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Nutritional profiling of five
New Zealand seaweeds –
a preliminary assessment
Zoe V. Battershill*

Coastal Marine Field Station, School of Science, University of Waikato, Tauranga, New Zealand
This study set out to provide a preliminary assessment of nutritional profiles of

five selected New Zealand macroalgae to investigate the potential of land-

cultivated Ulva spp. The New Zealand seaweeds species, selected from a

limited range, were either collected from the wild (Pyropia plicata from

Tauranga and Kaikōura), or were sourced from commercial wild harvest

suppliers (Macrocystis pyrifera and Undaria pinnatifida), and were compared to

land-based cultivated Ulva species (Ulva ralfsii and Ulva stenophylloides). Species

were assessed for their content of crude protein, total lipids, carbohydrates,

fibers, amino acids, mineral profiles, heavy metals and antioxidant capacity

(Oxygen Radical Absorbance Capacity, ORAC). The two cultivated Ulva spp.

had the highest crude protein content of the six seaweeds analyzed

(approximately 21% dw, N×6.25), as expected with nutrient supplemented

cultivation. They also had the highest total, essential and branched chain

amino acid quantities (151, 70, and 29 mg/g for U. stenophylloides and 138, 62,

and 27 mg/g for U. ralfsii). Though the two Ulva spp. were grown to the same

cultivation specifications, they varied in carbohydrate and total fiber content (U.

stenophylloides: 63% and 62%; U. ralfsii: 39% and 40%, respectively). Pyropia

plicata collected in Kaikōura had the highest carbohydrate levels (65%) though

not the highest total fiber. Both P. plicata had the highest trace minerals (417 mg/

kg and 720 mg/kg for Kaikōura and Tauranga P. plicata respectively). All

seaweeds analyzed showed no lipophilic antioxidants, though the two

Phaeophyceae had the highest hydrophilic antioxidant content at 115 TE and

168 TE for Macrocystis pyrifera and Undaria pinnatifida, respectively. This paper

provides a preliminary indication of the relative nutritional attributes of a range of

potential New Zealand seaweed aquaculture targets benchmarked against sea-

lettuce (Ulva spp.).
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Introduction
Quantitative analytical investigation into seaweeds for human

nutrition began in the 1960s (Iwasaki, 1967) and has since

demonstrated that the nutritional value, including crude protein,

varies amongst species, with correlations across lifecycle stage,

location, season and whether cultivated or wild harvested

(Fleurence, 1999a; Galland-Irmouli et al., 1999; Hou et al., 2015;

Angell et al., 2016). A meta-analysis across 236 published articles

found the differences among crude protein content of different

phyla (% d/w) was minimal: Rhodophyta 9.83% (± 8.33);

Chlorophyta 9.97% (± 8.56); Ochrophyta 9.20% (± 4.87) (Angell

et al., 2015). Hence, perceptions of consistency in protein content

among the phyla can be misleading (Angell et al., 2016). Seaweeds

typically contain a high number of essential amino acids (EAA)

required by the human body (Maehre et al., 2016; Fleurence et al.,

2018; O’ Connor et al., 2020); hence, they have the potential to be

nutritionally valuable (Bleakley and Hayes, 2017). There is inherent

variety in seaweeds which also affects differences in amino acid

(AA) profiles and thus some may be more favorable such as those

with higher ratio of branched chain amino acids for human health

benefits (O’ Connor et al., 2020). Differences in compositional

components relevant to human nutrition other than AAs such as

mineral content have also been identified to vary across algal species

(Fleurence et al., 2012; Maehre et al., 2014; Charoensiddhi et al.,

2016; Fleurence et al., 2018). As such, seaweeds have been identified

as a promising novel source for food and pharmaceutical products

(Pliego-Cortés et al., 2020).

