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Abstract: Seaweed aquaculture in the Northwest Atlantic is a growing industry that is currently 8 

based on winter-spring kelp production. Aquaculture of Pyropia leucosticta, a species of 9 

economically valuable nori, could provide a spring-summer crop and diversify the industry. The 10 

objectives of this study were to determine the optimum conditions for the production of the 11 

foliose blade phase and the conditions for advancement from the microscopic conchocelis to the 12 

foliose blade phase of P. leucosticta. Foliose blades were grown under a matrix of temperatures 13 

(10º, 15º, and 20ºC), photoperiods (8:16, 12:12, and 16:8 Light:Dark) and light levels (30, 60, 14 

110, and 250 µmol photons m-2 s-1) for a period of one month. Free-living conchocelis was 15 

grown under a matrix of temperatures (10º, 15º, and 20ºC), photoperiods (8:16, 12:12, and 16:8 16 

L:D) and ammonium concentrations (20 and 500 µM) for 8-12 weeks. Blades grew optimally at 17 

10° to 15°C, ≥110 µmol photons m-2 s-1 and ≥12 hours of light in the day, with growth rates of 18 

over 18% day-1 recorded. Phycobilin content of blades significantly decreased with increasing 19 

daylength, while protein content significantly decreased with increasing light level. Conchospore 20 

release and germination was observed after approximately 40 days under all tested photoperiods, 21 

temperatures, and ammonium concentrations and none of these treatments significantly affected 22 
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the time until germination. Overall, this study provides important background information 23 

required for the establishment of Pyropia leucosticta aquaculture in the Northwest Atlantic. 24 

Keywords: Pyropia leucosticta, seaweed aquaculture, physiology, life history, mariculture 25 

Introduction 26 

 Foliose Bangiales species (nori or laver) have long been the focus of intense 27 

investigations both from a biological and molecular perspective (Drew 1949; Krishnamurthy 28 

1969; Conway and Cole 1977; Cole and Conway 1980; Sidirelli-Wolff 1992; Orfanidis 2001; 29 

Klein et al. 2003; Broom et al. 2004; Bray et al. 2006; Kim et al. 2007; Brodie et al. 2008; 30 

Sutherland et al. 2011; Mols-Mortensen et al. 2012). The genus Pyropia is not only the most 31 

speciose of the foliose Bangiales genera, but also contains the widest geographical distribution 32 

and largest morphological variation among its members (Sutherland et al. 2011). The genus 33 

Pyropia also contains some of the most economically valuable seaweeds in the world (Yarish et 34 

al. 1998; Pereira and Yarish 2010; Sutherland et al. 2011), most notably the commercially 35 

produced P. yezoensis (Ueda) M.S. Hwang & H.G. Choi and P. haitanensis (T.J. Chang & B.F. 36 

Zheng) N. Kikuchi & M. Miyata (FAO 2014). 37 

 Pyropia leucosticta (Thuret) Neefus & J. Brodie is commonly found in the British Isles, 38 

Greenland (Mols-Mortensen et al. 2012), Iceland, from Norway to the Canary Isles, and from 39 

Canada to North Carolina in the United States (Brodie and Irvine 2003). The life history of P. 40 

leucosticta consists of an annual foliose blade phase (haploid) and an alternating microscopic 41 

conchocelis phase (diploid), which is presumed to persist for multiple years (Clokie and Boney 42 

1980). The foliose phase is typically present from spring to summer in the Northwest Atlantic 43 

and is found growing epiphytically, especially on fucoid seaweeds, in the lower intertidal and 44 

shallow subtidal zones (Brodie and Irvine 2003). 45 



©Springer	Verlag;	The	original	publication	is	available	at	http://link.springer.com/article/10.1007/s10811-014-0421-4		(Journal	of	Applied	Phycology)	

 

 Global demand for nori has been increasing over the past several decades as a result of 46 

expanding seaweed markets (Israel 2010), especially from the increased popularity of sushi that 47 

utilizes nori as the main wrapper. Along with the increase in global demand, interest in 48 

domestication of strains of indigenous nori in the Northwest (NW) Atlantic (U.S.A.) for 49 

commercial cultivation has risen (Yarish et al. 1998). Currently, commercial production of 50 

seaweed here is limited to winter and spring production of kelp (Schmitt 2013), leaving a large 51 

gap in production throughout the spring and summer months. Cultivation of Pyropia leucosticta 52 

has the potential to fill this seasonal production gap, while adding diversity to the seaweed 53 

industry in the NW Atlantic.  54 

 Commercial production of any species requires a thorough understanding of its life 55 

history and the conditions required for production. Pyropia leucosticta is a monoecious species, 56 

meaning that male and female gametangia are found on the same blade. Male gametes are 57 

released and land on female gametangia. Fertilized female gametes divide and form 58 

zygotospores which when released develop into the microscopic filamentous conchocelis phase. 59 

