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Abstract Seaweed aquaculture in the Northwest Atlantic has
been steadily increasing with five commercial kelp farms al-
ready established. Currently, kelp production is limited to win-
ter and spring, and new seaweed crops need to be developed in
order to supplement seasonal kelp production. Porphyra
umbilicalis is a member of the most economically valuable
group of seaweeds known by the Japanese name nori. It is
an ideal candidate for aquaculture since it exhibits short pro-
duction cycles, rapid growth, high nutrient uptake rates, and
high pigment and protein content. Further, sexual reproduc-
tion appears to be absent in populations in the Northwest
Atlantic, which considerably simplifies the production of seed
stock. The goal of this study was to determine the conditions
that optimize growth, photosynthetic efficiency of photosys-
tem II (Fv/Fm), and pigment and protein content of
P. umbilicalis. Cultured blades were grown under a matrix of
temperatures (10, 15, and 20 °C), light levels (30, 60, 110, and
250 μmol photons m−2 s−1), and photoperiods (8:16, 12:12,
and 16:8 light/dark) in a factorial design for 4 weeks. Growth
rates were highest (>9 % day−1) in blades grown between 10
and 15 °C, with light levels ≥110 μmol photons m−2 s−1 and
≥12 h of light in the day. Fv/Fm was significantly affected by
photoperiod with this effect dependent on light level; the over-
all range of Fv/Fm values was small. Here, we report detailed
information on the growth rate, Fv/Fm,, and pigment and pro-
tein content of P. umbilicalis grown under 36 treatment

combinations. These results provide physiological informa-
tion on P. umbilicalis from the Northwest Atlantic that will
aid in the development of P. umbilicalis aquaculture on a
commercial scale.
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Introduction

The production of aquacultured seaweeds has been increasing
steadily since the 1970s with an annual growth rate of 9.5 %
during the 1990s and 7.4 % during the 2000s (FAO 2012).
The total worldwide value of the seaweed aquaculture indus-
try was estimated to be US$5.7 billion in 2010 (FAO 2012).
Seaweed aquaculture is gaining intensity in the Northwest
Atlantic, particularly in the northeastern United States which
now has five commercial scale kelp farms currently
established and several pending (C. Yarish, pers. comm.).
With demand for seaweed products growing, there is a need
for diversification of the industry by developing new species
for cultivation. Nori (Porphyra, Pyropia, and other closely
related red algal genera) is the most economically valuable
maricultured seaweed in the world, serving as a source of food
for humans (Pereira and Yarish 2010), and global demand is
rising (Israel 2010). Currently Japan, China, and Korea are the
major producers of nori (FAO 2012). Production of nori was
over 1.5 million metric tons wet weight in 2010 (FAO 2012),
valued at US$1.45 billion (Pereira et al. 2013).

An ideal nori species for aquaculture would have several
attributes including a fast growth rate, high capacity for nutri-
ent accumulation, high protein content, extended seasonality,
and a life history that allows for easy propagation. In addition,
it should be native to the locality where it will be grown.
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Porphyra umbilicalis Kützing is an excellent candidate for
aquaculture in the Northwest Atlantic. Porphyra umbilicalis
occurs year-round at rocky intertidal sites from Atlantic Can-
ada to Long Island Sound (Blouin 2010). There are 19 foliose
Bangiales species in the Northwest Atlantic (Mols-Mortensen
et al. 2012; Mols-Mortensen et al. 2014). However,
P. umbilicalis, for reasons that are still unclear, is the only
species that appears to reproduce only asexually (Blouin
et al. 2007; Blouin 2010; Blouin and Brawley 2012), making
it particularly well suited for aquaculture. Reproduction oc-
curs through neutral spores that germinate and grow into new
blades when released, thus bypassing the microscopic
conchocelis (sexual) phase of the life history of Porphyra
(Brodie and Irvine 2003; Blouin et al. 2007). Porphyra
umbilicalis also has high photosynthetic rates (Kraemer and
Yarish 1999), nutrient uptake efficiency, and growth rates
(Carmona et al. 2006; Kim et al. 2007). Furthermore, Blouin
et al. (2006) showed no difference in the consumer acceptabil-
ity between the currently marketed Pyropia yezoensis and
Northwest Atlantic P. umbilicalis, making P. umbilicalis an
excellent candidate for human consumption.

Although studies have examined important aspects of the
physiology of P. umbilicalis including nutrient dynamics
(Kraemer et al. 2004; Kim et al. 2007; Kim et al. 2013), pho-
tosynthesis (Kraemer and Yarish 1999; Sampath-Wiley et al.
2008), sporic ecology (Blouin et al. 2007), and environmental
controls of growth rate (Fortes and Lüning 1980), there are
still gaps in our knowledge that would facilitate the successful
establishment of P. umbilicalis aquaculture in the Northwest
Atlantic. Further, most previous studies have only investigated
the effects of single variables on the physiology of
P. umbilicalis (but see Kim et al. 2007). It is likely that there
are complex interactions between environmental variables
(e.g., photoperiod and light level) that significantly impact
the physiology of this species. The objective of this study
was to determine the conditions that optimize growth, photo-
synthetic efficiency of photosystem II (PSII), and pigment and
protein content of P. umbilicalis. Blades produced via neutral
spores from wild stocks were grown under a matrix of tem-
peratures, light levels, and photoperiods to determine the in-
dividual and synergistic effects of these environmental param-
eters. We aimed to provide important missing information
needed to spur a P. umbilicalis aquaculture industry and to
acquire detailed information on the performance of
P. umbilicalis under a wide range of conditions.

