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Chinese coastal waters are subject to eutrophication because of rapid economic
development and population growth. To study the effects of nutrient enrichment on the
growth and quality of Pyropia haitanensis, the thalli of a red-brown (Z-61) strain and a
green (Z-26) strain of P. haitanensis were cultured semi-continuously for 15 days in four
media with different nitrogen and phosphorus concentrations. High-nutrient conditions
had no significant effect on the growth rate of Z-26 and Z-61. Higher concentrations
of nutrients increased the chlorophyll a content of Z-61 and Z-26 by 116.7 and 34.2%,
respectively. High concentrations of nutrients also significantly increased the average
phycoerythrin and phycocyanin contents by 57.4 and 56.0%, respectively (strain Z-61);
and by 37.7 and 44.7%, respectively (strain Z-26). As the nitrogen and phosphorus
concentrations increased, the mean contents of total protein, essential amino acids,
and flavor amino acids increased by 130.0, 102.5, and 341%, respectively, for strain
Z-61, and by 25.1, 23.9, and 497%, respectively, for strain Z-26. Under high-nutrient
conditions, the mean total amino acids content was 40.7% higher in Z-26 than in Z-61;
the total flavor amino acids content was 117% higher in Z-61 than in Z-26; but there
was no significant difference in the total essential amino acids content between the two
strains. Interestingly, under low-nutrient conditions, Z-26 had a higher nutritional value
than Z-61, but Z-61 tasted better than Z-26. Based on the results of these laboratory
experiments, nutrient enrichment might enhance the market value of P. haitanensis by
significantly improving its food quality.

Keywords: amino acid, eutrophication, phycobiliprotein, protein, Pyropia

INTRODUCTION

Although marine macroalgae are restricted to a narrow area of the ocean, they contribute
approximately 10% of the ocean’s primary productivity. Thus, they play an important role in the
biological carbon pump and in sustaining marine aquaculture ecosystems (Israel et al., 2010). In
addition to their ecological value, macroalgae are used to produce medicines, food, cosmetics,
biofuels, and other products. At present, there are approximately 100 economic macroalgal species
(Gao et al., 2018). Pyropia, formerly known as Porphyra, is not only rich in protein, carbohydrates,
amino acids and vitamins, but also contains many minerals. Among the seaweeds cultivated on a
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large scale, Pyropia has the highest nutritional value. The
history of Pyropia consumption in Asia goes back approximately
1,000 years. The thalli of Pyropia are used in soups, sushi, and
other dishes (Mouritsen et al., 2018). Thus, Pyropia is the most
valuable seaweed in the world and has been an important marine
crop in east and southeast Asia for thousands of years (Wells
et al., 2017; He et al., 2018). The total value of Pyropia in 2017
was approximately $2 billion (FAO, 2019). Two kinds of Pyropia
species, i.e., Pyropia yezoensis and Pyropia haitanensis, are widely
cultivated in China. P. haitanensis is traditionally cultivated in
south China and has been transplanted to north China in recent
years. The production of Pyropia reached ∼200,000 tons (dry
weight) in 2018, and the production of P. haitanensis in Fujian
Province reached ∼74,000 tons (dry weight) in 2018, accounting
for 37% of the total Pyropia yield in China (Xu et al., 2019). In
addition to extensive domestic sales, Pyropia products are also
exported to southeast Asia and other countries around the world
(He et al., 2018).

The color, flavor, and nutritional value are very significant
characteristics in determining the food quality, and thus, the
market potential of P. haitanensis (He et al., 2018). The contents
of flavor amino acids (FAA), including sweet amino acids (SAA)
and umami amino acids (UAA) determine the taste of Pyropia, so
the FAA content is an important index of food quality (Nishimura
and Kato, 1988). High-quality fresh thalli are characterized
by a deep red color, which in P. haitanensis is conferred by
photosynthetic pigments including chlorophyll, phycoerythrin
(PE), phycocyanin (PC), and allophycocyanin (APC) (He et al.,
2018). Dried sheets of P. haitanensis with a deeper color and
better taste usually have a higher market value. The food value of
P. haitanensis lies in its high nutritional content, including large
amounts of proteins, vitamins, carbohydrates, minerals, dietary
fiber, and especially amino acids, because they are involved in
a wide range of physiological and metabolic activities (Noda,
1993). Further, the proportions of essential amino acids (EAA)
that cannot be synthesized by humans and must be obtained
from food to maintain human health are very similar between
P. haitanensis and the amino acid reference pattern of the Food
and Agriculture Organization (FAO) (Zeng et al., 1991).

It is predicted that, due to the development of the coastal
economy, total nitrogen and phosphorus inputs will increase
by 30–200% in the coastal seas of China between 2,000 and
2,050 (Strokal et al., 2014). Consistent with this prediction, a
recent study that showed that the nutrient loading from the eight
major rivers of China into the coastal waters strongly increased
from 2006 to 2012 (Tong et al., 2015). In general, the nutrient
content in offshore waters is low and is maintained at a stable
level (relative to that in coastal waters) by physical, chemical,
and biological processes. In coastal waters, approximately two-
thirds of dissolved inorganic phosphorus and dissolved inorganic
nitrogen is originated from anthropogenic sources, such as
riverine sources, atmospheric deposition, agriculture, and fossil
fuel combustion (Dentener et al., 2006). Enrichment of the
growth medium with nutrients such as inorganic nitrogen and
phosphorus yields varying results with regard to changes in
algal productivity and growth (Lobban and Harrison, 2004;
Glibert, 2017). In general, high concentrations of nitrogen

and phosphorus promote the growth of both microalgae and
macroalgae. Thus, the overabundance of nutrients in water
can have many harmful effects on human health and the
environment, especially through the development of harmful
algal blooms (Heisler et al., 2008). The negative effects of
eutrophication on marine ecosystems have been extensively
studied and have attracted attention worldwide (Conley et al.,
2009). However, eutrophication is a continuing problem that will
likely worsen in the future.