In nature, the conchocelis grows on old mollusk shells, living barnacles, and calcareous stones 60 

(Brodie and Irvine 2003). Triggered by changes in environmental conditions, the filaments 61 

develop conchosporangial branches that produce and release conchospores. Conchospores 62 

develop into the haploid foliose phase, thus completing the life history (Drew 1949). 63 

In this study, we investigated the effects of temperature (10º, 15º, and 20ºC), light level 64 

(30, 60, 110, and 250 µmol photons m-2 s-1), and photoperiod (8:16, 12:12, and 16:8 Light:Dark) 65 

on the growth of the foliose blade phase of cultured Pyropia leucosticta from the Gulf of Maine 66 

in the NW Atlantic. Further, we investigated the effects of temperature (10º, 15º, and 20ºC), 67 

photoperiod (8:16, 12:12, and 16:8 L:D), and ammonium concentration (20 and 500 µM NH4
+) 68 
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on the growth of the free-living conchocelis phase of P. leucosticta and determined the time until 69 

conchospore release. The overall goal of these experiments was to provide the necessary 70 

background knowledge required for successful cultivation of P. leucosticta in the NW Atlantic. 71 

Materials and Methods 72 

Culturing 73 

 Blades of Pyropia leucosticta were collected from a large population at Wallis Sands 74 

State Beach in Rye, New Hampshire, U.S.A. (43º9’55.2” N, 70º35’28.6” W) from June of 2011 75 

to July of 2012. Collections were made at low tide from the low to mid intertidal zone, where P. 76 

leucosticta grows epiphytically on fucoid seaweeds. Samples were placed on ice and transported 77 

to the laboratory. After arrival at the laboratory, blades were processed for spore release and 78 

isolation.  79 

 Using a dissecting microscope and sterile razor blades, the fertile portions of the blades 80 

were excised, cleaned, wrapped in sterile, damp paper towels, and placed in the dark at 4ºC 81 

overnight. The following morning, the sections were submerged in sterile seawater at 10ºC and 82 

10-50 µmol photons m-2 s-1 light to induce spore release. Individual spores of P. leucosticta were 83 

isolated using sterile Pasteur pipettes and placed into 12- or 24-well culture plates containing 84 

sterile Von Stosch Enriched Seawater (VSES) at 10ºC and 10-50 µmol photons m-2 s-1 under a 85 

neutral day photoperiod (12:12 L:D). VSES was based on Ott (1966) with NH4Cl used as the 86 

source of nitrogen. Media was changed weekly. Spores that germinated into blades were 87 

transferred to flasks with VSE and held at 15ºC, 10-50 µmol photons m-2 s-1, and 12:12 L:D 88 

while spores that germinated into conchocelis were maintained at 10ºC, 10-30 µmol photons m-2 89 

s-1, and 12:12 L:D. 90 

Genetic Identification of Cultured Material 91 
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 The genus Pyropia contains many species that look morphologically similar, making 92 

them difficult to identify without the use of genetic markers. Therefore, DNA barcoding was 93 

used to confirm the identity of all specimens. DNA was extracted using a Puregene™ Isolation 94 

Kit per manufacturer’s instructions. A 298 bp segment from the 3’ end of the rbcL gene and 95 

rbcL-rbcS spacer was used for identification and was amplified with the forward primer 96 

RBCL5RC (5’-GTGGTATTCATGCTGGTCAAA-3’; Klein et al. 2003) and the reverse primer 97 

RBCSPC (5’-CACTATTCTATGCTCCTTATTKTTAT-3’; Teasdale et al. 2002).   98 

 Polymerase chain reactions (PCR) were performed in 50 µL volumes that contained 10 99 

µL of Taq buffer (Promega GoTaq® Flexi Green), 0.2 mM Mg+2, 1 µL dNTP mixture, 1 µL 100 

(20mM) of each buffer, 0.25 µL Taq polymerase (Promega GoTaq® Flexi), and 4 µL of 101 

extracted DNA solution following the PCR protocol of Bray et al. (2006). The PCR products 102 

were gel-purified by electrophoresis on a SYBR®Safe treated low melting point agarose gel 103 

(Ultrapure™, Invitrogen™) and the agarose was digested using agarase (Sigma A6306, 1.5 µL). 104 

The concentration of DNA was determined using a dsDNA HS Assay Kit and Qubit™ 105 

fluorometer (Invitrogen™) per the manufacturer’s instructions. Appropriate volumes of DNA 106 

and primers were sent to the University of New Hampshire’s Hubbard Center for Genome 107 