Materials and methods

Culturing

Cultures were established from wild Porphyra umbilicalis
blades collected from five sites inMaine (ME), Massachusetts

(MA), and New Hampshire (NH), USA, including Nubble
Light, York, ME (n=2; 43°9′55.2″ N, 70°35′28.6″W; collect-
ed in June 2011), Fort Constitution, New Castle, NH (n=2;
43°4′16.7″ N, 70°42′37.1″ W; collected in July 2011), Fort
Stark, New Castle, NH (n=1; 43°3′27.1″ N, 70°42′44.3″ W;
collected in February 2011), Hilton Park, Dover, NH (n=4;
43°7′11.8″ N, 70°49′37.8″ W; collected in April 2011 and
February 2012), and Gloucester, MA (n=1; 42°36′32.1″ N,
70°37′58.4″ W; collected in May 2011). At each site, blades
were collected from the mid- to high intertidal zone during
low tide. Blades were placed on ice and transported to the
laboratory where they were processed for spore release and
isolation.

Using a sterile razor blade, the fertile portions of the blades
were excised, cleaned, wrapped in sterile damp paper towels,
and placed in the dark at 4 °C overnight. The following morn-
ing, the tissue was submerged in sterile seawater at 10 °C and
10–50 μmol photons m−2 s−1 light to induce spore release.
Individual spores of P. umbilicalis were isolated using sterile
Pasteur pipettes and placed into 12- or 24-well culture plates
containing sterile Von Stosch enriched (VSE) seawater at
10 °C and 10–50 μmol photons m−2 s−1 under a neutral day
photoperiod (12:12 L/D). Von Stosch enrichment was based
on Ott (1966) with NH4Cl used as the source of nitrogen.
Media was changed weekly. After spores germinated, blades
were transferred to flasks with VSE seawater and held at
15 °C, 10–50 μmol photons m−2 s−1, and 12:12 L/D until they
reached 1–2 cm in length when they were placed into the
experimental microcosm (described below). A total of ten
culture strains were used in the experiment (two different
strains per trial with five trials conducted), collected from
the various sites described above.

Genetic identification of cultured material

The genus Porphyra contains many species that have a very
similar morphology, which makes them extremely hard to
identify without the use of genetic markers. Therefore, DNA
barcoding was used to confirm the identity of all cultures
following the protocol of Green and Neefus (2015).

Microcosm description and experimental design

To determine the optimum conditions for growth, photosyn-
thetic efficiency of PSII, and pigment and protein content,
individual 1–2 cm blades of P. umbilicalis cultured from iso-
lated spores were placed in 125 mL Erlenmeyer flasks (n=1
blade per flask) and grown under a matrix of temperatures,
light levels, and photoperiods for 4 weeks in a fully factorial
split-split plot design. Blades were grown in sterile modified
Von Stosch enriched seawater (30–32 ppt, 125 mL), replaced
weekly, and supplied constant filter-sterilized air (1 μm, Pall
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Life Sciences, USA) using aquarium air pumps (Tetra Whis-
per 300).

In order to determine the individual and synergistic effects
of photoperiod, temperature, and light level, blades were
grown in a factorial split-split plot design. Photoperiods
(8:16, 12:12, and 16:8 L/D; main plot) were controlled using
three separate growth chambers (Percival Scientific, model
E-30B). In each chamber, six independently controlled water
baths were used to maintain temperature (two each at 10, 15,
and 20 °C; subplot). Each water bath had a submersible aquar-
ium heater (Marineland, 25W) that was connected to a digital
heater temperature controller (Finnex, HC-810M, ± 1.1 °C).
Four flasks were placed in each water bath and individually
wrapped with neutral density filter to achieve light levels (sub-
subplot) of 250, 110, 60, and 30 μmol photons m−2 s−1. Light
was supplied by eight cool white fluorescent bulbs in each
chamber (Philips Alto II 17W, F17T8/TL741). Trials were
repeated in a total of five times.

Growth and photosynthetic efficiency

The blotted-dry fresh weight (FW) of each blade was
determined weekly and relative growth rate (RGR, here-
after referred to as growth rate) was calculated as
RGR=100 × ln [(L2/L1)/(t2 − t1)], where L2 and L1 are the
blade weight at times t2 and t1, respectively. At the end of
the 4-week trial period, blades were split into two and one half
was used for phycobilin and protein analysis, while the other
half was used for chlorophyll and carotenoid analyses (except
in the third and fourth trials where only phycobilin and protein
analyses occurred).

The photosynthetic efficiency of PSII (Fv/Fm) was deter-
mined weekly starting 1 week after the blades were placed in
the microcosm. Measurements were taken using a white light
PAM (pulse amplitude-modulated) fluorometer (Junior-PAM,
Heinz Walz Germany) following a modified protocol from
Figueroa et al. (1997) using a minimum of 10 min for dark
adaptation and a far red pulse prior to measurement. All mea-
surements occurred at the treatment temperatures and in the
media that the blades were cultured in.

Photosynthetic pigment measurements

Phycobilins (R-phycoerythrin, R-PE, and R-phycocyanin, R-
PC) were extracted from samples (5–50 mg FW) in 1.5 mL of
0.1 M phosphate buffer (16.73 % NaH2PO4 anhydrous and
93.27 % Na2HPO4 12H2O, pH 6.8) at 4 °C for 24 h and
determined per the methods of Sampath-Wiley and Neefus
(2007) using a dual-beam UV-visible spectrophotometer (He-
lios Alpha).

Total chlorophyll and carotenoids were extracted from
samples (5–50 mg FW) in 1.5 mL of 80 % acetone. The
samples were centrifuged at 4 °C for 4 min at 17,000 rpm,

and the supernatant was poured into 1.5 mL acetone-resistant
microcuvettes. Absorbance was read at 470, 647, and 664 nm
at room temperature using a dual-beam UV-visible spectro-
photometer (Helios Alpha) against a blank containing 80 %
acetone. Total chlorophyll and carotenoid concentrations were
calculated using the equations of Lichtenhaler (1987).

Soluble and structural protein measurements

To measure soluble protein, 1.5 mL of Coomassie reagent
(Bradford 1976) was added to 0.3 mL of supernatant from
the phycobilin extraction and incubated at room temperature
for 10min. Absorbance was read at 595 nm using a dual-beam
UV-visible spectrophotometer (Helios Alpha), and concentra-
tions were calculated bymeans of standards made with bovine
serum albumin (G-Biosciences 786-006).

