables 527 

3, 4, and 5). For Neopyropia yezoensis, gametophytic thalli were vitrified by directly immersing 528 

into liquid nitrogen after equilibration for 30 seconds with 5% DMSO and 15~25 % diglycerol, 529 

yielded over 80% post-thaw viability (Choi et al., 2013). Haploid protoplasts were vitrified by 530 

immediately immersing in liquid nitrogen after mixing with 25% vitrification solution (10% w/v 531 

DMSO, 30% w/v glycerol, and 10% sucrose in seawater) and had a post-thaw viability as high as 532 
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66.5 % (Liu et al., 2004). For Undaria pinnatifida, gametophytes were vitrified in liquid nitrogen 533 

by encapsulating into calcium alginate beads after mixing with 2 mol L-1 glycerol and 0.6 mol 534 

L-1 sucrose for 90-120 min at 25 °C. Dehydration with vitrification solution (30% glycerol +15% 535 

ethylene glycol +15% DMSO) for 40-50 min at 0 °C, and washing with 1.2 mol L-1 sucrose 536 

solution, had a post-thaw viability of 26-31% (Wang et al., 2011). For Scytosiphon lomentaria, 537 

filaments were vitrified after mixing with a solution (2 mol L-1 glycerol + 0.4 mol L-1 sucrose) 538 

for 30 min. Dehydration followed with a vitrification solution (10 % DMSO + 10 % glucose + 539 

10 % polyethylene glycol 6000) for 30 min at 0 °C. A rinse followed with 1.2 M sucrose for 20 540 

min yielded a post-thaw survival rate of 38% (Zhuang et al., 2015).  541 

 542 

3.5. Storage of cryopreserved germplasm samples 543 

    544 

Theoretically, cryopreserved samples need to be stored and maintained at temperatures 545 

below -135 ºC/-140 ºC, the glass transition temperature. Commonly, liquid nitrogen or nitrogen 546 

vapor were employed for cryopreserved sample storage in Dewars. Most evidence proved that 547 

there was little or no detectable decline of viability of cells after many years storage at -196 °C 548 

(Huang et al., 2019). Routine care of filling liquid nitrogen of the storage tanks needs to be taken. 549 

Alternatively, electric ultra-freezers at -150 ºC can be used for storage of cryopreserved samples. 550 

These ultra-freezers are commercially available, and many types have built-in liquid nitrogen 551 

back-up systems, which can be self-activated if a power outage occurs.  552 

Besides cryopreservation at -196 °C, germplasm samples could be occasionally preserved at 553 

non-cryogenic temperatures (mostly at 4 °C) for a relatively short storage time for aquaculture 554 

use, such as extending the growing season (Oohusa, 1984; Lobban and Harrison, 1994). For 555 

example, thalli of Neopyropia yezoensis (1-3 cm) with 10-40% water content without 556 

cryoprotectants was frozen and stored at -20 °C for 40 d, and survival after thawing was 93.10% 557 

(Lin et al., 2010). Cultured blades of Porphyra umbilicalis (4.8 ± 0.22 mg) were directly frozen 558 

for 1, 3, 6, or 12 months at −80 °C or -20 °C without cryoprotectants after being air-dried to 5 % 559 

or 30 % absolute water content, and 100 % survival rates were obtained after thawing and 560 

rehydration (Green and Neefus, 2014) (Table 1).  561 

 562 

3.6. Thawing of cryopreserved samples 563 



20 | P a g e  

 

 564 

For cryopreserved macroalgal germplasm, relatively few studies have been conducted on the 565 

effects of thawing rate on the post-thaw survival (Tables 3, 4, and 5). Theoretically, factors 566 

causing cell injury during cooling process would potentially cause cell injury during warming 567 

process. Therefore, optimal thawing temperature or ultra-rapid warming rate (similar with 568 

vitrification) needs to be determined.  569 

Slow thawing has been used in recovery of non-cryogenic preserved macroalgal germplasm. 570 

For example, thawing of blades of Porphyra umbilicalis preserved at -20 °C and -80 °C were 571 

conducted by immersing into 125-mL of aerated sterile culture medium at 15 °C to recover for 3 572 

h, and a 100% survival was achieved and continued to grow after rehydration (Green and Neefus, 573 

2014). Different thawing temperatures (30, 40, and 50 °C) on the post-thaw survival of Ulva 574 

lobata, Gracilaria corticata and Hypnea musciformis were tested, and thawing at 40 °C yielded 575 

the highest post-thaw survival (Lalrinsanga et al., 2009). For Neopyropia yezoensis conchocelis, 576 

thawing temperatures (20 °C, 30 °C and 40 °C) on post-thaw survival were tested, and again, 577 

40 °C yielded the highest recovery rate of 87% (Zhou et al., 2007). In a majority of the published 578 

studies, thawing of cryopreserved samples has been conducted merely by immersing the frozen 579 

samples into a warm water bath at a temperature around 40 °C until samples had been 580 

completely thawed. 581 

Ultra-rapid warming has been emphasized in recent years to address the low post-thaw 582 

survival especially for large-sized cells such as mouse embryos and oocytes after vitrification. It 583 

was proposed that intracellular ice could be recrystallized during warming process and affect 584 

post-thaw survival (Mazur and Paredes, 2016). With an infrared laser pulse and Indian ink at µm 585 

sizes as heat-transfer medium, ultra-rapid warming at 10,000,000 °C/min was achieved. 586 

Application on thawing of vitrified mouse oocytes yielded nearly 100% post-thaw survival (Jin et 587 

al., 2014), even on thawing of vitrified mouse oocytes without permeable cryoprotectants (Jin and 588 

Mazur, 2015). Application of ultra-rapid warming yielded a 10% post-thaw survival vitrified 589 

zebrafish Danio rerio embryos (Khosla et al., 2017) and 43% in vitrified coral Fungia scutaria 590 

larvae (Daly et al., 2018). Additionally, ultra-rapid warming was also achieved by using inductive 591 

heating system and nanoparticles, and have been successfully applied on thawing vitrified tissues 592 

and organs (Manuchehrabadi et al., 2017).  593 



21 | P a g e  

 

For macroalgae, the germplasm materials are usually large-sized, ultra-rapid or rapid 594 

warming could have a significant effect on post-thaw survival. Rapid thawing of Undaria 595 

pinnatifida gametophytes yield a 50-100% survival, which was significantly higher than that 596 

from slow warming (Renard et al., 1992; Taylor and Fletcher, 1999b). Further investigation is 597 

warranted for application of ultra-fast warming. 598 

 599 

3.7. Post-thaw sample amendments  600 

    601 

One of the common post-thaw sample amendments was to remove the cryoprotectants in 602 

post-thaw samples to avoid the toxicity of cryoprotectants on germplasm cells or tissues. This 603 

amendment has been applied for human, livestock, poultry, and fish sperm cryopreservation 604 

(Elliott et al., 2017). For macroalgae, removal of cryoprotectant in post-thaw samples has been 605 

reported in majority of the publications before conducting viability assays. The first approach to 606 

remove cryoprotectants was to dilute post-thaw samples with culture medium, for example, the 607 

vegetative thalli of Gracilaria corticata, Hypnea musciformis and Ulva lobata (Lalrinsanga et al., 608 

2009). The gametophytic thalli of Ulva prolifera (Lee and Nam, 2016), the gametophytes of 609 

Undaria pinnatifida (Nanba et al., 2009) and the gametophytic thalli of Neopyropia yezoensis 610 

(Choi et al., 2013) required removal of cryoprotectants as well. The second approach to remove 611 

cryoprotectants was to centrifuge the post-thaw sample followed by discarding of the supernatant. 612 

This approach has been applied on conchocelis cells of Neopyropia yezoensis (Zhou et al., 2007) 613 

and free-living conchocelis filaments of five species of Neopyropia and Porphyra (Jo et al., 614 

2003). So far, no differences were found in post-thaw viabilities between post-thaw macroalgal 615 

samples with or without removal of cryoprotectants in post-thaw samples. 616 

  617 

4. Viability assays of post-thaw samples 618 

 619 

Easy, quick, and accurate viability assays are essential for development of cryopreservation 620 

protocols. For macroalgae, post-thaw samples require several days to weeks to germinate or 621 

grow into mature thalli for viability determination. A summary of the most widely methods for 622 

viability assay in macroalgae germplasm is listed in Table 6. Based on the macroalgal cell 623 
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characteristics, the three commonly used viability assays were cell staining, measurement of cell 624 

pigmentation index, and evaluation of re-growth.  625 

 626 

4.1. Cell staining  627 

The stains for determination of living macroalgal cells include 0.05 % (w/v) erythrosine 628 

(Nanba et al., 2009; Lee and Nam, 2016), 0.1% (w/v) fluorescein diacetate (Zhang et al., 2007b; 629 

Zhang et al., 2007a), and 0.02-0.1 % (w/v) neutral red (Wang et al., 2000; Zhou et al., 2007). 630 

After staining for about 20~30 min, macroalgal samples were rinsed with fresh seawater, and 631 

observed immediately by use of light microscopy. The stained cells were determined as living 632 

cells, while un-stained cells were dead cells. This method is easy to conduct, quick, and effective, 633 

but may over-estimate the percentage of living cells. To date, neutral red staining is the most 634 

widely used assay for macroalgae cell viability. 635 

 636 

4.2. Measurement of cell pigmentation index 637 

 638 

Measurement of cell pigment index is another fast method for macroalgal viability assay 639 

(Table 6), which was called the method of damage assessment (van der Meer and Simpson, 640 