New Zealand has over 1000 species of seaweeds across the three

phyla (Nelson, 2013a). Some of the species are already used for

nutrition and nutraceuticals. Macrocystis pyrifera is distributed

predominantly along the east coast of New Zealand (Brown et al.,

1997) and is harvested (White and White, 2020) under the Quota

Management System administered by the Ministry for Primary

Industries (MPI) (MPI). It is currently sold for agricultural and

horticultural use as “Zelp”, as well as human nutrition as “Valére

Kelp” in New Zealand (NZ Kelp, 2022). Undaria pinnatifida is an

introduced species that is widespread in New Zealand,

predominantly found along the east coast from as far north as the

Hauraki Gulf/Tık̄apa Moana to Stuart Island/Rakiura (White and

White, 2020). This versatile seaweed is one of the main species for

seaweed aquaculture globally (Smith et al., 2010; White and White,

2020) and is used for the production of nutraceuticals (Nadeeshani

et al., 2022) and biostimulants (Salcedo et al., 2020). Porphyra/

Pyropia spp. are somewhat cryptic in their distribution due to

similar morphology and varied seasonal appearance around the

New Zealand coastline but are known to inhabit rocky shores

(Schweikert et al., 2012). These two related genera make the

backbone of the prominent nori industry in Japan and China and

constitute a significant proportion of the diet in Japan (Bocanegra

et al., 2009). Sea lettuce (Ulva spp.) has 24 genetically distinct

species found in New Zealand (Heesch et al., 2007). This genus of

seaweed holds particular interest as a nutritional target algal group

along with other bioproducts (Lamare andWing, 2001; Ohno, 2006;

Bolton et al., 2008; Bolton et al., 2016; Glasson et al., 2017; Glasson
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et al., 2019), particularly due to its ease of growth in land-based

cultivation (Lawton et al., 2021).

The aim of this study was to initiate a preliminary investigation

of the nutritional profiles of these seaweeds which are present in

New Zealand to assess the nutritional potential of cultivated Ulva in

comparison to other types of seaweed. A set of seaweed samples

were analyzed for content of crude protein, amino acids, total lipids,

carbohydrates, fiber, and mineral profiles. Antioxidant capacity,

and heavy metals are also considered as these components influence

the nutritional value and safe dietary inclusion levels for

human consumption.
Materials and methods

Sample collection and preparation

Six seaweeds (five different species) were analyzed in this study,

with each having three biological replicates of c. 60 g dry weight per

sample. Samples were either collected from natural populations

(P. plicata), cultivated in land-based recirculating aquaculture

systems (U. stenophylloides and U. ralfsii), or sourced from

commercial supplier NZ Kelp (M. pyrifera and U. pinatiffida),

depending on availability. The commercial kelps were harvested

by hand under commercial permit from Akaroa coastline within

NZ Kelp’s farm where both species grow naturally. Three individual

U. pinnatifida specimens were harvested in December and provided

fully intact; blades were separated to be used for analysis with details

below.Macrocystis pyrifera were provided as three separate samples

already in dried, milled form (from whole plant milled to

approximately 1 mm); time of harvest is unknown. Pyropia

plicata (T) were collected wild by hand from Mt Maunganui,

Tauranga, Bay of Plenty, New Zealand (37° 38’ 1” S, 176° 10’ 1”

E) following consultation with mana whenua (Traditional Owners

Ngāi Te Rangi, Ngāti Ranginui and Ngāti Pūkenga), in November

2020 under Ministry of Primary Industries – Special Permit

Number MPI-SP#742. Pyropia plicata (K) was collected at the

same time from Kaikōura, Canterbury, New Zealand by Professor

David Schiel and his team from the University of Canterbury in

November and December 2020, under MPI-SP#728, following

consultation with Ngāi Tahu – the Māori iwi (tribe) in whose

traditional waters the collection was made. Both species of Ulva

were cultivated from stock sourced in Tauranga, Bay of Plenty, with

original broodstock collected under MPI-SP#560, following

consultation with Tauranga Moana mana whenua. Ulva

stenophylloides [GenBank accession number MW250819.1],

previously Ulva sp. B (Nelson et al., 2021) and U. ralfsii

[GenBank accession number MW250805.1] were harvested from

mixed gametophyte/sporophyte stock cultures cultivated at the

University of Waikato Coastal Marine Field Station, Tauranga.