To measure structural protein, 1.0 mL of 1.0 M NaOH was
added to the pellet from the phycobilin extraction and samples
were incubated at 4 °C for 24 h. Following incubation, 48 μL
of concentrated HCl (12 N) was added to each sample to
correct the pH (Korbee et al. 2005a). The above protein assay
(Bradford 1976) was then performed on all samples.

Statistical analysis

Growth and photosynthetic efficiency were analyzed as a
split-split-split plot analysis of variance (ANOVA) with pho-
toperiod as the main plot, temperature as the subplot, light
level as the sub-subplot, and week as the sub-sub-subplot
(Federer and King 2007). Pigment and protein results were
analyzed using a split-split plot ANOVAwith photoperiod as
the main plot, temperature as the subplot, and light level as the
sub-subplot (Federer and King 2007). Blades in the third and
fourth trials did not reach a size where both the phycobilin/
protein and chlorophyll/carotenoid assays could be per-
formed; therefore, only the phycobilin and protein assays were
done for these trials (refer to methods). The response variables
did not conform to the assumptions of normality and were
rank transformed prior to analysis (Conover and Iman
1981). All post hoc comparisons were made using a Tukey’s
HSD test, which has been shown to be effective on rank trans-
formed data (Conover and Iman 1981). All analyses were
performed in SYSTAT 13.00.05 (Systat, Inc.).

Results

Genetic identification of cultured material

Sequences were compared to the rbcL sequence of the
P. umbilicalis neotype on GenBank (KF478756) using
MegaAlign v. 7.1 (DNA Star Inc., USA) to confirm species
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identification. All culture strains used in this study were
100 % identical to the neotype.

Growth rate

The effect of photoperiod on the growth rate of P. umbilicalis
was dependent on light level (F6.216=1.81, p<0.001, Tables 1
and 2). Under all photoperiods, the growth increased with
increasing light level up to 110 μmol photons m−2 s−1. The
highest growth rates, which ranged from 9.04±0.38 to 9.96±
0.38 % day−1, were recorded under neutral (12:12) and long
(16:8) day photoperiods above 110 μmol photons m−2 s−1

(Fig. 1). Blades grew slowest under short-day (8:16) and
30 μmol photons m−2 s−1 conditions (0.80±0.39 % day−1;
Fig. 1).

The effect of photoperiod on the growth rate of
P. umbilicalis was also dependent on the week (F6.1001=
391.07, p<0.001; Tables 1 and 2). During the first week, there
was no difference in growth rates between the three photope-
riods, with rates ranging from 6.77±0.39 to 7.87±0.38 %
day−1 (Table 3). In the second week, growth under long-day
conditions was higher than those under neutral and short day
conditions. The differences between the photoperiods were
less dramatic during the third and fourth weeks. Growth under
short-day conditions declined rapidly from week 1 to week 2,
but there was no difference in growth rate after week 2. In
contrast, growth under long-day conditions peaked in the sec-
ond week of the experiment, followed by a decline in weeks 3
and 4. Growth under neutral-day conditions showed a steady
decline over time with growth during week 1 higher than
growth during week 4 (Table 3).

The effect of temperature on the growth rate of
P. umbilicalis was dependent on the week (F6.1001=4.15,
p<0.001; Tables 1 and 2). There were no differences in
growth rate between the temperatures within each week
(e.g., no difference between growth at 10, 15, or 20 °C inweek
1; Fig. 2). Growth at 10 °C showed no differences across the
4 weeks. However, growth at 15 °C was highest during weeks
1 and 2 and growth during week 1 was higher than growth
during weeks 3 and 4. Similarly, growth at 20 °C was not
different between weeks 1 and 2, but growth during both
weeks was higher than growth during weeks 3 and 4 (Fig. 2;
Table 2).

Overall, blades of P. umbilicalis grew best at temperatures
between 10 and 15 °C, light levels ≥110μmol photonsm−2 s−1

and ≥12 h of light in a day, although growth generally de-
creased over time under all conditions (Table 2).

Photosynthetic efficiency of PSII

The effect of photoperiod on photosynthetic efficiency of PSII
(Fv/Fm) was dependent on light level (F6.216=7.85, p<0.001;
Table 1), with a slight decrease in Fv/Fm at high light levels
under neutral and long-day conditions (Fig. 3; Table 4). Fv/Fm
was also affected by week and decreased over time (F1.1005=
6.54, p<0.001).

Phycobilins

The effect of photoperiod on R-phycoerythrin (R-PE)
content was dependent on light level (F6.243=3.94, p=
0.001; Tables 1 and 5). Post hoc analysis revealed no

Table 1 Results (p values) of ANOVA’s on growth rate (% growth day−1), photosynthetic efficiency (Fv/Fm), and pigment and protein content of
blades of Porphyra umbilicalis

Response Main effects Interactive effects

PP Temp LL Week PP ×
temp

PP ×
LL

Temp
× LL

PP ×
LL ×
temp

PP ×
week

Temp
× week

LL ×
week

PP ×
temp ×
week

PP ×
LL ×
week

Temp ×
LL ×
week

PP x temp
× LL ×
week

Growth 0.003 0.228 <0.001 <0.001 0.281 0.001 0.076 0.653 <0.001 <0.001 0.129 0.085 0.926 0.062 0.985

Fv/Fm 0.130 0.325 <0.001 <0.001 0.696 <0.001 0.152 0.662 0.357 0.949 0.061 0.218 0.332 0.612 0.690