Seaweed aquaculture has the potential to relieve
eutrophication. Culturing economic seaweeds in eutrophic
zones could help to inhibit the formation of harmful algal blooms
and balance the coastal ecosystem (Yang et al., 2015; He et al.,
2018). Thus, the large-scale cultivation of P. haitanensis could
not only supply food for human consumption, but may also
improve the coastal environment by reducing eutrophication.
To date, however, little is known about the comprehensive
influence of nutrient enrichment on the growth and food
quality of P. haitanensis. In this study, we cultured two strains
of P. haitanensis in media with four different concentrations
of nitrogen and phosphorus and investigated its physiological
performance and food quality. The results of this study provide
insights into how predicted nutrient enrichment in the future
will affect the quality and potential use of P. haitanensis for food.

MATERIALS AND METHODS

Experimental Design
The conchocelis phases of a red-brown strain (Z-61) and a green
strain (Z-26) of P. haitanensis were obtained from the seaweed
germplasm bank in Fujian Province, China. Both strains were
grown in enriched seawater medium (Provasoli’s enrichment
solution; PES) (Starr and Zeikus, 1993), which contains sodium
nitrate, disodium hydrogen phosphate dodecahydrate, and trace
elements (iron, zinc, manganese, cobalt). The conchocelis
filaments were ripened at 29◦C under light intensity of 10–20
µmol/(m2

·s) and an 8-h light:16-h dark photoperiod. Then, the
conchocelis filaments were transferred to seawater medium at
21◦C and aerated to promote the release of conchospores that
developed into thalli.

The thalli were grown in semi-continuous culture using
natural seawater with vitamins and trace metals added according
to the protocol for PES medium, except for the NO3

− and PO4
3−

concentrations. The nitrogen:phosphorus molar concentration
ratio of the four media (designated as N0P0, N1P1, N2P2 and
N3P3) was adjusted to about 16:1. The NO3

− and PO4
3−

concentrations were adjusted by adding NaNO3 and NaH2PO4.
The NO3

− and PO4
3− concentrations in natural seawater in this

study were 0.61 mg/L and 0.09 mg/L, respectively. The medium
without added NO3

− and PO4
3− was designated as N0P0. The

media with added NO3
− and PO4

3− were designated as N1P1,
N2P2, and N3P3, respectively. The measured NO3

− and PO4
3−

concentrations were 1.81 and 0.19 mg/L in N1P1; 5.29 and
0.65 mg/L in N2P2, and 13.16 and 1.34 mg/L in N3P3 (Table 1).

To avoid the formation of precipitates, the media were only
boiled for 1 min, and were then cooled to growth temperature
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before use. The cultures were aerated with filter-sterilized air
and the culture medium was replaced every 3 days. The
growth temperature was 21◦C, the light intensity was 50–60
µmol/(m2

·s), and the photoperiod was 12 h light:12 h dark. The
culture experiments were carried out at approximately 35 days
after the conchospores developed into thalli. The thalli with
a length of ∼1 cm (with a fresh weight of ∼0.0003 g) were
selected for the 15-day growth experiments. Three thalli were
randomly chosen and placed in a 1-L flask, and four replicates
were prepared for each treatment.

Measurements
Measurement of Growth
The length and fresh weight (FW) of thalli were measured to
estimate growth. The final length and weight of the blades was
measured to avoid any interference during incubation. Thalli
were taken from the culture flasks and placed in a sterilized tray
with a length scale, and the length was measured from the base
to the tip (Li and Yan, 2015) after gently straightening the blade
using two tweezers. Eight layers of absorbent gauze were used
to remove the surface water from the blades and then FW was
determined using an analytical balance. The fresh thalli were
then dried in an oven at 50◦C to constant weight, which was
recorded as dry weight (DW), and the moisture content (MC) was
calculated from the DW. The specific growth rate was calculated
according to the following formula: SGR (d−1) = ln (Lf /L0)/15,
where L0 and Lf refer to the initial and final length (or FW) after
15 days of culture, respectively.

Determination of Photosynthetic Pigments
Chlorophyll a (Chl a) was extracted from ∼0.05 g (FW) sample
in 90% acetone at 4◦C. After extraction in the dark for 24 h, the
samples were centrifuged (5,000× g, 4◦C, 20 min) and the optical
density of the supernatant was scanned from 400 to 800 nm with
a spectrophotometer (UV-1800, Shimadzu, Japan). The Chl a
concentration (CChl α ; mg/g DW) was calculated based on Jensen
(1978), as follows: CChl α = (A666 – A730) (10×V)/890× [FW(1-
MC)], where A666 and A730 represent the absorbance at 666 and
730 nm, respectively.