These were cultivated indoors under artificial lighting as per

Lawton et al (Lawton et al., 2021),. Harvesting occurred weekly

through October 2020 for both Ulva spp.

All biomass (other than M. pyrifera) was frozen fresh (-20°C)

and freeze-dried (-50°C, 72 h, 2 mBar, BUCHI LyovaporTM

L-200 Freeze Dryer) prior to milling (FRITCH cutting mill
frontiersin.org
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PULVERISETTE 15 with a 0.5 mm sieve) following which biomass

for each species was homogenized and subsequently split into three

replicates. All seaweed powder biomass was sealed in plastic bags at

room temperature with silica gel sachets in situ to prevent

absorption of moisture.
Species identification

Macrocystis pyrifera and U. pinnatifida were identified (by the

supplier) based onmorphological characteristics. Both species ofUlva

were maintained in culture since their original collection and

identification, as described in Lawton et al (Lawton et al., 2021),.

Due to morphological ambiguity in the genus (Meynard et al., 2019;

Nelson et al., 2021), Pyropia samples were analyzed via genetic

barcoding outsourced to NIWA (National Institute of Water and

Atmospheric Research, New Zealand). DNA was extracted from 50

mg dried tissue of each sample using the using the Chelex method

(Goff andMoon, 1993). Approximately 1300 bp of the rbcL locus was

amplified using the primers F57/RbcS–S (Bartolo et al., 2020). All

samples were successfully amplified and were sequenced in both

directions by Macrogen Inc. Resulting DNA sequences were trimmed

and assembled using Geneious Prime 2021.1.1., and the consensus

sequences were compared with sequences in GenBank using BLAST

(https://blast.ncbi.nlm.nih.gov/). Samples collected from the same

location had identical DNA sequences, and sequences only differed

between sites by 2 bp. DNA sequences were submitted to Genbank

under the following accession numbers: P. plicata (T) samples:

OK073982, and P. plicata (K) samples: OK073983.
Proximate analyses

Analysis of N, iodine, and ash content was outsourced to OEA

labs (http://www.oealabs.com, Callington, UK), where samples were

combusted in pure oxygen before being separated and quantified

using gas chromatography-thermal conductivity detection (GC–

TCD) (an organic elemental analysis technique, based on Dumas

method, with ash quantified by dry ashing). Results were expressed

as a percentage of the total mass of dry biomass (n = 3). Samples

were analyzed for total lipid content using a previously described

protocol (Gosch et al., 2012) that employs chloroform: methanol

(2:1 v/v) for lipid extraction. Total carbohydrates were calculated by

difference (with N to protein conversion factor of 6.25 for crude

protein) using the equation (Ortiz et al., 2009):

Carbohydrates = 100 – (Crude Protein%−Lipids%−Ash % )
Fiber analysis

Total dietary fiber analysis was performed using a Megazyme

Total Dietary Fiber Assay Kit (K-TDFR-100A) as per the

manufacturers’ protocol for Method 1, except centrifugation was
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used for separation of solid and liquid phases. Solids were washed as

per the manufacturers protocol and dried at 50°C to remove excess

acetone prior to freeze-drying. The solids were milled using a

mortar and pestle prior to analysis of N and ash by OEA

laboratories Limited. An N to protein conversion factor of 6.25

(Angell et al., 2016) was used to calculate the crude protein content

of the solid. The total fiber contents, including the soluble and

insoluble contents, were corrected for the content of protein and ash

as per equation:

Fibre(% ) = (Residue − Crude Protein − ash)=Sample (� )100
Metal, metalloids, and minerals analysis