1984). Small pieces of thalli damaged by freezing lose all or part of their pigmentation and this 641 

observation was used to devise a 'pigmentation index' where fully pigmented thalli were given a 642 

score of 10 whereas completely white, dead thalli received a score of 0. Partially damaged thalli 643 

were given intermediate scores reflecting both the area of dead tissue and the degree to which 644 

surviving tissue had lost pigmentation. The pigments for evaluation include chlorophyll levels 645 

(van der Meer and Simpson, 1984; Wang et al., 2005; Wang et al., 2011) and the ratio of viable 646 

cells with brown color out of total cells for Ochrophyta macroalgae (Zhang et al., 2008; Visch et 647 

al., 2019). The effectiveness of this method was confirmed for seaweed survival estimates 648 

(Lalrinsanga et al., 2009; Gao et al., 2017).  649 

 650 

4.3. Evaluation of re-growth  651 

 652 

The re-growth of post-thaw samples would be the gold standard for viability assay. This 653 

viability assays were extensively used in majority of studies (Table 6). Comparison of this direct 654 
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method with other indirect methods (staining and pigment index) showed similar results, 655 

indicating the effectiveness of indirect methods for viability assays (Leeson et al., 1984).  656 

However, whenever time allows, the re-growth method should be employed for viability assays 657 

of post-thaw macroalgal samples.  658 

 659 

4.4. Other viability assays  660 

 661 

Additional methods for macroalgal viability assay included the observation of ultrastructural 662 

damage, liberation of spores or gametes, photosynthetic efficiency (PSII), and evaluation of 663 

gamete formation. For macroalgal spores or gametes, germination rates would be the gold 664 

standard for viability assay immediately after thawing (Taylor and Fletcher, 1999a; Bhattarai et 665 

al., 2007; Gao et al., 2017).   666 

 667 

Overall, any methods stated above could potentially be used for macroalgal viability assays 668 

(Taylor and Fletcher, 1999b). However, large variation in viability may exist among these 669 

viability assay methods (McLellan et al., 1991). Therefore, extreme caution should be exercised 670 

when comparing the viabilities estimated by different methods among different publications. 671 

Furthermore, even with the same viability assay, comparison of results from different 672 

publications needs to pay attention to the definition of viability. 673 

 674 

5. Outlook and future research  675 

 676 

Overall, macroalgal germplasm cryopreservation has been studied mostly in economically or 677 

ecologically important species. Most of these studies were conducted empirically, and limited 678 

application has been reported on the establishment of germplasm repository or commercial 679 

macroalgal production. The majority germplasm types used for cryopreservation were 680 

sporophyte or gametophyte thalli. Post-thaw viability showed significant variations among 681 

different publications even for the same species. Depending on specific germplasm type and 682 

studied species, the cryopreservation protocols showed variable results (Tables 3-5).  683 

 684 
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Based on the review of the current research updates, further investigation topics on 685 

macroalgal germplasm cryopreservation should include:  686 

1) Standardization of research protocols need to be improved through systematic evaluation of 687 

some factors, such as addition of proteins, lipids, vitamins, or antioxidants to cryo-medium; 688 

osmolality and pH change of cryo-medium; equilibration time and interaction with 689 

cryoprotectants. Standardization of protocols would allow direct comparison of results from 690 

different publications and could provide easy operation and assure quality control for the 691 

application of macroalgal cryopreservation protocols; 692 

2) Different packaging containers with potential for high-throughput processing need to be 693 

evaluated and compared on protocol development for macroalgal germplasm repositories;  694 

3) Research cryopreservation protocols for different types of germplasm need to be developed 695 

including thalli (gametophytes or sporophytes), spore type (flagellated or amoeboid), and 696 

gametes (isogametes, anisogametes or oogametes). Cryopreservation of spores and gametes 697 

could facilitate preservation of numerous strains and species of macroalgae with less 698 

requirement of labor and space;  699 

4) Vitrification technology, such as encapsulation-dehydration with no toxin cryoprotectant, 700 

needs to be developed for cryopreservation of macroalgal germplasm with direct use of 701 

post-thaw samples without repeated washing; and  702 

5) Use of ultra-rapid warming technology showed promising improvement on post-thaw 703 

viability of large-cell or tissue vitrification (see Section 3.6). There is a potential that 704 

ultra-rapid warming could be applied on macroalgal cryopreservation or vitrification. 705 

 706 

Overall, germplasm cryopreservation for marine macroalgae have been majorly focused on 707 

development of research protocols in the laboratory. These research protocols could be applied to 708 

establish macroalgal germplasm repositories for commercial aquaculture and natural resources 709 

conservation. Establishment of germplasm repository (seed banking) requires reliable research 710 

protocols, infrastructure, repository management strategy for sample storage and inventory, 711 

database management for phenotype, genotypes, and germplasm collection information, and 712 

policy for use of cryopreserved samples.  713 

 714 
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Table 1. Summary about studies on macroalgal frost resistance or non-cryogenic cold storage. The species names used in original 
publications were annotated in parathesis following the new species names.   
  

Species Study Topic Reference 

Chlorophyta   
Monostroma angicava Frost resistance for 24 hr to -20°C with 50% survival (Terumoto, 1964) 
Ulothrix flacca Frost resistance for 24 hr to -25°C with 50% survival (Terumoto, 1964) 
Ulva intestinalis  

   (Enteromorpha intestinalis)  
Frost resistance by cooling to -5 to 25°C. Tolerance of -20°C for 24 hr  (Terumoto, 1961) 

Ulva linza (Enteromorpha linza) Frost resistance for 24 hr to -20°C with 50% survival (Terumoto, 1964) 
Ulva pertusa Frost resistance by cooling from 0°C to -28°C. Tolerance of -10°C for 24 hr  (Terumoto, 1960; 1961) 

Ochrophyta   
Fucus edentatus Cold resistance of zygotes and embryos down to -25°C for hours and days (Bird and McLachlan, 1974) 
Macrocystis pyrifera Cold storage of gametophytes at 10°C for 5 years (Barrento et al., 2016) 

Rhodophyta   
Bangia fusco-purpurea Frost resistance for 24 hr to -55°C with 50% survival (Terumoto, 1964) 
Gloiopeltis furcata Effects of different size, water content, and density on storage at 4℃ and 

–18℃)  
(Chen et al., 2016) 

Neopyropia tenera (Porphyra tenera) Frost resistance of vegetative thalli, spores, and conchocelis filaments  (Migita, 1964; 1966; 1967) 
Neopyropia yezoensis  
     (Porphyra yezoensis) 

Frost resistance for 24 hr to -35 °C with 50% survival (Terumoto, 1964) 
Effects of cooling rates and water content on frost resistance (Migita, 1966) 
Freezing of thalli at -20°C after dehydrated with 10%–40% H2O  (Lin et al., 2010) 

Phycocalidia suborbiculata  
     (Porphyra suborbiculata) 

Effects of cooling rates and water content on frost resistance (Migita, 1966) 

Porphyra umbilicalis Freezing to -20 °C or -80 °C after air dry to 5 or 30% H2O (no cryoprotectants) (Green and Neefus, 2014) 
Pyropia pseudolinearis  
    (Porphyra pseudolinearis) 

Frost resistance for 24 hr to -55 (female) to -70°C (male) with 50% survival  (Terumoto, 1964) 

Uedaea onoi (Porphyra onoi) Frost resistance for 24 hr to -10°C with 50% survival, fatal at -15°C (Terumoto, 1964) 
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Table 2. Summary about studies on germplasm cryopreservation in macroalgae. The species names in original publications were 
annotated in parathesis following the new species names.  
 

Species Study Topic Reference 

Chlorophyta   
Ulva intestinalis  

(Enteromorpha intestinalis) 
Crypreservation of zoospores to –20°C to –40°C with DMSO and glycerol  (Taylor and Fletcher, 1999a) 

Ulva fasciata Cryopresrevation of spores at 4°C, -20 or -70°C with DMSO and glyerol (Bhattarai et al., 2007) 
Ulva lactuca  Application of cryopreservation protocol developed for Gracilaria tikvahiae  (van der Meer and Simpson, 1984) 
Ulva lobata Cryopreservation of vegetative thalli with 10% DMSO or glycerol  (Lalrinsanga et al., 2009) 
Ulva pertusa Cryopresrevation of spores at 4°C, -20°C and -70°C with DMSO and glyerol (Bhattarai et al., 2007) 
Ulva prolifera  Cryopreservation of gametophytic thalli with DMSO, glycerol, or proline (Lee and Nam, 2016) 
Ulva rigida Cryopreservation of thalli, germlings, and gametes for up to 184 days  (Gao et al., 2017) 

Ochrophyta   
Ecklonia kurome Development of cryopreservation protocol for six species of Laminariales (Kuwano et al., 2004) 
Ecklonia stolonifera Development of cryopreservation protocol for six species of Laminariales (Kuwano et al., 2004) 
Ectocarpus fasciculatus, E. siliculosus  

E. sp.  
Cryopreservation of different strains with DMSO 10% (v/v) and sorbitol 9% (Heesch et al., 2012) 

Eisenia bicyclis Development of cryopreservation protocol  (Kono et al., 1998) 
Kjellmaniella crassifolia Development of cryopreservation protocol for six species of Laminariales (Kuwano et al., 2004) 
Laminaria digitata Vitrification by encapsulation dehydration (Vigneron et al., 1997) 
Saccharina japonica  

(Laminaria japonica) 
Development of cryopreservation protocol for six species of Laminariales  (Kuwano et al., 2004) 
Cryopreservation of spores and gametophytes   (Zhang et al., 2007b; Zhang et al., 2007a) 
Cryopreservation of gametophytes using encapsulation-dehydration (Zhang et al., 2008) 

Saccharina longissima  
(Laminaria longissima) 