Studies where the samples were sequenced with an Applied Biosciences 3130 DNA Analyzer.  108 

 The raw sequence chromatograms were manually trimmed and proofread in Chromas v. 109 

2.2 (Technelysium, Pty. Ltd.) and sequences were aligned and assembled in Seq Man Pro v. 110 

7.2.1 (DNA Star Inc., Madison, Wisconsin).  Following alignment, sequences were compared to 111 

a previously published sequence of P. leucosticta from the Northwest Atlantic (AF271078) on 112 

GenBank using MegaAlign v. 7.1 (DNA Star Inc.) in order to confirm species identification. 113 

Microcosm Description and Experimental Design for Foliose Blade Phase Experiments 114 
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 To determine the optimum conditions for growth, photosynthetic efficiency of 115 

photosystem II (PSII), and pigment and protein content of Pyropia leucosticta, blades (1-2 cm) 116 

cultured from neutral spores were placed in individual 125 mL Erlenmeyer flasks and grown 117 

under a matrix of temperatures, light levels, and photoperiods for four weeks. Blades were grown 118 

in sterile VSES (30-32 ppt, 125 mL) and supplied constant filter-sterilized air (1 µM, Pall® Life 119 

Sciences) using aquarium air pumps (Tetra Whisper® 300).  120 

Photoperiods (8:16, 12:12, and 16:8 L:D) were controlled using three separate growth 121 

chambers (Percival Scientific, Model E-30B). In each chamber, six independently controlled 122 

water baths were used to maintain temperature (two each at 10º, 15º, and 20ºC). Each water bath 123 

had a submersible aquarium heater (Marineland, 25 W) connected to a digital heater temperature 124 

controller (Finnex, HC-810M, ±1.1°C). Four flasks were placed in each water bath and 125 

individually wrapped with neutral density filter to achieve light levels of 250, 110, 60, and 30 126 

µmol photons m-2 s-1. Light was supplied by 8 cool white fluorescent bulbs in each chamber 127 

(Philips Alto IITM 17 W, F17T8/TL741). Trials were repeated a total of three times using two 128 

cultures for each trial. 129 

 Growth and Photosynthetic Efficiency. The blotted-dry fresh weight (FW) of each blade 130 

was determined weekly and specific growth rate (SGR) was calculated as: SGR=100* ln 131 

[(L2/L1)/(t2-t1)], where L2 and L1 are the blade weight at times t2 and t1, respectively. At the end 132 

of the 4-week trial period, blades were split into two; one half was used for phycobilin and 133 

protein analysis, while the other half was used for chlorophyll and carotenoid analysis.  134 

Photosynthetic efficiency of PSII (Fv/Fm) was determined weekly starting one week after 135 

the blades were placed in the microcosm. Measurements were taken using a white-light PAM 136 

(pulse amplitude modulated) fluorometer (Junior-PAM, Heinz Walz GmbH) following a 137 
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modified protocol from Figueroa et al. (1997) using a minimum of 10 minutes for dark 138 

adaptation and a far red pulse prior to measurement. 139 

 Phycobilins. Phycobilins (R-phycoerythrin, R-PE, & R-phycocyanin, R-PC) were 140 

extracted from samples (5-50 mg fresh weight) and determined per the methods of Sampath-141 

Wiley and Neefus (2007) using a dual beam UV-visible spectrophotometer (Helios Alpha).  142 

 Soluble and Structural Protein. To measure soluble protein, 1.5 mL of Coomassie 143 

Reagent (Bradford 1976) was added to 0.3 mL of supernatant from the phycobilin extraction and 144 

incubated at room temperature for 10 minutes. Absorbance was read at 595 nm using a dual-145 

beam UV-visible spectrophotometer (Helios Alpha) and concentrations were calculated by 146 

means of standards made with bovine serum albumin (G-Biosciences 786-006). 147 

 To measure structural protein, 1.0 mL of 1.0 M NaOH was added to the pellet from the 148 

phycobilin extraction and samples were incubated at 4°C for 24 hours. Following incubation, 48 149 

µL of concentrated HCl (12 N) was added to each sample to correct the pH (Korbee et al. 150 

2005a). The above protein assay (Bradford 1976) was then performed on all samples.   151 

Microcosm Description and Experimental Design for Conchocelis Phase Experiments 152 

 To determine the optimum conditions for growth, development of mature 153 

conchosporangial branches, and conchospore release and germination of Pyropia leucosticta, 154 

free-living balls of conchocelis filaments visible to the unaided eye were placed in individual 125 155 

mL Erlenmeyer flasks and grown under 9 combinations of temperatures and photoperiods for 8-156 