The metals and metalloids (25 elements) were analyzed by

Inductively Coupled Plasma – Mass Spectrometer (ICP–MS) at the

University of Waikato Laboratory (The University of Waikato, Te

Whare Wananga o Waikato) using an Agilent 8900 ICP–MS

(Agilent Technologies, Santa Clara, California, USA) controlled

by MassHunter Workstation (version 4.5). Samples were digested

with double-distilled 65% HNO3 and 0.6 mL of 30% H2O2 before

analysis. Samples were then introduced via an SPS4 autosampler

and PVC tubing; a 0.05- 0.1 mL/min micromist U-Series nebuliser

was attached to a quartz Scott Type spray chamber followed by a

quartz torch with 2.5 mm injector. Following this, samples were

introduced to the rest of the instrument via a nickel sampler and

skimmer cone, followed by an extraction omega lens. The ICP-MS

was run in pulse counting mode (with a dwell time of 0.1 s- 0.3 s),

with radio frequency (RF) power set to 1550W and gas flow rates at

15L/min (plasma gas), 1.05L/min (nebuliser carrier gas), 0.1L/min

(dilution gas). A five-point calibration curve, consisting of

concentrations between 0.1 and 500 ppb was prepared for all

trace elements using stock standard IV71-A. A separate

calibration curve, consisting of concentrations between 100 and

10,000ppb was prepared for major elements (Ca, Si, P, S, K, Fe)

using single-element standards. Check standards were analyzed

every 20 samples and re-calibration was performed every 100

samples. Blank samples were analyzed every 10 samples to ensure

minimal carryover between samples. An online internal standard

containing 45 Sc, 72 Ge, 103 Rh, 193 Ir, and 205 Tl was used to

monitor and correct for instrumental drift and matrix effects.
Antioxidant analysis

Oxygen Radical Absorbance Capacity (ORAC) was chosen as

the measure of antioxidant capacity most relevant to human

physiology due to its hydrogen atom transfer reaction (Prior

et al., 2005). The ORAC assay used was based on methods by

Huang et al (Huang et al., 2002), and sample preparation methods

by Wu et al (Wu et al., 2004), without use of methylated b–
cyclodextrin as a solubility enhancer. Lipophilic extraction used

Hex: DCM (1:1 v/v), and hydrophilic extraction used acetone/

water/acetic acid (70:29.5:0.5 v/v). Both were at a concentration of
frontiersin.org
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100 μg/ml. Butylated hydroxytoluene (BHT) (Supelco PHR1117;

pharmaceutical secondary standard) was used as a positive control

(Kindleysides et al., 2012) to allow comparison between studies.
Amino acid and crude protein analysis

All amino acids (AAs), with the exception of cysteine and

tryptophan were analyzed at the Australian Proteome Analysis

Facility, Macquarie University, Sydney (Kulshreshtha et al., 2014)

using a standard amino acid assay procedure, accredited under ISO

17025 accreditation (Accreditation number 20344). It is common

for cysteine and tryptophan to be excluded as they each require

separate extraction and derivatization for analysis and therefore the

cost-benefit for their acquisition is poor (Angell et al., 2016). The

protein content was calculated as the sum of individual amino acids

to give the Total Amino Acids (TAA) and used with N percentage

for the calculation of a species-specific Nitrogen-to-Protein

conversion factor (NPF) as per equation below.

TAA(species  � )=%  N(species � ) = NPF (species  � )
Statistical analyses

Differences among the species were analyzed using one factor

permutational analyses of variance (PERMANOVA) conducted in

Primer v7 (Primer-E Ltd., UK) using Euclidean distances

resemblance matrices, 9,999 unrestricted permutations of raw data,

Type III sum of squares, and inclusion of Monte Carlo P value. Post-

hoc PERMANOVA tests (pairwise) were carried out for all analyses

which were significant according to the PERMANOVA test. Raw,

unadjusted p (MC) values are reported for all analyses. The patterns

of mineral content from ICP analysis and Amino acid were visualized

using non-metric multidimensional scaling (nMDS; Primer 7).
Results

Proximate and fiber profiles

Content of ash varied significantly between species, with U.

stenophylloides and P. plicata (K) having the lowest ash content and

the remaining species all above 30% (Table 1). All species had

relatively low lipid levels, ranging from 0.5 ± 0.1% (P. plicata (T)) to

5.3 ± 0.5% (U. ralfsii) (Table 2). Ulva ralfsii, with the highest lipid

levels, was significantly different from all species except U.