R-PE 0.191 0.181 0.026 0.488 0.001 0.192 0.407

R-PC 0.852 0.268 0.029 0.295 0.003 0.142 0.752

Chlorophyll 0.290 0.539 <0.001 0.997 0.299 0.625 0.883

Carotenoid 0.288 0.840 0.128 0.585 0.148 0.970 0.971

Soluble
protein

0.502 0.782 <0.001 0.984 0.110 0.974 0.964

Structural
protein

<0.001 0.472 <0.001 0.338 0.159 0.777 0.644

PB/SP 0.888 0.107 <0.001 0.143 0.054 0.285 0.872

Experimental factors were photoperiod (PP; 16:8, 12:12, and 8:18 L/D), temperature (Temp; 10, 15, and 20 °C), light level (LL; 30, 60, 100, and
250 μmol photons m−2 s−1 ) and week (1, 2, 3, and 4). Only growth and Fv/Fm were measured weekly. Italicized values represent statistical significance
(α=0.05). Values with α=0.05 that are not italicized indicate that a significant interaction with another experimental factor was present
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differences between the photoperiods at low light levels
(≤60 μmol photons m−2 s−1; Table 6). At high light
levels (≥110 μmol photons m−2 s−1), R-PE content
was higher under short than long-day conditions. R-PE
content increased with increasing light level under
short-day conditions, while under long-day conditions
R-PE content was lower at 110 μmol photons m−2 s−1

than all other light levels. There was no change in R-PE
content under neutral day conditions across the four
light levels (Table 6).

The effect of photoperiod on R-PC content was also depen-
dent on light level (F6.233=3.38, p=0.003; Tables 1 and 5).
Post hoc analysis revealed no differences between the three
photoperiods at 30, 60, or 110 μmol photons m−2 s−1

(Table 6). However, at 250 μmol photons m−2 s−1 R-PC con-
tent under short-day conditions was higher than under long-
day conditions. Similar to R-PE content, R-PC content in-
creased with increasing light level under short-day conditions
but showed no change with light level under either neutral or
long-day conditions (Table 6).

Table 2 Weekly and total (weeks 1–4) growth of cultured Porphyra umbilicalis blades grown under a matrix of photoperiods (PP; L/D), temperatures
(Temp; °C), and light levels (LL); (μmol photons m−2 s−1; mean±SE) during the 4-week experiment

PP Temp LL Growth week 1 Growth week 2 Growth week 3 Growth week 4 Total growth

8:16 10 30 2.76±1.62 0.6±1.62 1.09±1.62 −0.4±1.62 1.01±1.62

60 6.89±1.62 4.12±1.62 4.39±1.62 4.5±1.62 4.98±1.62

110 12.77±1.62 6.04±1.62 7.31±1.62 5.48±1.62 7.90±1.62

250 9.84±1.62 8.26±1.62 9.11±1.62 7.87±1.62 8.77±1.62

15 30 3.04±1.62 −4.21±1.62 −1.16±1.62 −0.52±1.66 −0.71±1.66
60 4.08±1.77 1.08±1.77 3.16±1.63 1.62±1.63 2.49±1.7

110 8.76±1.62 6.48±1.62 5.92±1.62 4.74±1.62 6.48±1.62

250 9.88±1.62 7.21±1.62 8.25±1.62 6.73±1.62 8.02±1.62

20 30 3.7±1.83 1.9±1.83 0.24±1.83 2.53±1.83 2.09±1.83

60 1.59±1.82 2.26±1.82 1.2±1.82 1.48±1.82 1.63±1.82

110 9.63±1.82 5.34±1.82 4.93±1.82 4.35±1.82 6.06±1.82

250 8.29±1.82 6.77±1.82 4.07±1.82 3.66±1.82 5.70±1.82

12:12 10 30 0.05±3.64 −0.15±3.64 −3.22±3.64 −1.93±3.64 −1.31±3.64
60 9.18±3.66 8.25±3.66 10.07±3.65 9.16±3.65 9.16±3.66

110 8.12±3.63 8.57±3.63 6.89±3.63 6.38±3.63 7.49±3.63

250 7.89±3.63 11.51±3.63 9.12±3.63 7.05±3.63 8.89±3.63

15 30 2.33±2.14 0.39±2.14 −0.02±2.29 1.19±2.29 0.97±2.22

60 4.41±2.19 3.7±2.19 2.69±2.19 2.81±2.19 3.40±2.19

110 11.69±2.1 12.37±2.1 10.84±2.1 11.27±2.1 11.54±2.10

250 14.9±2.1 14.22±2.1 12.03±2.1 11.25±2.1 13.10±2.10

20 30 5.11±3.64 3.28±3.64 4.41±3.64 3.79±3.64 4.15±3.64

60 1.2±3.64 0.01±3.64 0.03±3.64 −0.87±3.64 0.09±3.64

110 12.14±3.63 8.65±3.63 6.95±3.63 5.42±3.63 8.29±3.63

250 7.35±3.63 5.17±3.63 4.7±3.63 3.32±3.63 5.14±3.63

16:8 10 30 3.49±1.82 5.84±1.82 3.55±1.82 3.28±1.82 4.04±1.82

60 5.27±1.82 6.3±1.82 5.71±1.82 5.11±1.82 5.60±1.82

110 8.52±1.82 12.56±1.82 11.37±1.82 7.75±1.82 10.05±1.82

250 8.41±1.82 10.87±1.82 9.65±1.82 9.16±1.82 9.52±1.82

15 30 0.76±1.82 2.9±1.82 0.19±1.82 0.24±1.82 1.02±1.82

60 8.83±1.82 6.3±1.82 5.52±1.82 4.5±1.82 6.29±1.82

110 11.53±1.82 12.65±1.82 8.05±1.82 6.48±1.82 9.68±1.82

250 14.18±1.82 16.67±1.82 11.25±1.82 9.01±1.82 12.78±1.82

20 30 1.1±1.82 3.41±1.82 2.31±1.82 1.23±1.82 2.01±1.82

60 8.71±1.82 10.1±1.82 5.08±1.82 5.14±1.82 7.26±1.82

110 12.59±1.82 9.67±1.82 7.48±1.82 6.11±1.82 8.96±1.82

250 11.08±1.82 8.45±1.82 5.11±1.82 5.61±1.82 7.56±1.82
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Chlorophyll and carotenoids