12 weeks with VSES containing either 20 or 500 µM NH4
+. Filter-sterilized air (1 µM, Pall® 157 

Life Sciences) was supplied to each flask using aquarium air pumps (Tetra Whisper® 300).  158 

Photoperiods (8:16, 12:12, and 16:8 L:D) were controlled using three separate growth 159 

chambers (Percival Scientific, Model E-30B). In each chamber, six independently controlled 160 
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water baths were used to maintain temperature (two each at 10º, 15º, and 20ºC). Each water bath 161 

had a submersible aquarium heater (Marineland, 25 W) connected to a digital heater temperature 162 

controller (Finnex, HC-810M, ±2°F). Four flasks were placed in each water bath and light levels 163 

were kept at a constant level of 30 µmol photons m-2 s-1 in each chamber by installing a sheet of 164 

neutral density Plexiglas below the light bank. Light was supplied by 8 cool white fluorescent 165 

bulbs in each chamber (Philips Alto IITM 17 W, F17T8/TL741). All flasks in one water bath 166 

representing each temperature were enriched with either 20 or 500 µM NH4
+. Trials were 167 

repeated a total of 3 times, using conchocelis derived from 2 separate parents in each trial, except 168 

the first trial which had conchocelis from a single parent. 169 

 Measuring Growth and Assessing Reproductive Development. On a weekly basis, 170 

individual balls of conchocelis filaments were photographed using a digital camera (MacroFire, 171 

Optronics®) mounted on a dissecting microscope (Olympus SZH10 Research Stereo, Olympus 172 

Corporation of America®) and visually assessed for conchosporangial branch development, 173 

spore release, and conchospore germination using both a dissecting and compound microscope.  174 

At the start of the experiment, all samples had visible signs of mature conchosporangial branch 175 

formation, appearing as distinctive square shaped cells with a central stellate chloroplast 176 

(Conway and Cole 1977). Conchospore germination was verified by the presence of foliose 177 

blades (typically 3-6 cells). Growth of the conchocelis was measured as an increase in surface 178 

area (increase in mm2 day-1; Varela-Alvarez et al. 2004) determined from photographs using the 179 

software program ImageJ (1.43u, National Institute of Health, U.S.A.). Growth was measured 180 

from the beginning of the experiment until conchospore release and germination occurred, as 181 

conchocelis growth stops after conchospore release and germination (Sidirelli-Wolff 1992). 182 

Statistical Analyses 183 
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 Foliose Blade Phase Experiments. Growth rate and Fv/Fm were each analyzed as a split-184 

split-split plot analysis of variance (ANOVA) with photoperiod as the main plot, temperature as 185 

the sub plot, light level as the sub-sub plot, and week as the sub-sub-sub plot (Federer and King 186 

2007). Phycobilin and protein results were each analyzed using a split-split plot ANOVA with 187 

photoperiod as the main plot, temperature as the sub plot, and light level as the sub-sub plot 188 

(Federer and King 2007). The response variables did not conform to the assumptions of 189 

normality and were rank transformed prior to analysis (Conover and Iman 1981). All post-hoc 190 

comparisons were made using the Tukey’s HSD test, which has been shown to be effective on 191 

rank transformed data (Conover and Iman 1981). All analyses were performed in SYSTAT 192 

13.00.05 for (Systat, Inc.).  193 

 Conchocelis Phase Experiments.  Growth and time until blades were visible were each 194 

analyzed as a split-split plot ANOVA with photoperiod as the main plot, temperature as the sub 195 

plot, and NH4
+ concentration as the sub-sub plot (Federer and King 2007). The growth data did 196 

not conform to the assumptions of normality and was rank transformed prior to analysis 197 

(Conover and Iman 1981). All post-hoc comparisons were made using the Tukey’s HSD test. All 198 

analyses were performed in SYSTAT 13.00.05 (Systat, Inc.).  199 

Results 200 

Foliose Blade Phase Experiments 201 

 Growth Rate. The growth rate (% growth day-1) of Pyropia leucosticta blades was 202 

significantly affected by light level (F3,108= 56.69, p<0.001). Growth rate increased with 203 

increasing light level up to 110 µmol photons m-2 s-1. Post-hoc analysis revealed that growth was 204 

significantly higher at 250 (12.0 ±0.45 % day-1) and 110 (11.18 ±0.46 % day-1) than at 60 (8.1 205 