pinnatifida. Total carbohydrate content was above 50% in all

seaweed except U. ralfsii (35.1 ± 1.2%) which was significantly

lower than all other species (Table 2). Insoluble fiber was highest in

P. plicata (K) 42.6 ± 20.6% and lowest in U. ralfsii at 22.1 ± 2.8%.

There was statistical difference found between soluble fiber results

(Table 2), however this data must be reviewed with care as due to

the low amount of soluble fiber from the P. plicata samples

replicates had to be combined to get a result.
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Amino acid and crude protein content

Both Ulva species were significantly different from all other

species in their branched chain amino acids (BCAAs); isoleucine,

leucine, valine (Table 3). All others [M. pyrifera, U. pinnatifida, P.

plicata (K), and P. plicata (T)] were not significantly different from

one another for isoleucine and leucine content. Valine was the only

one of the three BCAAs where there were statistical differences

between each phylum, but not between species within phyla. This

was also the case for non-essential amino acid (NEAA) – serine,

conditionally essential amino acid – glycine, and EAA – threonine.

Almost all amino acids (excluding alanine, tyrosine, and

methionine) had significant differences between the two Ulva spp.

and the others (Table 3). It is also noted that the key drivers in both

separations are a mix of NEAAs and EAAs. Protein as sum of TAA

ranged from 6.4 ± 1.3% (M. pyrifera) to 15.1 ± 1.1% (U.

stenophylloides) (Table 3), with both Ulva species being

significantly different from all species except each other. Protein

as sum of TAA (Table 3) was highest in the two species of Ulva,

which differed from all other species (Table 4). Both species of Ulva

had approximately two-fold higher protein content than all

other species.
Antioxidant profiles

Total antioxidant capacity by Trolox Equivalent (TE) (Table 5)

was significantly different among species, with the Phaeophycaea

having greater amounts than the Chlorophyta, which in turn had

more than the Rhodophyta. This was driven completely by activity

in the hydrophilic antioxidant content, as lipophilic antioxidants

were absent in all species.
Minerals, metals and metalloid profiles

Content of metals/metalloids differed significantly between and

within species (Figure 1 and Tables 6, 7). Mineral composition of

the samples was generally separated by phyla, with the two
TABLE 1 Content (% of dry weight) of carbon (C), hydrogen (H),
nitrogen (N), sulfur (S), iodine, and ash in selected New Zealand seaweed
(means ± S.D, n=3).

N (%)
Iodine
(mg/g) Ash (%)

U.
stenophylloides

3.4 ± 0.0 a 3.41 ± 3.12 a 18.7 ± 1.1 a

U. ralfsii 3.5 ± 0.1 a ND ± 0 a 37.9 ± 1.6 b

M. pyrifera 1.4 ± 0.3 bc 212.46 ± 39.70 34.4 ± 5.5 bc

U. pinnatifida 1.5 ± 0.1 b 17.41 ± 5.57 31.5 ± 1.4 c

P. plicata (K) 1.9 ± 0.2 cd 1.45 ± 2.51 a 21.9 ± 2.6 a

P. plicata (T) 1.7 ± 0.2 bd 2.46 ± 4.27 a 38.3 ± 3.1 b
Common letters within columns represent non-significant groupings (pairwise
PERMANOVA, p(MC) < 0.05).
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Phaeophycaea grouping together, and the Pyropia from different

locations grouped together (Figure 1). The two species of Ulva were

surprisingly different considering they were cultivated under

identical controlled conditions. Ulva ralfsii had the highest

content of Na which was significantly different from all other

species reflecting the high ash content of this species (Tables 6,

7). As seen in Figure 1, Ulva spp. were not grouped together, with

Co and Na the key drivers of this separation (Figure 1).