The total chlorophyll content was affected by light lev-
el (F3.98=7.46, p<0.001; Tables 1 and 5) and was in-
dependent of photoperiod. Chlorophyll content de-
creased with increasing light level. Post hoc analysis
showed that blades grown at 30 μmol photons m−2

s−1 had more chlorophyll (0.76±0.05 mg g−1 FW) than
blades grown at 110 (0.56±0.04 mg g−1 FW) and 250
(0.57±0.03 mg g−1 FW), but not blades grown at
60 μmol photons m−2 s−1 (0.78±0.05 mg g−1 FW).
There were no differences in total carotenoid content
between any treatment groups (Tables 1 and 5).
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Table 3 Growth rate (% growth day−1) of blades of Porphyra
umbilicalis under three different photoperiods (8:16, 12:12, and 16:8
L/D) over a period of four weeks (mean; SE=0.38). Temperature and
light level had no effect on this interaction and were averaged within
each photoperiod. Treatments with a letter in common are not
significantly different (α=0.05). Although analysis was performed on
rank transformed data, original data is reported with letters derived
from the post hoc analysis of rank transformed data

Photoperiod (L/D) Week 1 Week 2 Week 3 Week 4

8:16 6.77afhi 3.82cgik 4.04ck 3.50c

12:12 7.03afh 6.33afh 5.37behi 4.90bjk

16:8 7.87ad 8.10d 6.27ae 5.31befg
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Fig. 1 Growth rate (% day−1) of Porphyra umbilicalis at three different
photoperiods (8:16, 12:12, and 16:8 L/D) and four light levels (30, 60,
100, and 250 μmol photons m−2 s−1; mean±SE). Temperature and week
had no effect on this interaction and were averaged within each
photoperiod × light level group. Bars with a letter in common are not
significantly different (α=0.05). Although analysis was performed on
rank transformed data, original data and standard errors are graphed
with letters derived from the post hoc analysis of rank transformed data
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Soluble and structural protein

The soluble protein content of P. umbilicalis blades was af-
fected by light level (F3.245=16.2, p<0.001; Tables 1 and 7).
Soluble protein was higher at 30 (28.26±3.51 mg g−1 FW)
and 60 μmol photons m−2 s−1 (15.64±3.53 mg g−1 FW) than
at 110 (11.41±3.42 mg g−1 FW) and 250 μmol photons m−2

s−1 (11.26±3.42 mg g−1 FW).
The structural protein content was also affected by light

level (F3.249=32.1, p<0.001; Tables 1 and 7). It was also

highest at 30 μmol photons m−2 s−1 (53.12±3.68 mg g−1

FW) and decreased with increasing light level to 31.68 (±
3.65) mg g−1 FW at 60 μmol photons m−2 s−1, 23.64 (±
3.62) mg g−1 FW at 110 μmol photons m−2 s−1, and 22.52 (±
3.62) mg g−1 FW at 250 μmol photons m−2 s−1.

Photoperiod also affected structural protein content
(F2.8=29.7, p<0.001) and was higher in blades grown
under short-day conditions (44.27±3.15 mg g−1 FW)
than neutral (23.07±3.15 mg g−1 FW) and long-day
conditions (30.88±3.15 mg g−1 FW).

Table 4 Weekly photosynthetic efficiency (Fv/Fm) of cultured Porphyra umbilicalis blades grown under a matrix of photoperiods, temperatures, and
light levels (mean±SE)

Photoperiod (L/D) Temperature (°C) Light level (μmol photons m−2 s−1) Fv/Fm week 1 Fv/Fm week 2 Fv/Fm week 3 Fv/Fm week 4

8:16 10 30 0.61±0.02 0.63±0.02 0.61±0.02 0.62±0.02

60 0.64±0.02 0.65±0.02 0.64±0.02 0.66±0.02

110 0.64±0.02 0.64±0.02 0.62±0.02 0.61±0.02

250 0.69±0.02 0.68±0.02 0.64±0.02 0.67±0.02

15 30 0.64±0.02 0.63±0.02 0.65±0.02 0.65±0.02

60 0.65±0.02 0.64±0.02 0.65±0.02 0.66±0.02

110 0.64±0.02 0.65±0.02 0.64±0.02 0.65±0.02

250 0.63±0.02 0.66±0.02 0.64±0.02 0.62±0.02

20 30 0.68±0.03 0.67±0.03 0.67±0.03 0.64±0.03

60 0.66±0.03 0.64±0.03 0.67±0.03 0.65±0.03

110 0.67±0.03 0.67±0.03 0.66±0.03 0.64±0.03

250 0.6±0.03 0.58±0.03 0.57±0.03 0.58±0.03

12:12 10 30 0.7±0.05 0.65±0.05 0.68±0.05 0.68±0.05

60 0.71±0.05 0.68±0.05 0.66±0.05 0.66±0.05

110 0.64±0.05 0.64±0.05 0.61±0.05 0.61±0.05

250 0.6±0.05 0.58±0.05 0.54±0.05 0.56±0.05

15 30 0.68±0.03 0.68±0.03 0.68±0.03 0.68±0.03

60 0.6±0.03 0.61±0.03 0.59±0.03 0.58±0.03

110 0.67±0.03 0.66±0.03 0.64±0.03 0.65±0.03

250 0.72±0.03 0.7±0.03 0.66±0.03 0.68±0.03

20 30 0.59±0.05 0.63±0.05 0.6±0.05 0.64±0.03

60 0.68±0.05 0.68±0.05 0.68±0.05 0.67±0.03

110 0.62±0.05 0.58±0.05 0.58±0.05 0.57±0.03

250 0.62±0.05 0.59±0.05 0.62±0.05 0.59±0.03

16:8 10 30 0.71±0.03 0.72±0.03 0.72±0.03 0.73±0.03

60 0.62±0.03 0.62±0.03 0.61±0.03 0.63±0.03

110 0.58±0.03 0.58±0.03 0.58±0.03 0.59±0.03

250 0.61±0.03 0.59±0.03 0.6±0.03 0.58±0.03

15 30 0.63±0.03 0.63±0.03 0.65±0.03 0.63±0.03

60 0.63±0.03 0.67±0.03 0.6±0.03 0.62±0.03

110 0.59±0.03 0.6±0.03 0.57±0.03 0.54±0.03

250 0.68±0.03 0.69±0.03 0.64±0.03 0.64±0.03

20 30 0.68±0.03 0.64±0.03 0.57±0.03 0.56±0.03

60 0.66±0.03 0.68±0.03 0.61±0.03 0.62±0.03

110 0.6±0.03 0.61±0.03 0.58±0.03 0.53±0.03

250 0.49±0.03 0.49±0.03 0.46±0.03 0.46±0.03
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Ratio of phycobilin to soluble protein content