Development of cryopreservation protocol for six species of Laminariales (Kuwano et al., 2004) 

Saccharina latissima Development of cryopreservation protocol for gametophyte males and females  (Visch et al., 2019) 
Scytosiphon lomentaria Cryopreservation of filaments to -20°C through a vitrification procedure  (Zhuang et al., 2015) 
Undaria pinnatifida Development of cryopreservation protocol for six species of Laminariales (Kuwano et al., 2004) 
 Ultrastructure observation of gametophytes during thawing process (Ginsburger-Vogel et al., 1992) 
 Effects of pre-incubation irradiance on post-thaw survival  (Nanba et al., 2009) 
 Cryopreservation of gametophytes by encapsulation-dehydration (Wang et al., 2005; Wang et al., 2011) 
 Development of cryopreservation protocol for gametophytes (Arbault et al., 1990; Renard et al., 1992) 
Vaucheria sessilis Elucidation of the metabolic and structural basis during cooling process  (Fleck et al., 1999) 

Rhodophyta   
Chondrus crispus Application of cryopreservation protocol developed for Gracilaria tikvahiae  (van der Meer and Simpson, 1984) 
Devaleraea ramentacea Application of cryopreservation protocol developedfor Gracilaria tikvahiae (van der Meer and Simpson, 1984) 
Gracilaria corticata Cryopreservation of vegetative thalli with 10% DMSO or glycerol (Lalrinsanga et al., 2009) 
Gracilaria foliifera Application of cryopreservation protocol developed for Gracilaria tikvahiae (van der Meer and Simpson, 1984) 
Gracilaria tikvahiae Development of cryopreservation protocol, and application on other five species (van der Meer and Simpson, 1984) 
Hypnea musciformis Cryopreservation of vegetative thalli with 10% DMSO or glycerol (Lalrinsanga et al., 2009) 
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Neoporphyra dentata  
 (Porphyra dentata) 

Cryopreservation of conchocelis cells by use of a Styrofoam box (Kuwano et al., 1994) 
Cryopreservation of sporothalli with 10% DMSO and 0.5 M sorbitol (Jo et al., 2003) 

Neoporphyra haitanensis  

 (Porphyra haitanensis) 
Cryopreservation of conchocelis cells by use of a Styrofoam box  (Kuwano et al., 1994) 
Cryopreservation of conchocelis using encapsulation-dehydration vitrification (Wang et al., 2000) 

Neoporphyra seriata  

(Porphyra seriata) 
Cryopreservation of sporothalli with 10% DMSO and 0.5 M sorbitol (Jo et al., 2003) 

Neopyropia tenera (Porphyra tenera) Cryopreservation of conchocelis cells by use of a Styrofoam box (Kuwano et al., 1994; 1996) 
Development of cryopreservation protocol for sporothalli    (Migita, 1964; Jo et al., 2003) 

Neopyropia yezoensis  
   (Porphyra yezoensis) 

Development of cryopreservation protocols gametophytic thalli (Kuwano et al., 1996) 
Cryopreservation of sporothalli with 10% DMSO and 0.5 M sorbitol (Jo et al., 2003) 
Development of cryopreservation protocol for conchocelis (Kuwano et al., 1992; Kuwano et al., 1993; 

Kuwano et al., 1994; Zhou et al., 2007) 
Vitrification of gametophytic thalli and sporrothalli  (Liu et al., 2004; Choi et al., 2013) 

Palmaria palmata Application of cryopreservation protocol for Gracilaria tikvahiae (van der Meer and Simpson, 1984) 
Porphyra linearis Development of cryopreservation protocol for conchocelis (Arbault and Delanoue, 1994) 
Pyropia pseudolinearis  

(Porphyra pseudolinearis)  

Cryopreservation of conchocelis cells by use of a Styrofoam box (Kuwano et al., 1994) 
Cryopreservation of sporothalli with 10% DMSO and 0.5 M sorbitol (Jo et al., 2003) 
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Table 3. Summary about germplasm cryopreservation in Chlorophyta macroalgae (7 species, 6 publications). The species 
Enteromorpha intestinalis in original publications was changed into Ulva intestinalis. Note: DMSO: dimethyl sulfoxide; EG: 
ethylene glycol; PG: propylene glycol, and PVP: polyvinylpyrrolidone.  
 

Species Germplasm Cryoprotectant Agent Cooling Process 
Packaging 

container 

Thawing temperature 

(°C) 
Post-thaw viability Reference 

Ulva intestinalis  Settled 
zoospores 

DMSO (5 and 10%) and 
glycerol (5 and 10%) 

–1°C min-1 to –20°C or 
–40°C; –0.5°C min-1 to 
–20°C, and –1°C min-1 to 
-30°C, then in -196°C  

None. Spores 
were on cover 
slips 

Plunging the cover slips 
directly into VS culture 
medium at 37◦C 

> 40% in samples frozen in 
75% seawater at -20°C for 
5 weeks  

Taylor and 
Fletcher, 1999a 

Ulva intestinalis gametophytic 
thalli (< 5 mm) 

Dextran, DMSO, PVP, 
proline, glycerol, PG, 
EG separated or 
combined with sorbitol, 
glucose, or sucrose 

–1°C min-1 to –20, –30, -40, 
-50, and -60°C, and then in 
liquid nitrogen or not. 

2-ml cryovial 
with 1.5 ml of 
samples 

In water bath at 40°C 
until just before the ice 
melted 

DMSO 10% showed best 
protection and -40°C was 
the best temperature. 
Post-thaw growth and 
gamete release were 
observed. 

Kono et al., 1997 

Ulva fasciata  

Ulva pertusa    

Suspended 
spores   

DMSO: 5%, paraffin 
oil, glycerol: 5%-20%. 
Separated or combined 

Treated spores were preserved 
at room T, 4°C, –20°C, or 
–70°C. Cooling rates were not 
stated 

Micro tubes, no 
volume stated 

Resuspended in 1 mL of 
f/2 culture medium and 
incubated for 
germination in 24-well 
plates at 18°C 

0-3% germination for 
samples preserved at 
-20°C, and 0 for sample at 
-70°C 

Bhattarai et al., 
2007 

Ulva lactuca Sporelings and 
apical segments  

1.5 M DMSO 2°C min-1 to -40°C, then into 
liquid nitrogen -196°C 

1-ml freezing 
ampoules 1 ml 

36°C 100% Van der Meer and 
Simpson, 1984 

Ulva lobata Apical tips  
(1-2 mm) 

DMSO, EG, glycerol at 
5%, 10%, and 15% 

<-1°C min-1 to –20°C, –30°C, 
–40°C, –50°C, –60°C, then 
-196°C 

4-ml sample in 
5-ml cryovial 

At 20°C, 30°C, 40°C, 
50°C, and 60°C; The 
best thawing 
temperature was 40°C  

8-29% at days 1-70 Lalrinsanga et al., 
2009 

Ulva prolifera Gametophytes DMSO, glycerol, and 
proline at 5, 10, 15, 20, 
or 25 %, separated or 
combined 

At a cooling rate of 1°C min-1 
from 15°C to -40°C, held at 
-40°C for 5 min, and then into 
liquid nitrogen  

1.5-ml cryovial  40°C in water bath   92 % in post-thaw 
samples frozen with 20 % 
glycerol for 120 d 

Lee and Nam, 
2016 

Ulva rigida Gametophytes, 
germlings, and 
gametes  

DMSO at 10 and 15% 
for thalli and germlings 
and 5 and 10% for 
gametes 

1) Direct move to -20°C or 
-80°C   
2) At 1°C min-1 to from 20°C 
to -20°C, then move to -80°C 

1.5-ml freezing 
ampoules 

Plunging the ampoules 
in a 37°C water bath 

0% for gametophytic thalli 
at day 30; 0% for germling 
at day 1, and 4-19% for 
gametes at day 180  

Gao et al., 2017 
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Table 4. Summary about germplasm cryopreservation in Ochrophyta macroalgae (14 species, 15 publications). The species Laminaria 

japonica, Laminaria longissimi, and Kjellmaniella crassifolia in original publications were changed into Saccharina japonica, 

Saccharina longissimi, and Saccharina crassifolia. Note: DMSO: dimethyl sulfoxide; EG: ethylene glycol; PG: propylene glycol.   

Species Germplasm 
Cryoprotectant 

Agent 
Cooling Process 

Packaging 

container 

Thawing 

temperature (°C) 
Post-thaw viability Reference 

Ectocarpus siliculosus 

Ectocarpus sp.           

Ectocarpus fasciculatus 

Sporophytes  10% DMSO and 9% 
sorbitol 

1 °C min-1 from 20°C to 
-40 °C, then -196°C 

1-ml sample in 
2-ml Cryovials 

40°C 25-50% for Ectocarpus 

siliculosus; >50% for E. sp. 
and E. fasciculatus  

Heesch et al., 2012 

Fucus edentatus Zygotes and 
embryos 

NA Cooled to -2, -5, -10, and 
-15°C for 2 hr (zygotes and 
embryos); to -25°C (embryos)  

NA NA 34-92% for zygotes at 
-10°C; nearly 100% for 
post-thaw embryos.  

Bird et al., 1974 

Eisenia bicyclis Gametophytes EG and 10% proline Pre-freezing temperature was 
-40°C, and then -196°C 

N/A N/A 52.5% and 62.0% after 
thawing, 31.1% and 27.2% 
after 4 d post-thaw culture 

Kono et al., 1998 

Laminaria digitata Gametophytes 0.3-0.5M sucrose Slowly from 19°C to -40°C 
and then -196°C. 

N/A 40°C for 2 min 25-75% Vigneron et al., 
1997 

Laminaria diabolica Gametophytes 10% DMSO and 0.5M 
sorbitol 

Slowly <1 °C min-1 to -40°C 
and then in liquid nitrogen. 