Iodine ranged from non-detectable in U. ralfsii to the highest
Frontiers in Marine Science 05
levels in M. pyrifera 212.5 ± 39.7 mg/g (Table 1); both

Phaeophycaea species were significantly higher than all other

species with M. pyrifera also being significantly higher than U.

pinnatifida. While U. ralfsii had a significantly higher level of Pb

than U. stenophylloides (2.1 mg/kg compared to 0.5 mg/kg

respectively) (Tables 6, 7), this was not a significant driver in

separation between species at the R value > 0.85. Ulva

stenophylloides, cultivated in the same conditions, had a much

lower range of 0.4 – 0.7 mg/kg of Pb. There were several
TABLE 2 Proximate composition (% of dry weight) of total lipids, carbohydrates, fibre, and protein for selected species of New Zealand seaweeds
(means ± S.D, n = 3).

Protein (%)
By N*6.25

Lipids (%) Total Carbohydrates (%)
Total

Fibre (%)
Insoluble
Fibre (%)

Soluble
Fibre (%)

U. stenophylloides 21.3 a 1.0 ± 0.3 a 58.9 ± 1.2 62.4 ± 7.2 a 34.7 ± 4.0 ab 27.7 ± 4.6 a

U. ralfsii 21.9 a 5.3 ± 0.5 b 35.1 ± 1.2 40.1 ± 7.1 b 22.1 ± 2.8 c 18.1 ± 6.8 abcd

M. pyrifera 8.8 bc 1.3 ± 0.3 a 55.6 ± 7.5 45.4 ± 2.5 b 29.2 ± 2.5 a 16.3 ± 1.0 b

U. pinnatifida 9.4 b 4.8 ± 1.0 b 54.5 ± 1.8 48.2 ± 2.4 ab 38.2 ± 3.5 b 10.1 ± 1.4 c

P. plicata (K) 11.9 cd 0.7 ± 0.4 ac 65.2 ± 1.7 43.3 ± 20.9 ab 42.6 ± 20.6 abc 0.7* ae

P. plicata (T) 10.6 bd 0.5 ± 0.1 c 50.7 ± 1.2 36.9 ± 12.8 ab 36.9 ± 23.8 abc 0.0* de
Common letters within columns represent non-significant groupings (pairwise PERMANOVA, p (MC) < 0.05).
TABLE 3 Content of amino acids [(average ± std) -H2O; mg/g in biomass] in selected species of New Zealand seaweed.

U.
stenophylloides

U. ralfsii M. pyrifera U. pinnatifida P. plicata (K) P. plicata (T)

NEAA

Alanine 11.6 ± 0.7 a 12.6 ± 0.7 a 6.8 ± 1.7 b 7.2 ± 1.1 b 9.7 ± 1.7 ab 10.1 ± 1.9 ab

Aspartic acid 22.9 ± 1.5 a 19.9 ± 2.1 a 8.0 ± 1.7 b 7.9 ± 0.7 b 9.6 ± 1.4 b 7.9 ± 1.2 b

Glutamic acid 15.9 ± 0.5 a 17.5 ± 1.1 a 9.2 ± 2.2 b 11.2 ± 1.1 b 10.1 ± 1.6 b 10.1 ± 1.7 b

Serine 9.0 ± 0.8 a 7.4 ± 0.5 a 3.2 ± 0.6 b 3.3 ± 0.3 b 4.9 ± 0.5 c 4.5 ± 0.5 c

CEAA

Glycine 9.0 ± 0.7 a 8.5 ± 0.4 a 3.6 ± 0.7 b 3.9 ± 0.3 b 6.9 ± 0.4 c 5.7 ± 0.7 c

Proline 8.1 ± 0.7 6.8 ± 0.3 2.9 ± 0.5 ab 2.9 ± 0.2 a 5.0 ± 0.3 3.9 ± 0.4 b

Tyrosine 5.1 ± 0.7 2.8 ± 0.2 a 1.6 ± 0.4 bc 1.6 ± 0.2 b 2.5 ± 0.2 a 2.3 ± 0.2 ac

EAA

Arginine 8.8 ± 0.6 7.5 ± 0.3 3.2 ± 0.6 a 3.6 ± 0.3 a 6.0 ± 0.7 b 5.3 ± 0.6 b

Histidine 3.1 ± 0.3 a 2.6 ± 0.1 a 1.4 ± 0.2 b 1.6 ± 0.1 b 1.6 ± 0.2 b 1.4 ± 0.1 b