To determine the contents of the three protein pigments
(PE, PC, APC) approximately 0.01 g DW of thalli was
thoroughly homogenized in 50 mL sodium phosphate buffer
(0.05 mol/L, pH 6.8) at 4◦C. After at least six rounds of
freeze-thawing (-21◦C to atmospheric temperature), the extracts
were kept in the dark at 4◦C for 12 h. The extracts were
then centrifuged at 5,000 × g for 20 min at 4◦C. The
concentrations of phycobilisome (PBS) pigments were calculated
from absorbance values according to method of Gao (1993) with
slight modifications as described by Wang et al. (2019).

Determination of Total Protein and Amino Acids
For total protein extraction, dried samples of thalli from the
four different treatments were ground at 4◦C with a mortar
and pestle, and then lysed with NP40 lysis buffer (Solarbio,
Beijing, China) containing 1% w/v protease inhibitor and 1%
w/v phosphatase inhibitor. The mixture was then centrifuged at
12,000 × g for 15 min. The supernatant was collected and the

total protein concentration was detected using a BCA Protein
Assay Kit (Solarbio, Beijing, China). The amino acids and free
amino acids were analyzed by the Qingdao Sci-tech Innovation
Quality Testing Co., Ltd. using a high-performance liquid
chromatograph (Agilent 1260 Series, San Francisco, California,
USA) in accordance with the National Standard of the P. R.
China (GB/T 30987-2014). The dried tissue was ground in liquid
nitrogen with a mortar and pestle for about 3 min to obtain a
fine powder. After hydrolysis of 100 mg dried thalli powder with
20 mL 6 mol/L HCl at 110◦C for 24 h, the sample was cooled and
then transferred to a 25 mL colorimetric tube. Then, 1 mL of this
solution was dried in a water bath at 85◦C and then re-dissolved
in 1 mL deionized water. After adding 10 mL 0.02 mol/L HCl and
shaking the mixture, 250 µL phenyl isothiocyanate acetonitrile
(0.1 mol/L) and 250 µL 0.1 mol/L triethylamine acetonitrile were
added to 500 µL sample solution and mixed. The solution was
derivatized with 40 µL diethyl ethoxymethylenemalonate for 1 h.
Samples were transferred to vials and 10 µL was injected into
the HPLC. Chromatographic separations were performed on a
SHISEIDO HP-C18 column (250 × 4.6 mm, 5 µm). The mobile
phase consisted of solvent A (sodium acetate + acetonitrile,
pH = 6.5) and solvent B (acetonitrile + water). The contents
of amino acids in the mixture were quantified by comparison
with standard peak values, and then used to calculate the
concentration (g/kg DW) in the algal tissue.

Statistical Analyses
Results are expressed as mean ± SD. Data were statistically
analyzed by one-way analysis of variance using least significant
difference at a significance level of 0.05. All statistical analyses
were conducted with SPSS 19.0 (Chicago, IL, United States).

RESULTS

Growth
After 15 days of culture under the four different nutrient
conditions, the length and FW of both Z-61 and Z-26 were
significantly higher than the initial values (P < 0.05). The final
lengths of Z-61 and Z-26 were 39.71–54.38 cm and 23.12–
24.18 cm, respectively, while the FWs were 0.18–0.27 g and
0.11–0.14 g, respectively (Figures 1A,B). The blade length of
Z-61 was not significantly different between N3P3 and N0P0
(Figure 1C; P > 0.05). The growth of Z-26 was similar in all
treatments (Figure 1D, P > 0.05). The length and FW of Z-61
were greater than those of Z-26 in all treatments (Figures 1A,B).
For example, in N3P3, the length of Z-61 was 33.0% higher than
that of Z-26, and the FW of Z-61 was 46.9% higher than that of
Z-26 (P < 0.05).

Chl α and Phycobiliprotein (PBP)
Contents
The Chl α contents of P. haitanensis Z-61 and Z-26 ranged
from 3.30 to 7.15 mg·g−1 DW and 6.27 to 9.00 mg·g−1

DW, respectively (Figure 2). In general, the Chl α contents
of both strains increased significantly with increasing nutrient
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FIGURE 1 | Length (black bars) and fresh weight (gray bars) of Z-61 (A) and Z-26 (B) thalli after 15 days of incubation. Specific growth rate of Z-61 (C) and Z-26 (D)
cultured under different nutrient contents. From N0P0 to N3P3, the NO3

− contents were 0.61, 1.81, 5.29, and 13.16 mg/L, while the PO4
3− contents were 0.09,

0.19, 0.65 and 1.34 mg/L, respectively. Values are means ± SD (n = 4). Different letters represent significant differences (P < 0.05) among treatments.

concentrations in the medium (P < 0.05). With increasing
nutrient contents from N0P0 to N3P3, the Chl α contents
of Z-61 and Z-26 increased significantly by 116.7 and 34.2%
(P < 0.05), respectively. In addition, the Chl α contents of Z-26
were significantly higher than that of Z-61 in the N0P0, N1P1,
and N2P2 treatments (Figure 2; P < 0.05).

FIGURE 2 | Chlorophyll a (Chl a) content of Z-61 (black bars) and Z-26 (gray
bars) cultured under four different nutrient conditions. From N0P0 to N3P3,
the NO3

− contents were 0.61, 1.81, 5.29, and 13.16 mg/L, while the PO4
3−

contents were 0.09, 0.19, 0.65 and 1.34 mg/L, respectively. Different letters
represent significant differences (P < 0.05) among treatments (lowercase for
Z-26 and capitalized for Z-61). * indicates significant difference between Z-61
and Z-26. Values are means ± SD (n = 4). DW: dry weight.