2-ml vial with 
0.75-ml sample 

40°C Recovery growth was 
found 

Sakanishi and 
Saga, 1994 

Saccharina japonica 

Saccharina longissimi 

Saccharina crassifolia      

Ecklonia stolonifera       

Ecklonia kurome       

Undaria pinnatifida  

Gametophytes EG, glycerol, DMSO, 
L-proline, sorbitol, 
sucrose, and dextran 
T-500 

Slowly cooling to −40℃ in 4 h, 
and then -196°C. 

1.5-ml sample 
in 2-ml 
cryovial 

40℃ water bath and 
move to ice bath 
before melting. 

3.1-73.3% for after thawing 
and 0-66.7 % for after 4 d 
post-thawing culture 

Kuwano et al., 
2004 

Saccharina japonica  Gametophytes 10% EG and 10% 
proline 

At 0.5, 1.0, 2.0 ℃ min-1 cooled 
to -30, -60, -90℃ and holding 
for 0, 40, 80 min, then -196°C 

0.5-ml straws 26℃ water bath, 
then ice-bath before 
complete melting 

69-84% Zhang et al., 
2007a 

Saccharina japonica  Spores DMSO, glycerol 
sorbitol, sucrose, and 
dextrose. Separated or 
combined  

Direct cooling to -196°C; to 
-20℃ within 30 min; at 
0.25–5.0℃ min-1 to -60℃, 
then -196°C (straw only). 

1.5-ml cryovial 
and 0.5-ml 
straws 

26 or 39℃ water 
bath, transfer to 
ice-bath before 
complete melting 

13-50% Zhang et al., 
2007b 

Saccharina japonica Gametophytes 0.4 M sucrose for 6 h From 10℃ to -40 or -60℃ 
within 30 min, then -196°C 

cryotubes 40℃ 22-43% Zhang et al., 2008 

Saccharina latissima Gametophytes DMSO, D-sorbitol 
PG, and methanol.  
Separated/combined  

1°C min-1 to -40°C or -80°C, 
then -196°C 

1-ml sample in 
2-ml cryovial 

 40°C water bath Up to 80% for male 
gametophytes 
and 20% for female. 

Visch et al., 2019 

Undaria pinnatifida Gametophytes Glycerol at 5-10% or 
28%; DMSO 

Cooled to -80°C or -196°C  NA NA  Arbault et al., 
1990 

Undaria pinnatifida Gametophytes Glycerol at 5-30% 5°C min-1 from 22°C to -30°C 
or -40°C; Directly in -196°C 

NA Rapid and slow 
thawing  

Rapid thawing showed 
higher post-thaw viability 
than slow thawing 

Renard et al., 1993 

Undaria pinnatifida Gametophytes Glycerol at 5, 10, 15, 
and 20% 

5°C min-1 to -40°C, then 
-196°C 

2-ml cryovial 32°C water bath NA. Ultrastructure was 
observed.  

Ginsburger-Vogel, 
1992 

Undaria pinnatifida Gametophytes 0.2-0.3 M sucrose for 
9 h to dehydrate beads 

Directly plunging at -196°C 2-ml cryovials  40°C for 2 min 7.3%-30.7 %  Wang et al., 2005 

Undaria pinnatifida Gametophytes 10% L-proline and 
10% Glycerol 

<1 °C min-1 to – 40°C in 4 h 2-ml Cryovials 40°C 43–100%  Nanba et al., 2009 
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Table 5. Summary about germplasm cryopreservation in Rhodophyta macroalgae (12 species, 13 publications). The new Genus 
Pyropia was used for Porphyra pseudolinearis, Porphyra seriata, and Porphyra umbilicalis, Genus Neoporphyra was used for 
Porphyra haitanensis and Porphyra dentata, and Genus Neopyropia was used for Porphyra tenera and Porphyra yezoensis. Note: 
DMSO: dimethyl sulfoxide; EG: ethylene glycol; PEG: polyethylene glycol; PG: propylene glycol.  

Species Germplasm Cryoprotectant Agent Cooling Process 
Packaging 

container 

Thawing  

(°C) 

Post-thaw 

viability 
Reference 

Gloiopeltis furcata Germling  None Direct preservation at 4°C or 
-18 °C 

0.5 g per Sealed 
bag 

12 °C, and 16 °C 
for cultivation. 

0% (4°C), and 
16-72% (-18°C) 

Chen et al., 2016 

Gracilaria corticata Apical tips 
(1-2 mm) 

DMSO, EG, glycerol at 
5%, 10%, and 15% 

<-1°C min-1 to –20°C, –30°C, 
–40°C, –50°C, –60°C, then 
-196°C 

4-ml sample in 
5-ml cryovial 

20, 30, 40, 50, 
and 60°C. 40°C 
was the best.  

59%-85% at day 
1-70 

Lalrinsanga et al., 
2009 

Gracilaria tikvahiae  Sporelings and 
apical segments  

1.5 M DMSO Slow cooling rate to -40°C, 
then -196°C 

1 ml freezing 
ampoules 1 ml 

36°C 60-100% Van der Meer and 
Simpson, 1984 

Hypnea musciformis Apical tips  
(1-2 mm) 

DMSO, EG, glycerol at 
5%, 10%, and 15% 

<-1°C min-1 to –20°C, –30°C, 
–40°C, –50°C, –60°C, then 
-196°C 

4-ml sample in 
5-ml cryovial 

20°C, 30°C, 
40°C, 50°C, and 
60°C 

5.9-28.9% Lalrinsanga et al., 
2009 

Neoporphyra haitanensis  

 
Conchocelis None Dehydration the encapsulated 

beads, then -196°C 
2 ml cryogenic 
vials 

40℃ 47.7-66.1% Wang et al., 2000 

Neoporphyra dentata  

Pyropia pseudolinearis  

Pyropia seriata  

Neopyropia tenera  

Neopyropia yezoensis  

Conchocelis 
filaments 

DMSO, glycerol, EG, 
proline, hydrochloride 
betaine, skimmed milk, 
sucrose, glucose, sorbitol, 
and mannitol 

 -1°C min-1 to -40°C, then 
-196°C 

1.5 ml of sample 
in 2-ml 
cryovials 

40℃ 54.6-70.9% using 
10% DMSO plus 
0.5 M sorbitol 

Jo et al., 2003 

Pyropia umbilicalis  

 
Small blades None Direct preservation at −20 °C 

or −80 °C 
1.7-mL 
centrifuge tubes 

15 °C for 
removing 3 h 

100% Green and Neefus, 
2014 

Neopyropia yezoensis 

 

Conchocelis DMSO with EG, PEG, 
sorbitol, and sucrose 

<-1°C min-1 to –20°C, –40°C, 
then -196°C 

2-ml cryovials 20℃, 30℃ and 
40℃ 

60-86% when using 
10% DMSO plus 
0.5 M sorbitol 

Zhou et al., 2007 

Neopyropia yezoensis 

 

Conchocelis 10% DMSO and 0.5 M 
sorbitol in 50% seawater 

 0.1-1°C min-1 from -20 to 
-80°C at 0.1-1°C min -1, then 
-196°C 

2 ml cryogenic 
vials 

40°C >60 % Kuwano et al., 
1993 

Neopyropia yezoensis 

    

Gametophytes 
(5–10 mm) 

DMSO, diglycerol, 
glycerol, PEG, PG, 
propanediol, butanediol at 
5-50% in combination  

Directly plunged 
into -196 °C 

0.5-ml straw 40°C water bath > 60% with 5-25% 
glycerol or 
diglycerol plus 5% 
DMSO 

Choi et al., 2013 

Neopyropia yezoensis 

    

Gametophytes None After dehydration, direct 
preservation at-20°C 

Self-sealing 
plastic bags 

10°C and 20°C 93.10% with water 
content of 10–40% 

Lin et al., 2010 

Neopyropia yezoensis 

Neopyropia tenera 

Porphyra pseudolinearis  

Neoporphyra dentata  

Conchocelis 5-15 % DMSO and 0.5 M 
sorbitol 

1. 1°C min-1 to -20 to -60°C, 
then -196°C 
2. Holding for 1h at -40°C, 
then -196°C 

2 ml cryogenic 
vials 

40℃ 38.4-77.9 % Kuwano et al., 
1994 

Neopyropia yezoensis 

Neopyropia tenera 

 

Gametophytes 5 or 10% DMSO, 5% 
dextran T-500, PVP K-30, 
Ficoll 400, PEG 6000, PG, 
EG, glycerol, sorbitol, 
sucrose, or glucose 

1°C min-1 to -20 to -60°C, then 
-196°C 

2 ml cryogenic 
vials 

40℃ 12-96% using 
dextran, PVP or 
Ficoll combined 
with DMSO 

Kuwano et al., 
1996 
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Table 6. Viability assays of macroalgae in germplasm cryopreservation studies.   
 