Lysine 8.1 ± 0.5 7.0 ± 0.4 3.9 ± 0.8 a 3.9 ± 0.3 a 5.7 ± 0.7 b 4.8 ± 0.5 ab

Methionine 2.6 ± 0.3 a 2.0 ± 0.3 ab 1.7 ± 0.3 b 1.8 ± 0.2 b 0.5 ± 0.1 c 0.5 ± 0.1 c

Phenylalanine 9.4 ± 0.7 a 9.0 ± 0.5 a 3.4 ± 0.5 b 3.6 ± 0.4 b 4.3 ± 0.3 b 3.5 ± 0.4 b

Threonine 8.4 ± 0.8 a 7.4 ± 0.6 a 3.3 ± 0.6 b 3.4 ± 0.3 b 5.8 ± 0.5 c 4.7 ± 0.5 c

BCAA

Isoleucine 7.1 ± 0.5 a 6.2 ± 0.3 a 2.9 ± 0.5 b 3.0 ± 0.3 b 3.6 ± 0.3 b 2.9 ± 0.4 b

Leucine 12.4 ± 1.0 a 11.5 ± 0.5 a 5.0 ± 0.8 b 5.2 ± 0.6 b 6.2 ± 0.9 b 5.3 ± 0.6 b

Valine 9.8 ± 0.7 a 9.2 ± 0.5 a 4.0 ± 0.7 b 3.9 ± 0.4 b 6.7 ± 0.6 c 5.5 ± 0.6 c

TAA 151.2 ± 10.8 a 137.8 ± 8.5 a 64.2 ± 12.8 b 68.0 ± 6.6 bc 89.3 ± 10.2 d 78.4 ± 10.4 cd

EAAs (total) 69.6 ± 5.3 62.4 ± 5.3 28.8 ± 5.0 a 30.0 ± 2.8 a 40.5 ± 4.1 b 33.9 ± 3.8 ab

BCAAs (total) 29.2 ± 2.1 26.9 ± 1.3 11.9 ± 2.0 a 12.1 ± 1.3 a 16.6 ± 1.7 b 13.7 ±1.6 ab

SNP 4.4 4.0 4.6 4.6 4.6 4.7
Common letters within rows represent non-significant groupings (pairwise PERMANOVA, p(MC) < 0.05). NEAA, Non-essential amino acids; CEAA, Conditionally essential amino acids; EAA,
essential amino acids; BCAA, branched chain amino acids; TAA, Total amino acids; SNP, Species specific Nitrogen-to-Protein conversion factor.
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components driving the separation of M. pyrifera and U.

pinnatifida: namely Ba, Sr, As and K. This is unsurprising as the

As levels in M. pyrifera were significantly higher than the other

samples at 100 mg/kg (Tables 6, 7), correlating with the lower Na:K

ratio of M. pyrifera (0.25), as compared to U. pinnatifida (0.75)

(Tables 6, 7).
Discussion

Seaweeds represent a promising new source for future foods and

nutraceuticals (Garcia-Perez et al., 2023). This study analyzed a

broad profile of nutritionally relevant properties in two cultivated

Ulva spp. and compared this with a range of New Zealand seaweeds

collected from the wild and commercial harvest. Standard analytical

techniques were used to determine their nutrition-related

composition to give an indication of the potential that these

seaweeds might possess for human nutrition.
Ulva ralfsii and U. stenophylloides

The crude protein content of the Ulva spp. reported here (21%

dw) was comparable to Ulva from Australia that was grown in

aquaculture (U. ohnoi with 18.5% dw) (Boisvert et al., 2015; Glasson

et al., 2017); U. tepida with 15% dw (Magnusson et al., 2019)).