Compared with N0P0, the N3P3 treatment significantly
increased the PE contents of Z-61 and Z-26 by 57.4 and 37.7%,
respectively, and increased the PC contents by 56.0 and 44%,
respectively (Figure 3; P < 0.05). However, the APC content of
Z-61 was not significantly affected by the nutrient content in the
medium (P > 0.05). The APC content of Z-26 was significantly
increased by 66.0% (P < 0.05) as the nutrient concentrations
increased from N0P0 to N3P3. Except in the N3P3 treatment, the
PC content was higher in Z-26 than in Z-61 (P < 0.05).

Total Protein and Amino Acid Contents
The total protein contents of Z-61 and Z-26 ranged from 15.9 to
36.6% and from 31.8 to 39.8%, respectively (Figure 4). Compared
with N0P0, the N3P3 treatment significantly increased the total
protein contents of Z-61 and Z-26 by 130.0 and 25.1% (P < 0.05),
respectively. In N0P0, the total protein content of Z-26 was
about double that of Z-61 (P < 0.05). We detected significant
positive linear relationships between protein content and nutrient
contents in the culture media. The protein contents in Z-61
and Z-26 increased significantly with increasing nitrogen or
phosphorus concentrations in the growth media (Z-61: R2 = 0.58,
Z-26: R2 = 0.64/0.68 P < 0.05, Figures 5A,B).

The amino acid and free amino acids contents of P. haitanensis
cultured under four different nutrient conditions are shown in
Tables 2, 3, respectively. Regardless of the nutrient conditions,
the most abundant amino acids in both strains were glutamic
acid, proline, alanine, arginine, and aspartic acid. Culture under
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FIGURE 3 | Contents of phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (APC) in thalli of Z-61 (A) and Z-26 (B) cultured under four different nutrient
levels. From N0P0 to N3P3, the NO3

− contents were 0.61, 1.81, 5.29, and 13.16 mg/L, while the PO4
3− contents were 0.09, 0.19, 0.65, and 1.34 mg/L,

respectively. Values are means ± SD (n = 4). DW: dry weight.

FIGURE 4 | Total protein contents in thalli of Z-61 (A) and Z-26 (B) cultured at different nutrient levels. From N0P0 to N3P3, the NO3
− contents were 0.61, 1.81,

5.29, and 13.16 mg/L, while the PO4
3− contents were 0.09, 0.19, 0.65, and 1.34 mg/L, respectively. Values are means ± SD (n = 4). Different letters represent

significant differences (P < 0.05) among treatments. DW: dry weight.

FIGURE 5 | Linear relationships between protein content in thalli and nitrogen (A) or phosphorus (B) concentrations in different culture media (blue dotted line, Z-61;
red dotted line, Z-26).

high-nutrient conditions increased the contents of almost all
amino acids and thus increased the contents of total amino
acids (TAA), total free amino acids (TFAA), non-essential amino
acids (NEAA), and EAA. The P. haitanensis thalli contained
seven EAA. From N0P0 to N3P3, the contents of total essential
amino acids (TEAA) of Z-61 and Z-26 increased significantly
by 102.5 and 23.9% (P < 0.05), respectively. Compared with
N0P0, the N3P3 treatment significantly increased the total UAA
(glutamic acid, aspartic acid) and total SAA (serine, glycine,
alanine and proline) contents of Z-61 by 500 and 466% (P< 0.05),

respectively, and those of Z-26 by 537% and 1102%, respectively
(P < 0.05). In the N3P3 treatment, the TAA content was 40.7%
higher in Z-26 than in Z-61; the TFAA content was 117% higher
in Z-61 than in Z-26 (P < 0.05); and the TEAA content did not
differ significantly between the two strains (P> 0.05). All samples
were rich in EAA. In all treatments, the ratio of TEAA to total
NEAA was greater than 0.3. The ratio of TEAA to total TAA
was higher than 0.3 in Z-61 and higher than 0.2 in Z-26. The
proportions of EAA were close to those of the FAO amino acid
reference pattern.
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TABLE 1 | Nutrient concentrations in four different treatments.

N0P0 N1P1 N2P2 N3P3

NO3
−_ N (mg/L) 0.61 1.81 5.29 13.16

PO4
3−_ P (mg/L) 0.09 0.19 0.65 1.34

DISCUSSION

Effect of Nitrogen and Phosphorus
Concentrations on Growth
Nitrogen is an essential element that is required in large amounts
for the growth of marine algae. This element plays a central
role in plant metabolism as it is a constituent of proteins,
chlorophylls, nucleic acids, phytohormones, coenzymes, and
secondary metabolites (Taiz and Zeiger, 2010). Changes in
nutrient concentrations in seawater are known to affect algal
growth (Pedersen and Borum, 1996; Lobban and Harrison, 2004).
In general, increasing nitrogen and phosphorus concentrations
increase the growth of macroalgae, but other environmental
factors can also influence algal growth. However, at least
at the values tested in our experiments, increased nutrient
concentrations had no significant influence on the SGR of Z-
26 and Z-61 (Figure 1). In practice, farmers prefer to cultivate
P. haitanensis in areas with a high seawater flow rate because of
the potential for increased nutrient inputs (He et al., 2018). In the

case of low nutrient supply in this study, aeration of the cultures
ensured the even distribution of nitrogen and phosphorus in
the culture medium, and the nitrogen and phosphorus contents
were sufficient to maintain the growth rate with medium
renewed every 3 days.