±0.44 % day-1) and 30 µmol photons m-2 s-1 (3.72 ±0.45 % day-1). 206 
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 The effect of photoperiod on growth rate was dependent on the week (F6,557=7.06, 207 

p<0.001). At all photoperiods, growth decreased over time, although the magnitude of the 208 

decrease differed (Fig. 1). Significant differences in growth under different photoperiods were 209 

observed only for the first week, where growth under long day (16:8; 18.63 ±0.76% day-1) 210 

conditions was significantly higher than those at neutral day conditions (12:12; 12.33 ±0.76% 211 

day-1). Growth under both long and neutral day conditions was significantly higher than that 212 

under short day conditions (8:16; 8.67 ±0.76% day-1) during the first week. The highest growth 213 

rate was recorded after one week under long day conditions (18.63 ±0.76% day-1) and the 214 

slowest growth rate after week four under short day conditions (4.11 ±0.77% day-1; Fig. 1). 215 

 Photosynthetic Efficiency. Photosynthetic efficiency of PSII (Fv/Fm) was significantly 216 

affected by light level (F3,108=32.94, p<0.001) and decreased with increasing light level up to 110 217 

µmol photons m-2 s-1. The lowest Fv/Fm was observed in blades grown at 110 (0.51 ±0.01) and 218 

250 µmol photons m-2 s-1 (0.51 ±0.01), while the highest was recorded in blades grown at 60 219 

(0.55 ±0.01) and 30 µmol photons m-2 s-1 (0.56 ±0.01). 220 

 The effect of temperature on Fv/Fm was dependent on the week (F6,557=3.85, p=0.001). 221 

There were no significant differences between the Fv/Fm at 10°C across the four weeks (Fig. 2). 222 

Blades grown at 15°C had similar Fv/Fm during weeks 1, 3, and 4 but week 1 had a significantly 223 

higher Fv/Fm than week 2 (p=0.032). Blades grown at 20°C showed the highest Fv/Fm following 224 

the first week of growth, which was followed by a significant reduction in Fv/Fm in week 2; the 225 

Fv/Fm remained at the same level from weeks 2-4 (Fig. 2).  226 

 Phycobilin Content. The effect of light level on R-phycoerythrin (R-PE) content of blades 227 

of P. leucosticta was dependent on photoperiod (F6,141=3.37, p=0.004). There was no significant 228 

difference in R-PE content of blades grown under short or neutral day conditions across the 229 
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tested light levels (Table 1). Blades grown under long day conditions showed a unique pattern, 230 

with no difference between R-PE content in blades grown at 30 and 60, 110 and 250, or 60 and 231 

250 µmol photons m-2 s-1. However, blades grown under long day conditions at 30 and 60 µmol 232 

photons m-2 s-1 had a significantly higher R-PE content than those grown at 110 µmol photons m-233 

2 s-1 (30: p<0.001, 60: p=0.004; Table 1).  234 

 There was no difference in R-PE content between the three photoperiods at 30 or 60 235 

µmol photons m-2 s-1 (Table 1). At 110 µmol photons m-2 s-1, blades grown under short and 236 

neutral day conditions had significantly higher R-PE content than those grown under long day 237 

conditions (8:16: p<0.001, 12:12: p=0.003). At 250 µmol photons m-2 s-1 blades grown under 238 

short day conditions had significantly higher R-PE content than those grown under neutral 239 

(p=0.003) and long day conditions (p<0.001; Table 1). 240 

 The effect of light level on R-phycocyanin (R-PC) content was again dependent on 241 

photoperiod (F6,141=3.2, p=0.006). Similar to the pattern observed in R-PE content, there was no 242 

difference in the content of R-PC of blades grown under short day conditions across all light 243 

levels tested (Table 1). In blades grown under neutral day conditions, R-PC content was 244 

significantly higher at 30 than at 250 µmol photons m-2 s-1 (p=0.006). Similarly, the R-PC 245 

content of blades grown under long day conditions was significantly higher in blades exposed to 246 

30 µmol photons m-2 s-1 than in blades grown at 110 (p<0.001) and 250 µmol photons m-2 s-1 247 

(p<0.001; Table 1).  248 

 There was no significant difference between the R-PC content of blades across the three 249 

photoperiod at 30 µmol photons m-2 s-1 (Table 1). However, at 60 and 110 µmol photons m-2 s-1 250 

blades grown under short day conditions had significantly higher R-PC content than blades 251 

grown under long day conditions (60: p=0.008, 110: p<0.001). At the highest light level tested, 252 
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250 µmol photons m-2 s-1, blades grown under short day conditions had significantly higher R-253 

PC content than those grown under both neutral (p<0.001) and long day conditions (p<0.001; 254 

Table 1). 255 

 Soluble and Structural Protein Content. Light level significantly affected soluble protein 256 

content (F3,136=5.28, p=0.002), with content generally decreasing with increasing light level. In 257 

this case, the effect of light level was independent of photoperiod. There was no significant 258 

difference between the soluble protein content of blades grown at 30 and 60 µmol photons m-2 s-259 