Methods Viability Assay Reference 

Staining and/or 
examination of cells for 
ultrastructural effects 

Neutral red (1:10000) Terumoto, 1960; 1961; 1964; 1965 

Neutral red (0.1%); Erythrosine (0.05%) 
Kuwano et al., 1992, 1993, 1994, 
1996, 2004 

Neutral red (0.02%) Wang et al., 2000 
Neutral red (0.1%) Jo et al., 2003 
Neutral red (0.1%) Zhou et al., 2007 
Neutral red (0.1%) Zhuang et al., 2015 
Cell ultrastructural examination Migita, 1964; 1966 
Cell ultrastructural observation using double fixation 
with glutaraldehyde (4%)-osmium tetroxide (1%) 

Ginsburger-Vogel et al., 1992 

Fluorescein diacetate (3.6 × 10−5 M) Liu et al., 2004 
Fluorescein diacetate (0.1 %) Zhang et al., 2007a,b 
Erythrosine (0.05%) Nanba et al., 2009 
Erythrosine (0.05%) Choi et al., 2013 
Erythrosine (0.05%) Lee and Nam, 2016 

Measurement of 
photosynthetic rate 

Fluorescence/photosynthesis measurement Dudgeon et al., 1989, 1990 
Chlorophyll fluorescence measurements Lin et al., 2010 
Photosynthetic efficiency of PSII measurement  Green and Neefus, 2014 

Ability of cell division, 
regeneration, and 
re-growth 

Percentage regeneration after 6-week cultivation Van der Meer & Simpson, 1984 
Re-growth rate Renard et al., 1992 
Cell division and formation of gametophytic thallus Kuwano et al., 1994 
Developmental capacity Wang et al., 2005 
Thallus regeneration Lalrinsanga et al., 2009 
Developing sporophytes determination Wang et al., 2011 
Regrowth rate after 6-8-week cultivation Heesch et al., 2012 
Regrowth rate after 6-week cultivation Green and Neefus, 2014 
Regrowth rate after 1-month cultivation Zhuang et al., 2015 
Regrowth determination Barrento et al., 2016 
Regrowth rate after 7-day cultivation Chen et al., 2016 

Measurement of spore 
liberation / gamete release 

Liberation of spores from conchocelis  Migita, 1967 
Gamete release Vigneron et al., 1997 

Measurement of cell 
pigmentation 

Pigmentation index Van der Meer & Simpson, 1984 
Pigmentation index Vigneron et al., 1997 
Chlorophyll measurement Wang et al., 2005 
Cells with brown color (living) to the total Zhang et al., 2007a, 2007b, 2008 
Pigmentation index Lalrinsanga et al., 2009 
Chlorophyll a level after 8-day incubation Wang et al., 2011 
Pigmentation index Gao et al., 2017 
Cells with brown color (living) to the total Visch et al., 2019 

Spore/gamete germination 
Germination rate of zoospores Taylor and Fletcher, 1999a 
Germination rate of spores Bhattarai et al., 2007 
Germination rate of gametes Gao et al., 2017 

Rate of gamete formation Rate of gametogenesis Lee and Nam, 2016 

 

 

  



32 | P a g e  

 

ACKNOWLEDGEMENTS 

This review was supported by funds from the Gulf States Marine Fisheries Commission (No. 
ACQ-210-039-2019-USM - Gulf of Mexico Oyster Genetics and Breeding Research Consortium 
Project) and the National Institute of Food and Agriculture, United States Department of 
Agriculture (Hatch project FLA-FOR-005385). This study was partly supported by a National 
Sea Grant Aquaculture Initiative Award (NA18OAR4170344) and CY acknowledges funding 
support from the U.S. Department of Energy ARPA-E MARINER Program (DE-AR0000911, 
DE-AR0000912 and DE-AR0000915). 
 

REFERENCES 

 

Arbault, S., Delanoue, G., 1994. Cryopreservation of Porphyra linearis conchocelis phase. 
Cryptogam., Algol. 15, 65-72. 

Arbault, S., Renard, P., Perez, R., Kass, R., 1990. Cryopreservation trials on the gametophytes of 
the food alga Undaria pinnatifida (Laminariale). Aquat. Living Resour. 3, 207-215. 

Assis, J., Berecibar, E., Claro, B., Alberto, F., Reed, D., Raimondi, P., Serrão, E.A., 2017. Major 
shifts at the range edge of marine forests: The combined effects of climate changes and 
limited dispersal. Sci. Rep. 7, 44348. 

Barrento, S., Camus, C., Sousa-Pinto, I., Buschmann, A.H., 2016. Germplasm banking of the 
giant kelp: Our biological insurance in a changing environment. Algal. Res. 13, 134-140. 

Baweja, P., Kumar, S., Sahoo, D., Levine, I., 2016. Chapter 3 - Biology of Seaweeds. in: 
Fleurence, J., Levine, I. (Eds.), Seaweed in Health and Disease Prevention. Academic Press, 
San Diego, pp. 41-106. 

Bhattarai, H.D., Paudel, B., Hong, Y.K., Shin, H.W., 2007. A simple method to preserve algal 
spores of Ulva spp. in cold storage with ampicillin. Hydrobiologia. 592, 399-404. 

Bird, C.J., McLachlan, J., 1974. Cold-hardiness of zygotes and embryos of Fucus (Phaeophyceae, 
Fucales). Phycologia. 13, 215-225. 

Bixler, H.J., Porse, H., 2011. A decade of change in the seaweed hydrocolloids industry. J. Appl. 
Phycol. 23, 321-335. 

Buschmann, A.H., Camus, C., 2019. An introduction to farming and biomass utilisation of 
marine macroalgae. Phycologia. 58, 443-445. 

Buschmann, A.H., Camus, C., Infante, J., Neori, A., Israel, Á., Hernández-González, M.C., 
Pereda, S.V., Gomez-Pinchetti, J.L., Golberg, A., Tadmor-Shalev, N., Critchley, A.T., 2017. 
Seaweed production: Overview of the global state of exploitation, farming and emerging 
research activity. Eur. J. Phycol. 52, 391-406. 

Cardinale, B.J., 2011. Biodiversity improves water quality through niche partitioning. Nature. 
472, 86-89. 

Chen, S., Guo, Y., Li, J., Jie, X., Zhu, C., 2016. Studies on culture and storage of Gloiopeltis 

furcata thalli. Progress in Fishery Sciences. 37, 108-113. 
Choi, Y.H., Nam, T.J., Kuwano, K., 2013. Cryopreservation of gametophytic thalli of Porphyra 

yezoensis (Rhodophyceae) by one-step fast cooling. J. Appl. Phycol. 25, 531-535. 



33 | P a g e  

 

Circuncisão, A.R., Catarino, M.D., Cardoso, S.M., Silva, A.M.S., 2018. Minerals from 
macroalgae origin: Health benefits and risks for consumers. Mar. Drugs. 16, 1-30. 

Critchley, A., Hurtado, A., Pereira, L., Cornish, M., Largo, D., Paul, N., 2019. Seaweed resources 
of the world: A 2020 vision. Bot. Mar. 62. 

Dal Canto, M., Moutier, C., Brambillasca, F., Guglielmo, M.C., Bartolacci, A., Fadini, R., 
Renzini, M.M., Buratini, J., 2019. The first report of pregnancies following blastocyst 
automated vitrification in Europe. J. Gynecol. Obstet. Hum. Reprod. 48, 537-540. 

Daly, J., Zuchowicz, N., Nuñez Lendo, C.I., Khosla, K., Lager, C., Henley, E.M., Bischof, J., 
Kleinhans, F.W., Lin, C., Peters, E.C., Hagedorn, M., 2018. Successful cryopreservation of 
coral larvae using vitrification and laser warming. Sci. Rep. 8, 15714. 

Day, J.G., 2004. Cryopreservation: fundamentals, mechanisms of damage on freezing/thawing 
and application in culture collections. Nova Hedwigia. 79, 191-205. 

Day, J.G., 2007. Cryopreservation of microalgae and Cyanobacteria. in: Day, J.G., Stacey, G. 
(Eds.), Methods Mol Biol. Humana Press, Totowa, New Jersey, pp. 141-151. 

Day, J.G., 2018. Cryopreservation of macroalgae. in: Charrier, B., Wichard, T., Reddy, C. (Eds.), 
Protocols for macroalgae research. CRC Press, Boca Raton, Florida, USA, pp. 79-94. 

Day, J.G., Harding, K., 2008. Cryopreservation of Algae. in: Reed, B.M. (Ed.), Plant 
Cryopreservation: A Practical Guide. Springer New York, New York, NY, pp. 95-116. 

Day, J.G., Benson, E.E., Fleck, R.A., 1999. In vitro culture and conservation of microalgae: 
Applications for aquaculture, biotechnology and environmental research. In Vitro Cellular & 
Developmental Biology-Plant. 35, 127-136. 

Day, J.G., Proschold, T., Friedl, T., Lorenz, M., Silva, P.C., 2010. Conservation of microalgal 
type material: Approaches needed for 21st century science. Taxon. 59, 3-6. 

Dayton, P.K., Currie, V., Gerrodette, T., Keller, B.D., Rosenthal, R., Tresca, D.V., 1984. Patch 
dynamics and stability of some California kelp communities. Ecol. Monogr. 54, 253-289. 

De Paula, J.C., Lopes, E.A.P., de Carvalho, W.F., Coracao, A.C.D., Yoneshigue-Valentin, Y., 
2020. Long-term changes in macroalgae assemblages reveal a gradual biodiversity loss over 
the last 200 years in the hypereutrophic Guanabara Bay. Mar. Environ. Res. 162, 105153. 

Díez, I., Muguerza, N., Santolaria, A., Ganzedo, U., Gorostiaga, J.M., 2012. Seaweed 
assemblage changes in the eastern Cantabrian Sea and their potential relationship to climate 
change. Estuar. Coast. Shelf Sci. 99, 108-120. 

Dudgeon, S.R., Davison, I.R., Vadas, R.L., 1989. Effect of freezing on photosynthesis of 
intertidal macroalgae: relative tolerance of Chondrus crispus and Mastocarpus stellatus 

(Rhodophyta). Marine Biology. 101, 107-114. 
Dudgeon, S.R., Davison, I.R., Vadas, R.L., 1990. Freezing tolerance in the intertidal red algae 

Chondrus crispus and Mastocarpus stellatus: Relative importance of acclimation and 
adaptation. Marine Biology. 106, 427-436. 