Organisms, including macroalgae, can alter their metabolism
under nutrient-limited conditions. For example, many plants
convert fixed carbon into carbon-rich storage products
(carbohydrates, polysaccharides) under nutrient-deficient
conditions (Taiz and Zeiger, 2010). Diatoms were shown
to switch from protein synthesis to carbohydrate synthesis
under nutrient-limited conditions (Fernández et al., 1992).
Similarly, macroalgae have been found to accumulate storage
polysaccharides under nitrogen-limited conditions, and then
resume protein and pigment synthesis under nitrogen-sufficient
conditions (Chopin et al., 1995; Smit et al., 1996). In this study,
less protein accumulated in the N0P0 treatment than in the
treatments with higher nutrient concentrations. This may
represent a strategy to save energy and resources for the synthesis
of carbohydrates under low-nutrient conditions.

Effect of Nitrogen and Phosphorus
Concentrations on Pigment Contents
As a key component of photosynthesis, chlorophyll is involved
in light harvesting and is thus related to the growth and
yield of photoautotrophs (Taiz and Zeiger, 2010). Nitrogen is

TABLE 2 | Amino acid contents (g·kg−1 dry weight) in thalli of Z-61 and Z-26 cultured under different nutrient levels.

Amino acid
(g/kg)

Z-61 Z-26

N0P0 N1P1 N2P2 N3P3 N0P0 N1P1 N2P2 N3P3

Asp 7.74 ± 1.32a 16.40 ± 9.99ab 22.05 ± 2.24b 19.35 ± 4.72b 56.83 ± 11.76a 65.22 ± 2.87ab 71.92 ± 4.04b 71.43 ± 3.90b

Glu 12.13 ± 1.41a 25.90 ± 7.20b 30.33 ± 2.43b 27.63 ± 0.94b 38.97 ± 4.92a 50.55 ± 3.38b 55.02 ± 3.00b 55.83 ± 1.48b

Cys 1.91 ± 0.02 1.88 ± 0.89 / / / / / /

Ser 5.67 ± 0.46a 9.71 ± 3.71ab 12.43 ± 0.43b 11.58 ± 1.23b 10.19 ± 1.23a 12.34 ± 0.13b 13.39 ± 0.66b 13.55 ± 0.37b

Gly 6.44 ± 0.33a 11.25 ± 2.37b 13.01 ± 0.40b 12.80 ± 0.98b 10.86 ± 1.19a 13.20 ± 0.32b 14.09 ± 0.46b 14.33 ± 0.57b

Ala 8.67 ± 0.46a 17.89 ± 5.89b 20.17 ± 0.93b 21.20 ± 2.76b 2.75 ± 0.88a 3.19 ± 1.12a 3.95 ± 0.27a 3.96 ± 0.28a

Arg 8.30 ± 0.72a 17.56 ± 6.49b 21.63 ± 0.90b 21.08 ± 2.68b 17.29 ± 4.98a 17.06 ± 0.60a 21.92 ± 3.93a 19.98 ± 0.26a

Tyr 4.13 ± 0.22a 6.76 ± 2.41b 8.08 ± 0.26b 8.33 ± 0.56b 7.87 ± 1.49a 9.98 ± 0.12b 10.25 ± 0.45b 10.52 ± 0.44b

His 1.24 ± 0.21a 1.73 ± 1.17a 2.48 ± 0.17a 1.68 ± 0.85a 16.94 ± 3.17a 21.82 ± 1.39b 24.32 ± 0.96b 24.28 ± 0.27b

Pro 12.11 ± 2.75a 19.23 ± 3.61b 20.13 ± 0.14b 28.74 ± 5.28c 26.58 ± 2.44a 27.80 ± 4.00a 28.46 ± 0.70a 31.69 ± 3.11a

Thr 7.05 ± 0.45a 11.60 ± 1.79b 14.12 ± 0.54c 14.65 ± 1.03c 10.64 ± 4.02a 8.40 ± 0.10a 11.32 ± 3.71a 9.35 ± 0.17a

Val 6.73 ± 0.30a 12.11 ± 2.29b 13.37 ± 0.38b 13.74 ± 0.75b 11.42 ± 1.40a 12.21 ± 1.89ab 14.52 ± 0.54bc 14.76 ± 0.60c

Met 2.00 ± 0.37a 2.98 ± 1.86b 4.02 ± 0.15b 3.97 ± 0.41b 4.00 ± 1.35a 4.81 ± 0.29a 4.93 ± 0.55a 5.14 ± 0.37a

Ile 4.33 ± 0.25a 7.41 ± 2.33b 8.76 ± 0.27b 8.96 ± 0.51b 8.31 ± 1.04ab 6.50 ± 3.01a 11.07 ± 0.75b 11.02 ± 0.44b

Leu 7.61 ± 0.40a 13.35 ± 3.74b 15.61 ± 0.51b 15.73 ± 0.96b 13.39 ± 1.57a 14.08 ± 3.61a 17.57 ± 0.77a 15.59 ± 4.19a

Phe 4.45 ± 0.21a 7.27 ± 2.19b 8.54 ± 0.21b 8.65 ± 0.46b 7.65 ± 0.87a 9.00 ± 0.19b 9.71 ± 0.39b 9.86 ± 0.33b

Lys 5.25 ± 0.50a 7.67 ± 5.92a 10.65 ± 0.75a 10.10 ± 1.41a 5.56 ± 3.34a 8.48 ± 0.24ab 9.24 ± 0.02b 9.80 ± 0.11b