1. However, blades grown at 30 µmol photons m-2 s-1 had significantly higher soluble protein 260 

content (29.78 ±6.13 mg g-1 FW) compared to those grown at 110 (19.04 ±6.05 mg g-1 FW; 261 

p=0.005) and 250 µmol photons m-2 s-1 (19.57 ±5.96 mg g-1 FW; p=0.004). There was no 262 

significant difference in the soluble protein content between blades grown at 60 µmol photons m-263 

2 s-1 (30.87 ±6.04 mg g-1 FW) and those either at 110 or 250 µmol photons m-2 s-1. 264 

 Similarly, light level significantly affected the structural protein content (F3,141=8.87, 265 

p<0.001) of Pyropia leucosticta, although the pattern differed from that detailed above. Like the 266 

pattern observed in soluble protein content, there was no significant difference between the 267 

soluble protein content of blades grown at 30 (33.94 ±4.06 mg g-1 FW) and 60 µmol photons m-2 268 

s-1 (33.24 ±4.06 mg g-1 FW). However, blades grown at 30 µmol photons m-2 s-1 had significantly 269 

higher soluble protein content compared to those grown at 110 (24.10 ±4.06 mg g-1 FW; 270 

p<0.001) and 250 µmol photons m-2 s-1 (30.30 ±4.01 mg g-1 FW; p=0.002). Blades grown at 60 271 

µmol photons m-2 s-1 had significantly higher structural protein compared to those grown at 110 272 

(p=0.021), but they did not differ from blades grown at 250 µmol photons m-2 s-1. 273 

 Ratio of Phycobilin to Soluble Protein Content. The effect of light level on the ratio 274 

between phycobilin (PB) and soluble protein (SP) content was dependent on photoperiod 275 
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(F6,135=2.23, p=0.044). In blades grown under both short and neutral day photoperiods, the 276 

PB:SP was constant across all light levels. Blades grown under long day conditions had the 277 

highest PB:SP at 30 µmol photons m-2 s-1 (0.63 ± 0.06), which was significantly higher than in 278 

blades grown at 110 (0.28 ± 0.06, p<0.001) and 250 µmol photons m-2 s-1 (0.32 ± 0.06, p=0.018; 279 

Table 1). 280 

Conchocelis Phase Experiments 281 

 Growth. Growth of free-living conchocelis tufts was significantly affected by 282 

photoperiod (F2,4=16.55, p=0.012), with highest growth under long day conditions (0.06 ±0.01 283 

mm2 day-1). Conchocelis tufts grown under long and neutral day (0.04 ±0.01 mm2 day-1) 284 

conditions grew significantly faster than those under short day conditions (0.02 ±0.01 mm2 day-1; 285 

16:8: p=0.011, 12:12: p=0.034).  286 

 Conchospore Germination. The appearance of developing blades was used as an 287 

indication of conchospore release and germination. Conchocelis tufts cultured at 10°C took an 288 

average of 36.97 ±3.21 days until conchospore germination occurred, while tufts at 15°C and 289 

20°C took an average of 41.55 ±3.48 and 48.63 ±22.27 days, respectively. Conchospore 290 

germination in cultured tufts under long day conditions took an average of 39.63 ±6.57 days, 291 

while tufts cultured under neutral and short day conditions took 42.55 ±7.04 and 44.97 ±9.17 292 

days, respectively. Nitrogen concentrations had no effect on the days until conchospore release 293 

and germination with tufts cultured with 20 µM NH4
+ taking 42.84 ±4.89 days, while those 294 

cultured with 500 µM NH4
+ took 41.93 ±15.06 days. None of the differences were statistically 295 

significant. 296 
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Discussion 297 

 The results of this study provide some of the background information required to initiate 298 

aquaculture of Pyropia leucosticta in the Northwest Atlantic.  It is important to note that the 299 

effect of one factor, such as photoperiod, on growth rate may depend on the level of another 300 

factor, such as time. The interaction we found between the effects of photoperiod and week was 301 

also found by Sidirelli-Wolff (1992) who reported that blades grown under long day conditions 302 

grew quickly for the first week and then experienced a rapid decrease in growth thereafter. Such 303 

results illustrate the importance of examining multiple factors simultaneously in elucidating the 304 

optimal conditions for growing seaweeds as aquaculture crops. Further, while different 305 

combinations of conditions can produce statistically significant differences in a response, some 306 

of these differences may not be of biological or practical significance. For example, we found 307 

statistically significant differences in Fv/Fm measurements across light levels, but the overall 308 

range was very small (0.5-0.56).  309 

Some of our results were similar to those found in previous studies (Sidirelli-Wolff 1992; 310 