Elliott, G.D., Wang, S., Fuller, B.J., 2017. Cryoprotectants: A review of the actions and 
applications of cryoprotective solutes that modulate cell recovery from ultra-low 
temperatures. Cryobiology. 76, 74-91. 

Fahy, G.M., Macfarlane, D.R., Angell, C.A., Meryman, H.T., 1984. Vitrification as an approach 



34 | P a g e  

 

to cryopreservation. Cryobiology. 21, 407-426. 
FAO, 2020. The state of world fisheries and aquaculture 2020. Sustainability in action. Rome., 

Food and Agriculture Organization of the United Nations. https://doi.org/10.4060/ca9229en, 
pp. 224. 

Ferdouse, F., Yang, Z., Holdt, S.L., Murúa, P., Smith, R., 2018. The global status of seaweed 
production, trade and utilization, Globefish Research Programme. Licence: CC BY-NC-SA 
3.0 IGO, Rome, pp. 120. 

Fernandes, M.S., Calsing, L.C.G., Nascimento, R.C., Santana, H., Morais, P.B., de Capdeville, 
G., Brasil, B.S.A.F., 2019. Customized cryopreservation protocols for chlorophytes based on 
cell morphology. Algal Research. 38, 101402. 

Fleck, R.A., Day, J.G., Clarke, K.J., Benson, E.E., 1999. Elucidation of the metabolic and 
structural basis for the cryopreservation recalcitrance of Vaucheria sessilis. CryoLetters. 20, 
271-282. 

Gao, G., Clare, A.S., Rose, C., Caldwell, G.S., 2017. Non-cryogenic preservation of thalli, 
germlings, and gametes of the green seaweed Ulva rigida. Aquaculture. 473, 246-250. 

Ginsburger-Vogel, T., Arbault, S., Pérez, R., 1992. Ultrastructural study of the effect of 
freezingthawing on the gametophyte of the brown alga Undaria pinnatifida. Aquaculture. 
106, 171-181. 

Graham, L.E., Graham, J.M., Wilcox, L.W., Cook, M.E., 2019. Algae, 3rd edition ed. LJLM 
Press, E-book V3.3. 

Grebe, G.S., Byron, C.J., Gelais, A.S., Kotowicz, D.M., Olson, T.K., 2019. An ecosystem 
approach to kelp aquaculture in the Americas and Europe. Aquac. Rep. 15, 100215. 

Green, L.A., Neefus, C.D., 2014. The effects of short- and long-term freezing on Porphyra 

umbilicalis Kutzing (Bangiales, Rhodophyta) blade viability. J. Exp. Mar. Biol. Ecol. 461, 
499-503. 

Grout, B.W.W., Morris, G.J., 1987. Freezing and cellular organisation, The effects of low 
temperature on biological systems. Cambridge University Press, London, pp. 147–174. 

Hafting, J.T., Craigie, J.S., Stengel, D.B., Loureiro, R.R., Buschmann, A.H., Yarish, C., Edwards, 
M.D., Critchley, A.T., 2015. Prospects and challenges for industrial production of seaweed 
bioactives. J. Phycol. 51, 821-837. 

Harding, K., Day, J.G., Lorenz, M., Timmermann, H., Friedl, T., Bremner, D.H., Benson, E.E., 
2004. Introducing the concept and application of vitrification for the cryo-conservation of 
algae - a mini review. Nova Hedwigia. 79, 207-226. 

Heesch, H., Day, J.G., Yamagishi, T., Kawai, H., Muller, D.G., Hupper, F.C., 2012. 
Cryopreservation of the model alga Ectocarpus (Phaeophyceae). CryoLetters. 33, 327-336. 

Hiraoka, M., Enomoto, S., 1998. The induction of reproductive cell formation of Ulva pertusa 
Kjellman (Ulvales, Ulvophyceae). Phycol. Res. 46, 199-203. 

Huang, C., Lei, L., Wu, H.-L., Gan, R.-X., Yuan, X.-B., Fan, L.-Q., Zhu, W.-B., 2019. Long-term 
cryostorage of semen in a human sperm bank does not affect clinical outcomes. Fertil Steril. 
112, 663-669. 

Hurd, C.L., Harrison, P.J., Bischof, K., Lobban, C.S., 2014. Seaweed Ecology and Physiology, 2 



35 | P a g e  

 

ed. Cambridge University Press, Cambridge. 
Jiao, G., Yu, G., Zhang, J., Ewart, H.S., 2011. Chemical structures and bioactivities of sulfated 

polysaccharides from marine algae. Mar. Drugs. 9, 196-223. 
Jin, B., Mazur, P., 2015. High survival of mouse oocytes/embryos after vitrification without 

permeating cryoprotectants followed by ultra-rapid warming with an IR laser pulse. Sci. Rep. 
5, 9271. 

Jin, B., Kleinhans, F.W., Mazur, P., 2014. Survivals of mouse oocytes approach 100% after 
vitrification in 3-fold diluted media and ultra-rapid warming by an IR laser pulse. 
Cryobiology. 68, 419-430. 

Jo, Y.H., Kang, S.P., Seo, T.H., Choi, S.J., Kho, K.H., Kuwano, K., Saga, N., Kim, M.Y., Shin, 
J.A., 2003. Cryopreservation of sporothalli of the genus Porphyra (Bangiales, Rhodophyta) 
from Korea. Algae. 18, 321-331. 

Jönsson, M., Allahgholi, L., Sardari, R.R.R., Hreggviðsson, G.O., Nordberg Karlsson, E., 2020. 
Extraction and modification of macroalgal polysaccharides for current and next-generation 
applications. Molecules. 25, 1-29. 

Kasai, M., Mukaida, T., 2004. Cryopreservation of animal and human embryos by vitrification. 
Reprod. Biomed. Online. 9, 164-170. 

Khosla, K., Wang, Y., Hagedorn, M., Qin, Z., Bischof, J., 2017. Gold nanorod induced warming 
of embryos from the cryogenic state enhances viability. ACS Nano. 11, 7869-7878. 

Kim, J., Stekoll, M., Yarish, C., 2019. Opportunities, challenges and future directions of 
open-water seaweed aquaculture in the United States. Phycologia. 58, 446-461. 

Kim, J.K., Kraemer, G.P., Yarish, C., 2014. Field scale evaluation of seaweed aquaculture as a 
nutrient bioextraction strategy in Long Island Sound and the Bronx River Estuary. 
Aquaculture. 433, 148-156. 

Kim, J.K., Kraemer, G.P., Yarish, C., 2015. Use of sugar kelp aquaculture in Long Island Sound 
and the Bronx River Estuary for nutrient extraction. Marine Ecology progress series. 531, 
155-166. 

Kim, J.K., Yarish, C., Hwang, E.K., Park, M., Kim, Y., 2017. Seaweed aquaculture: cultivation 
technologies, challenges and its ecosystem services. Algae. 32, 1-13. 

Kono, S., Kuwano, K., Saga, N., 1998. Cryopreservation of Eisenia bicyclis (Laminariales, 
Phaeophyta) in liquid nitrogen. J. Mar. Biotechnol. 6, 220-223. 

Kono, S., Kuwano, K., Ninomiya, M., Onishi, J., Saga, N., 1997. Cryopreservation of 
Enteromorpha intestinalis (Ulvales, Chlorophyta) in liquid nitrogen. Phycologia. 36, 76-78. 

Krumhansl, K.A., Okamoto, D.K., Rassweiler, A., Novak, M., Bolton, J.J., Cavanaugh, K.C., 
Connell, S.D., Johnson, C.R., Konar, B., Ling, S.D., Micheli, F., Norderhaug, K.M., 
Pérez-Matus, A., Sousa-Pinto, I., Reed, D.C., Salomon, A.K., Shears, N.T., Wernberg, T., 
Anderson, R.J., Barrett, N.S., Buschmann, A.H., Carr, M.H., Caselle, J.E., Derrien-Courtel, 
S., Edgar, G.J., Edwards, M., Estes, J.A., Goodwin, C., Kenner, M.C., Kushner, D.J., Moy, 
F.E., Nunn, J., Steneck, R.S., Vásquez, J., Watson, J., Witman, J.D., Byrnes, J.E.K., 2016. 
Global patterns of kelp forest change over the past half-century. Proceedings of the National 
Academy of Sciences. 113, 13785-13790. 



36 | P a g e  

 

Kuwano, K., Saga, N., 2000. Cryopreservation of marine algae: Applications in biotechnology. in: 
Fingerman, M., Nagabhushanam, R. (Eds.). Science Publishers, Inc., Enfield, NH, pp. 23-40. 

Kuwano, K., Aruga, Y., Saga, N., 1992. Preliminary study on cryopreservation of the conchocelis 
of Porphyra yezoensis. Nippon Suisan Gakkaishi. 58, 1793-1798. 

Kuwano, K., Aruga, Y., Saga, N., 1993. Cryopreservation of the conchocelis of the marine alga 
Porphyra yezoensis Ueda (Rhodophyta) in liquid nitrogen. Plant Sci. 94, 215-225. 

Kuwano, K., Aruga, Y., Saga, N., 1994. Cryopreservation of the conchocelis of Porphyra 
(Rhodophyta) by applying a simple prefreezing system. J. Phycol. 30, 566-570. 

Kuwano, K., Aruga, Y., Saga, N., 1996. Cryopreservation of clonal gametophytic thalli of 
Porphyra (Rhodophyta). Plant Sci. 116, 117-124. 

Kuwano, K., Kono, S., Jo, Y.H., Shin, J.A., Saga, N., 2004. Cryopreservation of the 
gametophytic cells of Laminariales (Phaeophyta) in liquid nitrogen. J. Phycol. 40, 606-610. 