TEAA 37.42 ± 2.17a 62.39 ± 19.10b 75.07 ± 2.30b 75.78 ± 5.14b 60.96 ± 10.81a 63.50 ± 1.48ac 78.35 ± 5.43b 75.52 ± 4.41bc

TAA 105.75 ± 5.69a 190.70 ± 60.73b 225.4 ± 9.39b 228.17 ± 16.58b 249.23 ± 41.49a 288.40 ± 1.99ab 321.67 ± 16.76b 321.09 ± 7.68b

CEAA/CTAA 0.36 ± 0.00a 0.33 ± 0.01b 0.33 ± 0.00b 0.33 ± 0.00b 0.24 ± 0.01a 0.22 ± 0.01b 0.24 ± 0.01a 0.24 ± 0.01ab

CEAA/CNEAA 0.55 ± 0.01a 0.49 ± 0.02b 0.50 ± 0.01b 0.50 ± 0.01b 0.32 ± 0.01a 0.30 ± 0.01b 0.32 ± 0.01a 0.31 ± 0.02a

Values are means ± SD (n = 4). Different letters represent significant differences (P < 0.05) among treatments.
Asp, aspartic acid; Glu, glutamic acid; Cys, cysteine; Ser, serine; Gly, glycine; Ala, alanine; Arg, arginine; Tyr, tyrosine; His, histidine; Pro, proline; Thr, threonine; Val,
valine; Met, methionine; Ile, isoleucine; Leu, leucine; Phe, phenylalanine; Lys, lysine; TEAA, essential amino acids; NEAA, non-essential amino acids; TAA, total amino
acids.
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TABLE 3 | Free amino acid contents (g·kg−1 dry weight) in thalli of Z-61 and Z-26 cultured under different nutrient levels.

FAA (g/kg) Z-61 Z-26

N0P0 N1P1 N2P2 N3P3 N0P0 N1P1 N2P2 N3P3

Asp 0.22 ± 0.09b 0.70 ± 0.22b 1.19 ± 0.52b 2.42 ± 1.14a 0.10 ± 0.03c 0.51 ± 0.12bc 0.56 ± 0.13b 1.09 ± 0.41a

Glu 1.29 ± 0.33c 3.0 ± 0.78bb 3.75 ± 0.66b 6.65 ± 1.82a 0.41 ± 0.20c 1.48 ± 0.23bc 1.76 ± 0.36b 2.22 ± 0.54a

Cys / / / / / / / /

Ser 0.12 ± 0.05c 0.39 ± 0.12ab 0.29 ± 0.04bc 0.52 ± 0.14a 0.1 ± 0.03b 0.51 ± 0.12a 0.58 ± 0.11a 0.57 ± 0.10a

Gly 0.07 ± 0.02b 0.17 ± 0.04b 0.15 ± 0.04b 0.34 ± 0.14a 0.07 ± 0.02b 0.37 ± 0.07a 0.32 ± 0.09a 0.41 ± 0.10a

Ala 1.90 ± 0.87c 8.81 ± 1.55b 7.95 ± 2.16b 13.26 ± 2.20a 0.26 ± 0.05d 3.90 ± 0.22b 2.85 ± 0.18c 4.61 ± 0.10a

Arg 2.6 ± 1.01c 6.29 ± 0.67b 6.84 ± 0.68b 8.25 ± 0.29a 0.81 ± 0.21c 4.18 ± 0.22ab 4.08 ± 0.51b 4.82 ± 0.37a

Tyr 0.07 ± 0.02ab 0.06 ± 0.00b 0.04 ± 0.01b 0.09 ± 0.02a 0.05 ± 0.01b 0.05 ± 0.01b 0.06 ± 0.01b 0.1 ± 0.02a

His 0.28 ± 0.05a 0.43 ± 0.28a 0.31 ± 0.04a 0.37 ± 0.12a 0.12 ± 0.03c 0.20 ± 0.03b 0.22 ± 0.05ab 0.28 ± 0.03a

Pro 0.06 ± 0.02c 0.10 ± 0.02ab 0.09 ± 0.02bc 0.13 ± 0.01a 0.04 ± 0.00c 0.07 ± 0.00a 0.05 ± 0.00b 0.07 ± 0.00a

Thr 0.28 ± 0.10c 0.47 ± 0.09ab 0.39 ± 0.1bc 0.64 ± 0.09a 0.10 ± 0.02c 0.30 ± 0.02b 0.27 ± 0.02b 0.41 ± 0.01a

Val 0.10 ± 0.03c 0.17 ± 0.03b 0.17 ± 0.02b 0.28 ± 0.05a 0.04 ± 0.00c 0.13 ± 0.00b 0.11 ± 0.01b 0.15 ± 0.01a

Met 0.10 ± 0.01b 0.08 ± 0.01b 0.07 ± 0.01b 0.16 ± 0.02a 0.10 ± 0.02b 0.10 ± 0.00b 0.10 ± 0.01b 0.16 ± 0.02a

Ile 0.10 ± 0.03ab 0.09 ± 0.00ab 0.07 ± 0.02b 0.11 ± 0.01a 0.05 ± 0.00b 0.06 ± 0.01b 0.05 ± 0.01b 0.08 ± 0.01a

Leu 0.07 ± 0.02ab 0.08 ± 0.01ab 0.06 ± 0.01b 0.10 ± 0.02a 0.04 ± 0.01c 0.07 ± 0.01ab 0.06 ± 0.01b 0.08 ± 0.00a