Orfanidis 2001; He and Yarish 2006) while others were not. For example, previous studies 311 

reported a broad range of tolerance to temperature in P. leucosticta from the North Atlantic 312 

(Sidirelli-Wolff 1992; He and Yarish 2006) and Mediterranean (Orfanidis 2001), but our results 313 

indicate temperatures above 15°C may be sub-optimal. This and other differences between 314 

studies might actually reflect species differences. Many species of Pyropia are morphologically 315 

similar and difficult to distinguish without molecular tools. Historically, there has been some 316 

confusion regarding the identity of P. leucosticta. It is possible that species used for 317 

physiological studies from the Mediterranean, where higher optimal temperatures were reported, 318 

were actually P. koreana (M.S. Hwang & I.K. Lee) M.S. Hwang, H.G. Choi, Y.S. Oh & I.K. Lee 319 
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(Brodie et al. 2007; Vergés et al. 2013). Similarly, molecular analysis of cultures from the He 320 

and Yarish (2006) P. leucosticta study suggests that they were actually using P. yezoensis, an 321 

Asian species introduced to Long Island Sound sometime after 1970 (Neefus et al. 2008). 322 

 Studies on diverse seaweeds have shown that red algae can adjust both the size of 323 

photosynthetic antennae and the number of photosynthetic units (PSU) depending on the light 324 

level (Waaland et al. 1974; Mishkind and Mauzerall 1980). Due to the high energetic cost of 325 

PSU adjustments, it is generally regarded that seaweeds optimize rather than maximize 326 

photosynthesis (Ramus 1981). Our results indicate that blades of P. leucosticta grown under 327 

short day conditions had higher phycobilin (R-PE and R-PC) content than blades grown under 328 

neutral or long day conditions at high light levels. There are two explanations for this pattern. 329 

First, blades grown under neutral and long day conditions had higher growth rates and could 330 

have effectively diluted the photosynthetic pigment concentration as they expanded rapidly. 331 

Second, blades grown under short day conditions may have been light limited by daylength. 332 

Therefore, these blades may have been practicing PSU adjustment (both in size of antennae and 333 

number of PSUs) to optimize light capture and photosynthesis at all light levels. Our data support 334 

this hypothesis since phycobilin content was independent of light level in blades grown under 335 

short day conditions (Table 1). 336 

 Phycobilins form structures on the surface of the thylakoid membrane, held together by 337 

covalent bonds in phycobilin-protein complexes known as phycobiliproteins (Lobban and 338 

Harrison 1994), which, unlike chlorophylls and carotenoids, are water-soluble. Hence, a 339 

relationship between phycobilin and soluble protein content has been reported in several red 340 

seaweeds (Hernández et al. 1993; Korbee et al. 2005b). The ratio between PB: SP in this study 341 

increased with decreasing light level under long day conditions, which indicates that phycobilins 342 
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were serving as nitrogen storage compounds under low light, long day conditions (Table 1). 343 

Phycobilins accounted for up to 76% of soluble protein depending on the treatment conditions. 344 

We also found that soluble protein content (i.e. proteins that dissolve in water including 345 

phycobiliproteins) was highest at low light levels, coinciding with the highest pigment content. 346 

Furthermore, seaweed blades exposed to low light typically have more chloroplasts or larger 347 

chloroplast with more thylakoid membranes per unit area (Talarico and Maranzana 2000). An 348 

increase in thylakoid membranes would explain the observed increase in structural protein 349 

content in blades of P. leucosticta grown under low light. 350 

 Previous work has indicated that the conchocelis of P. leucosticta requires short day 351 

conditions for the release of conchospores (Gargiulo et al. 1994; Orfanidis 2001). Contrary to 352 

these previous reports, conchospores in this study were released and germinated under all 353 

photoperiods, temperatures, and NH4
+ levels tested. However, earlier studies have been 354 

conducted with material from the Mediterranean, which as previously mentioned, may well be a 355 

different species. Since many foliose Bangiales are difficult to distinguish morphologically, 356 

molecular verification is essential when conducting experiments on this group. 357 

 Successful cultivation of any crop requires an understanding of its physiology and 358 

environmental requirements. A goal of this study was to provide some of the knowledge required 359 

to grow Pyropia leucosticta as an aquaculture crop in the Northwest Atlantic. Optimum 360 

conditions for the production of P. leucosticta will ultimately be based on the intended use. It 361 

could be utilized as a sea vegetable, source of pigments (namely, R-phycoerythrin which is used 362 

as a fluorescent tag), protein substitute for fish meal, and countless other applications (Mumford 363 

and Miura 1988). For example, if P. leucosticta were used as a sea vegetable, production should 364 
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focus on producing highly pigmented biomass and optimum conditions would range from 10-365 