Kuwayama, M., Vajta, G., Kato, O., Leibo, S.P., 2005. Highly efficient vitrification method for 
cryopreservation of human oocytes. Reprod. Biomed. Online. 11, 300-308. 

Lalrinsanga, P.L., Deshmukhe, G., Chakraborty, S.K., Dwivedi, A., Barman, N., Kumar, N., 2009. 
Preliminary studies on cryopreservation of vegetative thalli of some economically important 
seaweeds of India. J. Appl. Aquacult. 21, 250-262. 

Leandro, A., Pereira, L., Gonçalves, A.M.M., 2020. Diverse applications of marine macroalgae. 
Mar. Drugs. 18, 1-17. 

Lee, Y.N., Nam, K.W., 2016. Cryopreservation of gametophytic thalli of Ulva prolifera (Ulvales, 
Chlorophyta) from Korea. J. Appl. Phycol. 28, 1207-1213. 

Leeson, E., Cann, J., Morris, G., 1984. Maintenance of algae and protozoa. in: Kirsop, B., Snell, 
J. (Eds.), Maintenance of Microorganisms. Academic Press, London, pp. 131–160. 

Leibo, S.P., 1976. Preservation of mammalian cells and embryos by freezing, Conference: 
International conference on cryoimmunology Oak Ridge National Laboratory, Tennessee, US, 
Dijon, France, 17 Jun 1976, pp. Medium: X; Size: Pages: 24. 

Leibo, S.P., Pool, T.B., 2011. The principal variables of cryopreservation: Solutions, 
temperatures, and rate changes. Fertil Steril. 96, 269-276. 

Lin, A.P., Wang, G.C., Shen, S.D., Yang, F., Pan, G.H., 2010. Two specific causes of cell 
mortality in freeze-thaw cycle of young thalli of Porphyra yezoensis (Bangiales, 
Rhodophyta). J. Phycol. 46, 773-779. 

Liu, H., Yu, W., Dai, J., Gong, Q., Yang, K., Lu, X., 2004. Cryopreservation of protoplasts of the 
alga Porphyra yezoensis by vitrification. Plant Sci. 166, 97-102. 

Lobban, C.S., Harrison, P.J., 1994. Seaweed Ecology and Physiology. Cambridge University 
Press, Cambridge, pp. 366. 

Loutradi, K.E., Kolibianakis, E.M., Venetis, C.A., Papanikolaou, E.G., Pados, G., Bontis, I., 
Tarlatzis, B.C., 2008. Cryopreservation of human embryos by vitrification or slow freezing: 
A systematic review and meta-analysis. Fertil Steril. 90, 186-193. 

MacArtain, P., Gill, C.I., Brooks, M., Campbell, R., Rowland, I.R., 2007. Nutritional value of 
edible seaweeds. Nutr. Rev. 65, 535-543. 

Manuchehrabadi, N., Gao, Z., Zhang, J., Ring, H.L., Shao, Q., Liu, F., McDermott, M., Fok, A., 



37 | P a g e  

 

Rabin, Y., Brockbank, K.G.M., Garwood, M., Haynes, C.L., Bischof, J.C., 2017. Improved 
tissue cryopreservation using inductive heating of magnetic nanoparticles. Science 
Translational Medicine. 9, eaah4586. 

Mao, X., Augyte, S., Huang, M., Hare, M.P., Bailey, D., Umanzor, S., Marty-Rivera, M., 
Robbins, K.R., Yarish, C., Lindell, S., Jannink, J.-L., 2020. Population genetics of sugar kelp 
in the Northwest Atlantic region using genome-wide markers. bioRxiv. 7, 649. 

Mazur, P., 1977. Role of intracelluar freezing in death of cells cooled at supraoptimal rates. 
Cryobiology. 14, 251-272. 

Mazur, P., 2004. Principles of Cryobiology. in: Fuller, B., Lane, N., Benson, E.E. (Eds.), Life in 
the Frozen State. CRC Press, Boca Raton, Florida, USA, pp. 3–66. 

Mazur, P., Paredes, E., 2016. Roles of intracellular ice formation, vitrification of cell water, and 
recrystallisation of intracellular ice on the survival of mouse embryos and oocytes. Reprod. 
Fertil. Dev. 28, 1088-1091. 

Mazur, P., Leibo, S.P., Chu, E.H.Y., 1972. A two-factor hypothesis o freezing injury - evidence 
from Chinese hamster tissue culture cells. Exp. Cell Res. 71, 345-255. 

McHugh, D.J., 2003. A guide to the seaweed industry. Food and Agriculture Organization of the 
United Nations, Rome, pp. 105. 

McLellan, M., Cowling, A., Turner, M., Day, J., 1991. Maintenance of algae and protozoa. in: 
Kirsop, B., Doyle, A. (Eds.), Maintenance of Microorganisms and Cultured Cells. Academic 
Press, London, pp. 183–208. 

McLellan, M.R., 1989. Cryopreservation of diatoms. Diatom Res. 4, 301-318. 
Migita, S., 1964. Freeze-preservation of Porphyra thalli in viable state: I. Viability of Porphyra 

tenera preserved at low temperature after freezing in the sea water and freezing under 
half-dried condition. Bulletin of the Faculty of Fisheries, Nagasaki University. 17, 44-54. 

Migita, S., 1966. Freeze-preservation of Porphyra thalli in viable state II. Effect of cooling 
velocity and water content of thalli on the frostresistance. Bulletin of the Faculty of Fisheries, 
Nagasaki University. 21, 131-138. 

Migita, S., 1967. Viability and spore-liberation of conchocelis-phase, Porphyra tenera, 
freeze-preserved in seawater. Bulletin of the Faculty of Fisheries, Nagasaki University. 22, 
33-43. 

Mouritsen, O.G., 2013. The science of seaweeds: marine macroalgae benefit people culturally, 
industrially, nutritionally, and ecologically. Am. Sci. 101, 458-466. 

Nanba, N., Fujiwara, T., Kuwano, K., Ishikawa, Y., Ogawa, H., Kado, R., 2009. Effect of 
pre-incubation irradiance on survival of cryopreserved gametophytes of Undaria pinnatifida 

(Phaeophyta) and morphology of sporophytes formed from the gametophytes. Aquatic 
Botany. 90, 101-104. 

Naylor, R.L., Hardy, R.W., Buschmann, A.H., Bush, S.R., Cao, L., Klinger, D.H., Little, D.C., 
Lubchenco, J., Shumway, S.E., Troell, M., 2021. A 20-year retrospective review of global 
aquaculture. Nature. 591, 551-563. 

Neori, A., Chopin, T., Troell, M., Buschmann, A.H., Kraemer, G.P., Halling, C., Shpigel, M., 
Yarish, C., 2004. Integrated aquaculture: rationale, evolution and state of the art emphasizing 



38 | P a g e  

 

seaweed biofiltration in modern mariculture. Aquaculture. 231, 361-391. 
O’Connell, C., Ruiz-González, C., Rad-Menendez, C., Perrineau, M.-M., Strittmatter, M., 

Gachon, C.M.M., 2020. Development of a pan-European, genetically characterised 
Saccharina latissima seedbank, The Annual Meeting of the British Phycological Society, pp. 
1. 

Oohusa, T., 1984. Technical aspects of Nori (Porphyra) cultivation and quality preservation of 
nori products in Japan today. Hydrobiologia. 116, 95-101. 

Paine, R.T., 1969. A note on trophic complexity and community stability. Am. Nat. 103, 91-93. 
Paredes, E., Ward, A., Probert, I., Gouhier, L., Campbell, C.N., 2021. Cryopreservation of Algae. 

in: Wolkers, W.F., Oldenhof, H. (Eds.), Cryopreservation and Freeze-Drying Protocols. 
Springer US, New York, NY, pp. 607-621. 

Park, J., Shin, S.K., Wu, H., Yarish, C., Kim, J.K., 2021. Evaluation of nutrient bioextraction by 
seaweed and shellfish aquaculture in Korea. Journal of World Aquaculture Society  

Park, M., Shin, S.K., Do, Y.H., Yarish, C., Kim, J.K., 2018. Application of open water integrated 
multi-trophic aquaculture to intensive monoculture: A review of the current status and 
challenges in Korea. Aquaculture. 497, 174-183. 

Pegg, D.E., 2002. The history and principles of cryopreservation. Semin Reprod Med. 20, 5-13. 
Pereira, R., Yarish, C., 2008. Mass production of marine macroalgae. Ecol. Eng. Volume 3 of 

Encyclopedia of Ecology, 2236-2247. 
Piconi, P., Veidenheimer, R., Chase, B., 2020. Edible Seaweed Market Study. 

https://www.islandinstitute.org/edible-seaweed-market-analysis/, Island Institute, pp. 56. 
Polge, C., Smith, A.U., Parkes, A.S., 1949. Revival of spermatozoa after vitrification and 

dehydration at low temperatures. Nature. 164, 666. 
Racine, P., Marley, A., Froehlich, H.E., Gaines, S.D., Ladner, I., MacAdam-Somer, I., Bradley, 

D., 2021. A case for seaweed aquaculture inclusion in U.S. nutrient pollution management. 
Mar. Policy. 129, 104506. 

Rall, W.F., Fahy, G.M., 1985. Ice-free cryopreservation of mouse embryos at −196 °C by 
vitrification. Nature. 313, 573-575. 

Redmond, S., Green, L., Yarish, C., Kim, J., Neefus, C., 2014. New England seaweed culture 
handbook, Seaweed Cultivation. Connecticut Sea Grant CTSG-14-01, R/A 38, 
https://opencommons.uconn.edu/seagrant_weedcult/1, pp. 93. 