Phe 0.22 ± 0.05b 0.17 ± 0.02b 0.18 ± 0.01b 0.34 ± 0.04a 0.17 ± 0.12b 0.21 ± 0.03ab 0.22 ± 0.03ab 0.34 ± 0.08a

Lys 0.18 ± 0.02b 0.19 ± 0.02b 0.17 ± 0.03b 0.33 ± 0.05a 0.14 ± 0.04c 0.19 ± 0.01b 0.21 ± 0.01b 0.28 ± 0.03a

UAA 1.51 ± 0.41c 3.71 ± 0.99bc 4.94 ± 1.17b 9.06 ± 2.96a 0.52 ± 0.22c 1.99 ± 0.33b 2.32 ± 0.45ab 3.31 ± 0.91a

SAA 2.16 ± 0.95c 9.47 ± 1.71b 8.48 ± 2.25b 12.24 ± 2.48a 0.47 ± 0.08d 4.84 ± 0.32b 3.80 ± 0.34c 5.65 ± 0.25a

TFAA 7.71 ± 2.58c 21.20 ± 3.76b 21.70 ± 3.79b 33.99 ± 4.96a 2.62 ± 0.60c 12.31 ± 0.57b 11.51 ± 1.30b 15.65 ± 1.66a

Values are means ± SD (n = 4). Different letters represent significant differences (P < 0.05) among treatments.
Asp, aspartic acid; Glu, glutamic acid; Cys, cysteine; Ser, serine; Gly, glycine; Ala, alanine; Arg, arginine; Tyr, tyrosine; His, histidine; Pro, proline; Thr, threonine; Val,
valine; Met, methionine; Ile, isoleucine; Leu, leucine; Phe, phenylalanine; Lys, lysine; UAA, umami amino acids; SAA, sweet amino acids; TFAA, total free amino acids.

a component of Chl a, so nitrogen deficiency can reduce the
chlorophyll content in plants. Although phosphorus is not a
constituent of Chl a, higher phosphorus supply can stimulate
the activity of enzymes involved in Chl a synthesis (Von
Wettstein et al., 1995). Similar to higher plants, two Ulva
species (Ulva rotundata and Ulva curvata) showed positive
correlations between Chl a contents and nitrogen contents
in the tissue (Vergara et al., 1997). In our study, we also
observed that nutrient enrichment had a positive effect on Chl
a synthesis (Figure 2).

We detected a positive correlation between PBP contents
and nutrient concentrations in this study. This is consistent
with a previous study in which the PE contents of two species
of intertidal red macroalgae were found to be closely related
to the nitrogen content in seawater (Hiroyuki, 2002). These
findings suggest that nitrogen supply affects pigment synthesis.
In algae, PBP functions not only as a light-harvesting pigment-
protein, but also as a nitrogen reserve. Under nutrient-sufficient
conditions, algae absorb nutrients from the environment to
synthesize sufficient PBP to survive even if they are utilized
and/or degraded in the absence of nutrients (Gantt et al.,
2003; He et al., 2018). This hypothesis was supported by
the finding that more pigments were synthesized under high
nitrogen and phosphorus conditions than under low nitrogen
and phosphorus conditions (Rowan, 1989). In another study,
pigment concentrations were found to decrease in parallel with
nitrogen or phosphorus starvation (Latasa and Berdalet, 1994).
Consistent with those findings, we found that the PE and PC

contents of Z-61 and Z-26 increased with increasing nutrient
concentrations in the growth media.

In P. haitanensis, PBP are key natural pigments with biological
activity. They also play an important role in conferring the
different colors of various strains. A recent study found that
the PE content determined the color of P. haitanensis. That
is, the PE contents were higher in red and yellow strains than
in green strains, but the Chl a content was not significantly
different among the differently colored strains (Lian, 2019). To
date, only red strains of P. haitanensis are accepted in the market,
so only red strains are used in aquaculture. Compared with
thalli cultured in oligotrophic areas, those cultured in fertile
areas had a deeper red color, and a prolonged lack of nitrogen
caused greening disease (He et al., 2018). When the internal
nitrogen reserves of algae were deficient, the deep red color
gradually disappeared so that thalli became yellow and stop
growing (He et al., 2018). The colors of Z-61 and Z-26 are
red-brown and green, respectively, and are determined by the
relative contents of PBP and chlorophyll. In this study, under
low-nutrient conditions, the color of the algal blades gradually
became lighter with prolonged culture time.

With a wide range of applications and high development and
utilization value, PBPs have been applied in biotechnological
fields where they are used in fluorescent reagents,
biomolecule labeling, and immunochemistry. In addition,
PBPs are used in food, cosmetics, dyes, and medicines
(Sekar and Chandramohan, 2008; Harnedy and FitzGerald,
2011). Our study demonstrates that nutrient enrichment may

Frontiers in Marine Science | www.frontiersin.org 7 November 2020 | Volume 7 | Article 544582

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-544582 November 9, 2020 Time: 14:48 # 8

Xu et al. Nutrient Enrichment Improves Pyropia Quality

enhance the market value of P. haitanensis via stimulating the
synthesis of PBPs.