Light affected the ratio of phycobilin to soluble protein con-
tent (PB/SP; F3.238=9.52, p<0.001; Tables 1 and 7). Post hoc
analysis revealed that the PB/SP was lower in blades grown
under 30 μmol photons m−2 s−1 (0.24±0.02) than under 60
(0.31±0.02), 110 (0.34±0.02) and 250 μmol photons m−2 s−1

(0.34±0.02).

Discussion

Overall, these results indicate that it is important to look at the
synergistic effects of environmental factors when determining
the conditions for optimum growth, photosynthetic efficiency
of PSII, and pigment and protein content of seaweeds. Many
studies (see Fortes and Lüning 1980; Blouin et al. 2007) have
looked at growth and other physiological measures in

Table 5 Total chlorophyll, carotenoid, R-phycoerythrin (R-PE) and R-phycocyanin (R-PC) content of cultured Porphyra umbilicalis blades grown
under a matrix of photoperiods, temperatures, and light levels (mean±SE)

Photoperiod
(L/D)

Temperature
(°C)

Light level
(μmol photons m−2 s−1)

Total chlorophyll
(mg g−1 FW)

Carotenoid
(mg g−1FW)

R-PE
(mg g−1 FW)

R-PC
(mg g−1 FW)

8:16 10 30 1.13±0.21 0.15±0.04 2.87±0.48 1.51±0.39

60 0.8±0.14 0.07±0.03 3.26±0.46 1.74±0.38

110 0.69±0.13 0.11±0.03 2.67±0.46 1.48±0.38

250 0.68±0.13 0.12±0.03 2.93±0.46 1.76±0.38

15 30 0.55±0.2 0.13±0.04 1.64±0.45 0.67±0.35

60 0.72±0.13 0.09±0.03 1.91±0.45 0.94±0.34

110 0.57±0.12 0.1±0.02 2.4±0.45 1.34±0.33

250 0.67±0.12 0.12±0.03 2.19±0.45 1.27±0.33

20 30 0.78±0.16 0.11±0.03 1.9±0.55 0.94±0.41

60 0.8±0.27 0.13±0.06 2.63±0.51 1.18±0.39

110 0.76±0.13 0.13±0.03 2.65±0.51 1.37±0.38

250 0.73±0.12 0.14±0.03 3.01±0.51 1.7±0.38

12:12 10 30 0.8±0.28 0.25±0.06 3.19±1.04 1.94±0.73

60 1.1±0.2 0.25±0.04 3.79±1.04 2.41±0.73

110 0.66±0.2 0.21±0.04 3.09±1.04 1.95±0.73

250 0.52±0.2 0.18±0.04 3.22±1.04 1.94±0.73

15 30 0.82±0.17 0.14±0.03 2.85±0.6 1.44±0.42

60 0.8±0.14 0.14±0.03 3.42±0.6 1.88±0.42

110 0.58±0.11 0.1±0.02 3.02±0.6 1.76±0.42

250 0.52±0.11 0.1±0.02 2.79±0.6 1.58±0.42

20 30 0.81±0.29 0.13±0.06 0.72±1.06 −0.05±0.75
60 0.87±0.2 0.11±0.04 0.35±1.03 −0.02±0.73
110 0.48±0.21 0.07±0.04 0.7±1.03 0.33±0.73

250 0.66±0.2 0.08±0.04 0.2±1.03 −0.01±0.73
16:8 10 30 0.72±0.13 0.09±0.03 3.21±0.51 2.15±0.37

60 0.61±0.13 0.1±0.03 3.15±0.51 1.66±0.37

110 0.33±0.13 0.06±0.03 1.62±0.51 0.72±0.37

250 0.38±0.13 0.07±0.03 1.74±0.51 0.78±0.37

15 30 0.55±0.13 0.12±0.03 2.26±0.52 1.5±0.38

60 0.62±0.13 0.15±0.03 2.39±0.52 1.52±0.37

110 0.4±0.14 0.12±0.03 1.67±0.52 1.23±0.37

250 0.36±0.13 0.11±0.03 1.81±0.52 1.24±0.37

20 30 0.65±0.15 0.14±0.03 1.37±0.56 0.88±0.41

60 0.7±0.13 0.17±0.03 1.43±0.52 1.02±0.41

110 0.54±0.13 0.15±0.03 1.35±0.52 1.12±0.38

250 0.62±0.13 0.14±0.03 1.78±0.55 1.3±0.41
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P. umbilicalis, but none have looked at the suite of variables
measured here under a fully factorial matrix of photoperiods,
temperatures, and light levels. Such results will allow potential
seaweed growers to select the best combination of conditions
for growing P. umbilicalis based on their intended use
(Tables 2, 4, 5, and 7).

Maximum growth rates (>9 % day−1) were observed when
blades were grown at 10 to 15 °C with at least 12 h of light in
the day and ≥110 μmol photons m−2 s−1 (Fig. 1), which is
consistent with previously published information on
P. umbilicalis from both Fortes and Lüning (1980) and Kim
et al. (2007). Fortes and Lüning (1980) further reported that
growth increased with increasing day length, a phenomenon
that we also documented. We also found that the growth rate
of P. umbilicalis decreased over the 4-week duration of the
experiment with the most dramatic reductions occurring under
short-day conditions (Fig. 2, Table 1). Previous studies with
Fucus distichus Linnaeus have indicated that young
thalli have nitrogen uptake rates 8–40 times higher than
mature thalli, leading to faster growth of younger,
smaller blades (Thomas et al. 1985). Additionally, Kim
(2008) reported a decrease in growth rate over a similar
time period with blades of a closely related species of
nori, Wildemania amplissima (Kjellman) Foslie. Overall,
our results have important implications for P. umbilicalis
aquaculture and indicate that blades should be harvested
frequently to ensure optimal production (approximately
every 4 weeks). Similarly, Israel et al. (2006) suggested

harvesting cycles of 2–3 weeks for Porphyra grown in
outdoor tank cultivation systems.