Renard, P., Arbault, S., Kaas, R., Perez, R., 1992. A method for the cryopreservation of the 
gametophytes of the food alga Undaria pinnatifida (Laminariales). Comptes Red. Acad. Sci. 
serie III –Life Sciences. 315, 445–451 (In French). 

Rienzi, L., Gracia, C., Maggiulli, R., LaBarbera, A.R., Kaser, D.J., Ubaldi, F.M., Vanderpoel, S., 
Racowsky, C., 2017. Oocyte, embryo and blastocyst cryopreservation in ART: systematic 
review and meta-analysis comparing slow-freezing versus vitrification to produce evidence 
for the development of global guidance. Hum. Reprod. Update. 23, 139-155. 

Roesijadi, G., Jones, S.B., Snowden-Swan, L.J., Zhu, Y., 2010. Macroalgae as a biomass 
feedstock: A preliminary analysis, United States, pp. 1-41. 

Rosenzweig, C., Karoly, D., Vicarelli, M., Neofotis, P., Wu, Q., Casassa, G., Menzel, A., Root, 



39 | P a g e  

 

T.L., Estrella, N., Seguin, B., Tryjanowski, P., Liu, C., Rawlins, S., Imeson, A., 2008. 
Attributing physical and biological impacts to anthropogenic climate change. Nature. 453, 
353-357. 

Sahoo, D., Tang, X.R., Yarish, C., 2002. Porphyra-the economic seaweed as a new experimental 
system. Curr. Sci. 83, 1313-1316. 

Sakai, A., Engelmann, F., 2007. Vitrification, encapsulation-vitrification and droplet-vitrification: 
A review. CryoLetters. 28, 151-172. 

Sakanishi, Y., Saga, N., 1994. Survival of female gametophytic cells of Laminaria diabolica 
Miyabe (Phaeophyta) in liquid nitrogen. Fish. Sci. 60, 623-624. 

Schiel, D.R., Foster, M.S., 2015. The Biology and Ecology of Giant Kelp Forests. University of 
California Press, http://www.jstor.org/stable/10.1525/j.ctt14btfvw, Oakland, CA, pp. 416. 

Smale, D.A., Burrows, M.T., Moore, P., O'Connor, N., Hawkins, S.J., 2013. Threats and 
knowledge gaps for ecosystem services provided by kelp forests: A northeast Atlantic 
perspective. Ecol. Evol. 3, 4016-4038. 

Steneck, R.S., Graham, M.H., Bourque, B.J., Corbett, D., Erlandson, J.M., Estes, J.A., Tegner, 
M.J., 2002. Kelp forest ecosystems: Bidiversity, stability, resilience, and future. Environ. 
Conserv. 29, 436-459. 

Steneck, R.S., Arnold, S.N., Boenish, R., de León, R., Mumby, P.J., Rasher, D.B., Wilson, M.W., 
2019. Managing recovery resilience in coral reefs against climate-induced bleaching and 
hurricanes: A 15 year case study from Bonaire, Dutch Caribbean. Front. Mar. Sci. 6, 1-12. 

Tanksley, S.D., McCouch, S.R., 1997. Seed banking and molecular maps: Unlocking genetic 
potential from the wild. Science. 277, 1063-1066. 

Taylor, R., Fletcher, R.L., 1999a. A simple method for the freeze-preservation of zoospores of the 
green macroalga Enteromorpha intestinalis. J. Appl. Phycol. 11, 257-262. 

Taylor, R., Fletcher, R.L., 1999b. Cryopreservation of eukaryotic algae - a review of 
methodologies. J. Appl. Phycol. 10, 481-501. 

Terumoto, I., 1960. Frost-resistance in a marine algae Ulva pertusa Kjellman. Low Temperaure 
Science, Series B. 18, 35-38. 

Terumoto, I., 1961. Frost-resistance in a marine algae Enteromorpha intestinalis Low 
Temperaure Science, Series B. 19, 23-28. 

Terumoto, I., 1964. Frost resistance in some marine algae from the winter intertidal zone Low 
Temperaure Science, Series B 22, 19-28. 

Terumoto, I., 1965. Freezing and drying in a red marine algae Porphyra yezoensis. Low 
Temperaure Science, Series B. 23, 11-20. 

Thirumala, S., Huang, C., Dong, Q., Tiersch, T.R., Devireddy, R.V., 2005. A theoretically 
estimated optimal cooling rate for the cryopreservation of sperm cells from a live-bearing 
fish, the green swordtail Xiphophorus helleri. Theriogenology. 63, 2395-2415. 

Umanzor, S., Ladah, L., Calderon-Aguilera, L.E., Zertuche-González, J.A., 2019. Testing the 
relative importance of intertidal seaweeds as ecosystem engineers across tidal heights. J. Exp. 
Mar. Biol. Ecol. 511, 100-107. 

Valero, M., Guillemin, M.-L., Destombe, C., Jacquemin, B., Gachon, C.M., Badis, Y., 



40 | P a g e  

 

Buschmann, A.H., Camus, C., Faugeron, S., 2017. Perspectives on domestication research for 
sustainable seaweed aquaculture. Perspectives in Phycology. 4, 33-46. 

van der Meer, J.P., Simpson, F.J., 1984. Cryopreservation of Gracilaria tikvahiae (Rhodophyta) 
and other macrophytic marine algae. Phycologia. 23, 195-202. 

Vera, J., Castro, J., Gonzalez, A., Moenne, A., 2011. Seaweed polysaccharides and derived 
oligosaccharides stimulate defense responses and protection against pathogens in plants. Mar. 
Drugs. 9, 2514-2525. 

Vigneron, T., Arbault, S., Kaas, R., 1997. Cryopreservation of gametophytes of Laminaria 

digitata (L) lamouroux by encapsulation dehydration. CryoLetters. 18, 93-98. 
Vijn, S., Compart, D.P., Dutta, N., Foukis, A., Hess, M., Hristov, A.N., Kalscheur, K.F., Kebreab, 

E., Nuzhdin, S.V., Price, N.N., Sun, Y., Tricarico, J.M., Turzillo, A., Weisbjerg, M.R., Yarish, 
C., Kurt, T.D., 2020. Key considerations for the use of seaweed to reduce enteric methane 
emissions from cattle. Frontiers in Veterinary Science. 7. 

Visch, W., Rad-Menendez, C., Nylund, G.M., Pavia, H., Ryan, M.J., Day, J., 2019. Underpinning 
the development of seaweed biotechnology: Cryopreservation of brown algae (Saccharina 

latissima) gametophytes. Biopreserv. Biobank. 17, 378-386. 
Wade, R., Augyte, S., Harden, M., Nuzhdin, S., Yarish, C., Alberto, F., 2020. Macroalgal 

germplasm banking for conservation, food security, and industry. PLoS Biol. 18, 
e3000641-e3000641. 

Wang, B., Zhang, E., Gu, Y., Ning, S., Wang, Q., Zhou, J., 2011. Cryopreservation of brown 
algae gametophytes of Undaria pinnatifida by encapsulation–vitrification. Aquaculture. 317, 
89-93. 

Wang, Q., Liu, M., Cheng, A., 2000. Cryopreservation of the free living conchocelis of Porphyra 

haitanensis by encapsulation-dehydration. Journal of Liaoning Normal University (Natural 
Science). 23, 387-390 (In Chinese). 

Wang, Q., Liu, Y., Zhang, E., Li, D., Zhang, C., 2005. Cryopreservation of clonal gametophytes 
of Undaria pinnatifida by encapsulation-dehydration. Acta Oceanol. Sin. 27, 154-159. 

Wells, M.L., Potin, P., Craigie, J.S., Raven, J.A., Merchant, S.S., Helliwell, K.E., Smith, A.G., 
Camire, M.E., Brawley, S.H., 2017. Algae as nutritional and functional food sources: 
Revisiting our understanding. J. Appl. Phycol. 29, 949-982. 

Yang, H., Tiersch, T.R., 2020. Concepts, history, principles, and application of germplasm 
cryopreservation technology, https://edis.ifas.ufl.edu/fa223. Gainesville: University of 
Florida Institute of Food and Agricultural Sciences, 1-10. 

Yang, H., Hu, E., Cuevas-Uribe, R., Supan, J., Guo, X., Tiersch, T.R., 2012. High-throughput 
sperm cryopreservation of eastern oyster Crassostrea virginica. Aquaculture. 344-349, 
223-230. 

Zhang, Q., Cong, Y., Qu, S., Luo, S., Tang, X., 2007a. Cryopreservation of gametophytes of 
Laminaria japonica (Phaeophyta) with two-step cooling: Interactions between variables 
related to post-thaw survival. CryoLetters. 28, 215-222. 

Zhang, Q., Cong, Y., Qu, S., Luo, S., Yang, G., 2008. Cryopreservation of gametophytes of 
Laminaria japonica (Phaeophyta) using encapsulation-dehydration with two-step cooling 



41 | P a g e  

 

method. J. Ocean Univ. China. 7, 65-71. 
Zhang, Q., Cong, Y., Qu, S., Luo, S., Li, X., Tang, X., 2007b. A simple and highly efficient 

method for the cryopreservation of Laminaria japonica (Phaeophyceae) germplasm. Eur. J. 
Phycol. 42, 209-213. 

Zhou, W., Li, Y., Dai, J., 2007. Study on cryopreservation of Porphyra yezoensis conchocelis. J. 
Ocean Univ. China. 6, 299-302. 

Zhuang, Y., Gong, X., Zhang, W., Gao, W., 2015. Cryopreservation of filaments of Scytosiphon 

lomentaria by vitrification. J. Appl. Phycol. 27, 1337-1342. 
 