Effect of Nitrogen and Phosphorus
Concentrations on Protein and Amino
Acid Contents in Thalli
Nutrients are essential for protein synthesis. A previous study
found higher tissue nitrogen concentrations in P. haitanensis
cultured in areas with higher nitrate levels (Zeng et al., 1985).
Thus, it is generally suggested that P. haitanensis should be
cultured in areas with higher nutrient levels and/or with high
flow rates to replenish the nutrient supply. This is supported by
our finding that protein contents in P. haitanensis were positively
correlated with nutrient concentrations (Figure 5). For example,
in the N3P3 treatment, the protein content of both strains
increased to 40%. Similarly, a previous study found the content
of total soluble proteins in Hypnea cervicornis increased by 67%
when the concentrations of nitrate and phosphate in the culture
medium were increased by 200% (Ribeiro et al., 2012). The
protein content in Heterocapsa sp. cells decreased significantly
under phosphorus-limited conditions (Berdalet et al., 1994).
Thus, it can be concluded that nutrient enrichment stimulates
protein synthesis in P. haitanensis, which could improve its
quality as a food.

Higher nutrient levels increased the contents of most amino
acids and FAA in P. haitanensis, thus increasing the contents
of TAA, TFAA, TEAA, UAA, and SAA (Tables 2, 3). The
TAA and TFAA contents differed significantly between the two
P. haitanensis strains. Particularly, under the highest nutrient
conditions, the TAA and TFAA contents of Z-61 were lower
and higher, respectively, than those of Z-26. This result indicates
that the relative proportions of amino acids differs between the
two strains. Ji et al. (2011) found that the TAA content of
wild P. haitanensis sampled from eight sites along the coast of
Fujian Province was about 180∼265 g kg−1, lower than the levels
detected in Z-26 under nutrient-enriched conditions, comparable
to the levels detected in Z-61 under nutrient enriched conditions,
but higher the levels detected in Z-61 in the N0P0 treatment.
The differences in amino acid levels between thalli cultured in
laboratory and natural conditions may be because of the different
strains used. In addition, water movement could relieve nutrient
limitation, although the NO3

− and PO4
3− concentrations in

coastal waters are comparable to those in the N0P0 treatment
(Zeng et al., 1985).

In the present study, the arginine and lysine contents increased
with increased NO3

− and PO4
3− concentrations in the media.

Arginine is an essential amino acid for fetuses and neonates, and
it can enhance the activity of arginine-metabolizing enzymes in
the liver. All cereal proteins have a low lysine content, resulting
in lysine deficiency in the human body (Wu, 2009). The rich
lysine content in algal thalli can make up for the deficiency in
cereals and legumes. Notably, when the concentrations of NO3

−

and PO4
3− increased from N2P2 to N3P3, the concentrations

of most amino acids were unchanged but that of FAA almost
doubled (Tables 2, 3). This suggested that the protein production
was already saturated under the nutrient conditions in the

N2P2 treatment (Figure 4B), but there was further potential for
increased accumulation of FAA in the N3P3 treatment.

The pathway of amino acid synthesis in algal cells begins
with the reduction of nitrate to nitrate in the cytosol. Nitrite is
then further reduced to ammonium in the chloroplasts, and the
ammonium is used for amino acid synthesis (Heldt and Piechulla,
2010). An increase in nitrogen content commonly stimulates
amino acid synthesis. In previous studies on P. yezoensis, when
the nitrogen concentration in the medium was increased, the
TAA or TFAA contents significantly increased (Li et al., 2016;
Gao et al., 2019). In a study on Ulva ohnoi, the TAA content
of the green macroalga increased linearly with intracellular
nitrogen content (Angell et al., 2014). Phosphorus also plays a
critical role in the synthesis of amino acids. For instance, the
addition of phosphorus was shown to stimulate the synthesis of
amino acids including alanine and glycine (Barrett, 2012). Several
phosphorus-containing co-enzymes, such as pyridoxal phosphate
(which catalyzes transamination reactions) are also required for
amino acid synthesis, indicating that the synthesis of amino acids
could be affected by phosphorus content (Heldt and Piechulla,
2010). In our study, the contents of amino acids in thalli
were significantly higher under high-phosphorus conditions than
under low-phosphorus conditions.

Under low-nutrient conditions (N0P0), the total protein,
aspartic acid, arginine and threonine contents in Z-26 were
approximately double those in Z-61 (Figure 4 and Table 2).
A previous study found that differences between strains might
lead to differences in amino acid contents in P. yezoensis (Hu
et al., 2015). Our results indicate that Z-26 is more tolerant
than Z-61 to low-nutrient conditions. Under nutrient-limited
conditions, Z-26 maintained a higher food quality, indicating
that this strain is more suitable than Z-61 for broad applications.
However, the TFAA content was lower in Z-26 than in Z-61 in
all treatments, indicating that the flavor of Z-61 is superior to
that of Z-26. The green color of Z-26 makes it less appealing to
consumers than red strains, including Z-61, which might limit
its acceptance in the market. Based on the results of this study,
nutrient enrichment can increase the protein and amino acids
contents of P. haitanensis. This may play a key role in the quality
of P. haitanensis, as amino acids are required for the synthesis
of enzymes, hormones, and other important components of the
body, and participate in a wide range of physiological activities
and metabolism (Wu, 2009).

CONCLUSION

To the best of our knowledge, there is limited understanding
of the effects of nutrient enrichment on the growth, biomass
yield, and food quality of P. haitanensis. In these laboratory
experiments, nutrient enrichment showed some potential to
improve the market value and food quality of P. haitanensis.
The contents of pigments, proteins, and amino acids, including
free amino acids, were increased in both strains under nutrient-
enriched conditions. The results of this study provide important
information on the effects of nutrient enrichment on the food
quality of the marine crop P. haitanensis.
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