The significant reduction in photosynthetic efficiency of
PSII (Fv/Fm), with increasing light levels that we documented,
suggests that even at light levels as low as 110 μmol photons
m−2 s−1, there was an energetic cost to dealing with excess
light energy (Fig. 3). Macroalgal species that live in the high
intertidal zone have mechanisms to limit the amount of dam-
age from photoinhibition (Herbert 1990), although the mech-
anisms remain poorly understood (Blouin et al. 2011). Some
researchers have suggested that there is a protective mecha-
nism associated with the photoinhibition-sensitive site of PSII
that dissipates excess light energy (Herbert 1990), while
others have suggested that depressions in Fv/Fm at high irra-
diance are a protective response to limit damage by limiting
the number of available reaction centers (Kokubu et al. 2015).
While the reduction in Fv/Fm we observed was statistically
significant, Fv/Fm was at or near 0.6 under all conditions.
These values are consistent with the maximum Fv/Fm levels
reported for P. umbilicalis in nature (Sampath-Wiley et al.
2008), suggesting that despite the reduction, Fv/Fm remained
high in all blades. Therefore, we hypothesize that the reduc-
tion in Fv/Fm above 110 μmol photons m−2 s−1 under long-
day conditions was a photoprotective response, whether from
a reduction in available reaction centers or through a perma-
nent photoprotective mechanism, in the high intertidal
P. umbilicalis. Further studies are necessary to validate this
hypothesis. The pattern of Fv/Fm reduction may be more
clearly demonstrated at light levels closer to those observed
in nature which range from 100 to 600 μmol photons m−2 s−1

at high tide to 2000 μmol photons m−2 s−1 at low tide (Blouin
et al. 2011), depending on cloud cover and time of day.

Interestingly, we saw no effect of temperature on Fv/Fm,
although it has been suggested that Fv/Fm is temperature de-
pendent (Dongsansuk et al. 2013). However, the range of
temperatures tested here (10–20 °C) was relatively small. Oth-
er studies have shown no change or very small changes in Fv/Fm
in other Bangiales over a similar temperature range (see
Watanabe et al. 2014; Green and Neefus 2015). Future studies
should incorporate a wider temperature range in order to de-
termine if photosynthetic efficiency in P. umbilicalis is tem-
perature dependent.

Decreasing phycobilin content with increasing light level,
which we found under long-day conditions, has been previ-
ously documented (Jahn et al. 1984). Sampath-Wiley et al.
(2008) found that differences in phycobilin content of sun
and shade blades of P. umbilicalis were dependent on season,
with differences during summer months, but not in the winter
months when photoperiods were shorter. Further, the phenom-
enon of decreasing chlorophyll content with increasing light
levels, which we found, has been documented in land plants
(Cooper and Quails 1967) and algae (Sampath-Wiley et al.
2008). Studies by the latter authors have also shown no

Table 6 R-phycoerythrin (R-PE) and R-phycocyanin (R-PC) content
(mg g−1 FW) of Porphyra umbilicalis grown under three different pho-
toperiods (8:16, 12:12, and 16:8 L/D) and four light levels (30, 60, 100,
and 250 μmol photons m−2 s−1; mean±SE). Temperature had no effect
and was averaged within each photoperiod × light level group. Treat-
ments with a letter in common are not significantly different (α=0.05).
Although analysis was performed on rank transformed data, original data
and standard errors are reported with letters derived from the post hoc
analysis of rank transformed data

Photoperiod
(L/D)

Light level
(μmol photons
m−2 s−1)

R-PE R-PC

8:16 30 2.13±0.23ab 1.04±0.18a

60 2.60±0.22ae 1.29±0.17abc

110 2.57±0.22de 1.40±0.16bc

250 2.71±0.22de 1.58±0.16c

12:12 30 2.26±0.22ae 1.11±0.16abc

60 2.52±0.22ae 1.42±0.16abc

110 2.27±0.22abe 1.35±0.15abc

250 2.07±0.22abf 1.17±0.15abc

16:8 30 2.28±0.23ab 1.51±0.17abc

60 2.33±0.22acd 1.40±0.16abc

110 1.55±0.22b 1.02±0.15ab

250 1.78±0.22abc 1.10±0.16ab
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difference in total carotenoid content in blades ofP. umbilicalis
exposed to varying light levels.

Phycobilin content under short-day conditions increased
with increasing light level. This phenomenon has been previ-
ously documented in the closely related Pyropia leucosticta
(Green and Neefus 2015) and could have two explanations.
First, blades grown under short-day conditions could have
higher phycobilin content because of their lower growth rates
compared to blades grown under neutral or long-day

conditions (Fig. 1). Blades that are growing more rapidly
may effectively dilute the concentration of pigments
(mg g−1 FW of tissue), thus showing lower pigment
content (Day 2008). Second, blades grown under
short-day conditions may have been light limited by
day length. Under these conditions, the blades may have
been adjusting the size and number of photosynthetic
units (Waaland et al. 1974; Mishkind and Mauzerall
1980) to optimize light capture.