15°C, 30-110 µmol photons m2 s-1, with ≥12 hours of light in the day. 366 

Understanding and controlling the life history of a potential aquaculture crop is also 367 

paramount to future success. While we were successful in completing the life history of Pyropia 368 

leucosticta, further work is still required to successfully control its conchocelis phase. We were 369 

able to successfully induce conchospore release under a wide range of factors, but were not able 370 

to identify environmental conditions that would suppress release and allow vegetative 371 

proliferation of the conchocelis phase. In this study, we found that conchospore release occurred 372 

promptly after the formation of conchosporangial branches and previous studies have shown that 373 

growth of the conchocelis stops after conchospore release (Sidirelli-Wolff 1992). Future research 374 

should focus on determining parameters (photoperiod, light level, light quality, temperature) that 375 

will suppress the formation of conchosporangial branches to enhance vegetative growth of the 376 

conchocelis phase. Mass quantities of conchocelis are required prior to conchosporangial branch 377 

formation and subsequent conchospore release in order to support a commercial-scale 378 

aquaculture operation. 379 
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Figure Captions 502 

 503 

Fig. 1: Growth rate (% growth day-1) of Pyropia leucosticta at three different photoperiods (8:16, 504 

12:12, and 16:8 L:D) over a period of four weeks (mean ± SE). Bars with a letter in common are 505 

not significantly different (α=0.05). Although analysis was performed on rank transformed data, 506 

original data and standard errors are graphed with letters derived from post-hoc analysis of the 507 

rank transformed data. 508 

1 2 3 4
0

2

4

6

8

10

12

14

16

18

20

Week

8 : 16

12 : 12

16 : 8

G
ro

w
th

 R
at

e 
(%

 d
ay

-1
)

a

b

cd cdf

bf
bd

cd
cg

dg

e
cde

cde



©Springer	Verlag;	The	original	publication	is	available	at	http://link.springer.com/article/10.1007/s10811-014-0421-4		(Journal	of	Applied	Phycology)	

 

	509 

Fig. 2: Photosynthetic efficiency of PSII (Fv/Fm) of Pyropia leucosticta at three different 510 

temperatures (10°, 15°, and 20°C) over a period of four weeks (mean ± SE). Bars with a letter in 511 

common are not significantly different (α=0.05). Although analysis was performed on rank 512 

transformed data, original data and standard errors are graphed with letters derived from post-hoc 513 

analysis of the rank transformed data.  514 
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Table 1: R-phycoerythrin (R-PE), R-phycocyanin (R-PC), and The ratio of phycobilin (PB) to 516 

soluble protein (SP) content in blades of Pyropia leucosticta grown under a combination of three 517 

photoperiods (8:16, 12:12, and 16:8 L:D) and four light levels (30, 60, 110, and 250 µmol 518 

photons m-2 s-1; mean ± SE). Boxes with a letter in common within each column are not 519 

significantly different (α=0.05). Although analysis was performed on rank transformed data, 520 

original data and standard errors are presented with letters derived from post-hoc analysis of the 521 

rank transformed data. 522 

Photoperiod 
(L:D) 

Light Level 
(µmol photons 

m-2 s-1) 

R-PE (mg g-1 
FW) 

R-PC (mg g-1 
FW) 

PB:SP 

8:16 30 6.38 ± 0.61a 3.61 ± 0.39a 0.49 ± 0.06ac 

60 7.11 ± 0.61a 3.64 ± 0.39a 0.50 ± 0.06ac 

110 5.96 ± 0.61ah 2.84 ± 0.39ad 0.46 ± 0.06ac 

250 7.33 ± 0.61a 4.06 ± 0.39a 0.44 ± 0.06abc 

12:12 30 5.92 ± 0.61af 3.14 ± 0.39ad 0.36 ± 0.06bc 

60 5.75 ± 0.64af 2.76 ± 0.41adf 0.40 ± 0.06abc 

110 4.60 ± 0.64aef 2.10 ± 0.41de 0.35 ± 0.06abc 

250 3.98 ± 0.61efgh 1.71 ± 0.39bcef 0.33 ± 0.06ab 

16:8 30 5.69 ± 0.64af 3.04 ± 0.41ad 0.63 ± 0.06c 

60 4.59 ± 0.61acf 2.14 ± 0.39bd 0.42 ± 0.06ac 

110 2.18 ± 0.61bdg 0.94 ± 0.39c 0.28 ± 0.06b 

250 2.94 ± 0.61bce 1.30 ± 0.39bce 0.32 ± 0.06ab 

 523 