Table 7 Soluble and structural protein content of cultured Porphyra umbilicalis blades grown under a matrix of photoperiods, temperatures, and light
levels (mean±SE)

Photoperiod
(L/D)

Temperature
(°C)

Light level
(μmol photons m−2 s−1)

Soluble protein
(mg g−1 FW)

Structural protein
(mg g−1 FW)

Phycobilin/soluble protein

8:16 10 30 26.59±12.76 73.17±13.08 0.16±0.07

60 19.28±13.46 53.35±13.08 0.35±0.07

110 16.33±12.76 31.48±13.08 0.24±0.07

250 16.98±12.76 29.21±13.08 0.26±0.07

15 30 13.85±12.89 62.32±14.73 0.21±0.07

60 14.77±12.89 35.34±14.06 0.26±0.07

110 13.06±12.89 28.03±14.06 0.32±0.07

250 11.15±12.89 25.78±14.06 0.36±0.07

20 30 15.73±16.15 63.65±14.99 0.39±0.07

60 13.76±14.68 47.08±14.99 0.39±0.07

110 10.92±14.58 43.11±14.99 0.53±0.07

250 10.88±14.58 38.71±14.99 0.54±0.07

12:12 10 30 16.11±28.18 27.6±29.81 0.44±0.15

60 13.24±28.18 21.14±29.81 0.53±0.15

110 7.21±28.18 21.28±29.81 0.56±0.15

250 7.59±28.18 18.81±29.81 0.59±0.15

15 30 21.85±16.49 33.95±17.45 0.32±0.09

60 15.07±16.49 4.77±17.45 0.44±0.09

110 11.46±16.49 0.91±17.45 0.53±0.09

250 11.02±16.49 0.63±17.45 0.43±0.09

20 30 29.86±28.13 55.49±29.76 −0.11±0.16
60 19.3±28.13 33.0±29.76 −0.09±0.15
110 12.09±28.13 29.55±29.76 0.08±0.15

250 10.76±28.13 29.68±29.76 0.06±0.15

16:8 10 30 11.44±14.1 42.46±14.88 0.24±0.08

60 5.48±14.1 16.03±14.88 0.29±0.08

110 −0.09±14.1 10.93±14.88 0.22±0.08

250 −0.74±14.1 10.2±14.88 0.23±0.08

15 30 42.5±14.06 47.86±14.88 0.34±0.08

60 37.7±14.06 45.98±14.88 0.41±0.08

110 36.48±14.06 37.6±14.88 0.31±0.08

250 36.82±14.06 39.72±14.88 0.32±0.08

20 30 76.46±14.06 71.59±15.73 0.20±0.08

60 2.21±14.06 28.46±14.91 0.20±0.08

110 −4.76±14.06 9.85±14.91 0.27±0.08

250 −3.02±14.06 10.93±14.91 0.30±0.08
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Although the optimum conditions for increased phycobilin
content (mg g−1 FW) were observed in blades grown under
short-day conditions, from an aquaculture standpoint, the re-
duction in growth rate under these conditions makes it imprac-
tical to grow them this way simply to yield high phycobilin
content. Phycobilin content was also high in blades grown
under neutral and long-day conditions with low light
(≤60 μmol photons m−2 s−1). We hypothesize that a brief
period of growth (1–7 days) under low light, neutral/long-
day conditions or high light, short-day conditions prior to
harvest will increase pigment content, although this hypothe-
sis warrants further investigation. Additionally, if the overall
production of phycobilins (mg blade−1 or tank−1) is the goal,
then growth under neutral and long-day conditions will be the
best choice. Faster growth rates under neutral and long-day
conditions outweigh the lower pigment content (mg g−1 FW),
leading to higher total phycobilin production (mg blade−1,
data not shown).

Protein content is an important determinate of the nu-
tritional value of seaweed for aquaculture feeds (Shpigel
et al. 1999), as many finfish require high protein content
in their diets (Wilson 2002). Walker et al. (2009) showed
that P. umbilicalis grown in a recirculating IMTA system
could be used to replace up to 30 % of the fish meal in
juvenile cod diets without deleterious effects on their
growth. Further, a relationship between phycobilin and
soluble protein content has been suggested in several
studies (Hernández et al. 1993; Korbee et al. 2005b),
since proteins associated with phycobilins can make up
a large portion of the soluble protein in red seaweeds
(Gantt 1975); phycobilins in the current study accounted
for up to 59 % of the soluble protein. Our results did not
show a linear relationship between phycobilin (PB) and
soluble protein (SP) content (data not shown), but there
was an effect of light level on PB/SP. Above 60 μmol
photons m−2 s−1 PB/SP remained stable, while at the low-
est light level, accumulation of non-phycobilin soluble
proteins lead to a significant decrease in PB/SP.

Conclusions

Ultimately, the conditions that a seaweed grower chooses for
growing P. umbilicalis will depend on several things. Here we
have reported the growth rate, photosynthetic efficiency of
PSII, and pigment and protein content of blades ofP. umbilicalis
grown under 36 different combinations of photoperiods, tem-
peratures, and light levels. Growth was optimized at tempera-
tures between 10 and 15 °C, light levels ≥110 μmol photons
m−2 s−1, and ≥12 h of light in a day. It should be noted, how-
ever, that shading at high stocking densities would require an
increase in light levels and that these levels need to be con-
firmed in a larger-scale trial. Because growth rates decrease

over time under all conditions, we suggest a relatively short
production cycle, which is consistent with previous commercial
scale trials on Porphyra (Israel et al. 2006). Maximum
phycobilin content was achieved at high light levels and
short-day conditions, but keep in mind that the maximum light
levels used in this study are lower than those in a greenhouse or
open coastal aquaculture facility. Our data suggests that grow-
ing P. umbilicalis under low light (≤60 μmol photons m−2 s−1),
neutral/long-day conditions will not only result in higher pig-
ment content, but also in higher protein content, making the
blades more suitable for either an aquaculture feed substitute
or a human food product. Given that the growth rate under low
light is significantly less than that at high light, we hypothesize
that a Bfinishing off^ period of 1–7 days prior to harvest when
the light levels are decreased will result in increased protein and
pigment content. Validation of this hypothesis requires further
research. We hope that the results of this study will encourage
potential growers to develop P. umbilicalis as a commercial
aquaculture crop in the northeastern United States.
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