Previous New Zealand wild-collected Ulva also had similar crude
Frontiers in Marine Science 06
protein content to that found in this study (U. stenophylla with 20%

dw) (Smith et al., 2010). For other proximates, U. stenophylloides

mirrored the wildU. stenophylla in a prior study (Smith et al., 2010),

though the U. ralfsii differed slightly from these with higher lipids

and ash but lower total carbohydrates. This study’s U. ralfsii

proximate profile was similar to commercially harvested U.

lactuca in Canada (Magnusson et al., 2016). These were all

different again from the lipid content in Norwegian studies where

cultivated U. lactuca lipids (ranging 10-15%) (Roleda et al., 2021)

were almost double that of this study’s U. ralfsii. Wild-harvested U.

lactuca lipids were higher again (ranging 13-26% dw) (Maehre et al.,

2014). The TAA of U. ralfsii (138 mg/g dw), though less so the U.

stenophylloides (151 mg/g dw), was similar to sea lettuce cultivated

in Norway (U. lactuca 137 mg/g dw) (Roleda et al., 2021). Wild-

harvested U. fasciata from Brazil had several times higher TAA

(419-431 mg/g) (de Melo et al., 2021). Antioxidant capacity of Ulva

in this study were low, compared to a prior study where U. lactuca

which showed up to 347 TE; though this study also noted that there

can be high variation of antioxidant potential dependant on extract

and concentration (de Melo et al., 2021). A prior study also found

high variation in the trace minerals (micronutrients) across

Norweigan cultivated Ulva (Roleda et al., 2021), while this high

variation was not necessarily seen in the Ulva studied here, this may

be due to the limited species and sample size. This study analyzed

unprocessed Ulva spp. for broad nutritional profiles comparable

with other species. A consequence of this is that potentially valuable

components specific to Ulva spp. such as ulvan (Magnusson et al.,

2019) were not assessed.
Pyropia plicata (Tauranga and Kaikōura)

This is possibly the first study to quantify the content of crude

protein specifically for New Zealand P. plicata, though this may in

part be due to changing naming conventions throughout the

literature (Nelson, 2013b). The P. plicata of this study had crude

protein content (c. 11%) which was significantly lower than other

prior reports of Pyropia which are typically 30-40% (Fleurence,

1999a; Admassu et al., 2018). A prior study which sampled wild-

harvested Porphyra spp. collected in New Zealand found crude

protein content at this higher level (33% dw) (Smith et al., 2010).

One explanation for the degree of difference could be the seasons in
TABLE 4 Results of main PERMANOVAs testing the effect of species on content of amino acids.

N/CEAA F P EAA F P BCAA F P

Alanine 7.9 0.0018 Arginine 48.4 0.0001 Isoleucine 69.0 0.0001

Aspartic acid 61.5 0.0001 Histidine 47.6 0.0001 Leucine 60.7 0.0001

Glutamic acid 16.8 0.0001 Lysine 28.1 0.0001 Valine 61.2 0.0001

Serine 50.2 0.0001 Methionine 43.0 0.0001 TAA 40.9 0.0001

Glycine 52.5 0.0001 Phenylalanine 21.7 0.0001 BCAA 62.0 0.0001

Proline 72.0 0.0001 Threonine 43.1 0.0001 EAA 53.7 0.0001

Tyrosine 36.6 0.0001
Pseudo F (F) and P (MC) P values presented; df for all was 5,12.
TABLE 5 Antioxidant content Trolox Equivalent (TE) (means ± S.D,
n = 3).

Lipophilic
(TE)

Hydrophilic
(TE)

Total (TE)

U. stenophylloides 0 ± 0 51.3 ± 19.0 a 68.9 ± 47.9 abc

U. ralfsii 0 ± 0 66.5 ± 9.6 a 66.5 ± 9.6 a

M. pyrifera 0 ± 0 114.6 ± 49.8 ab 114.6 ± 49.8 ad

U. pinnatifida 0 ± 0 167.5 ± 60.6 b 167.5 ± 60.6bd

P. plicata (K) 0 ± 0 4.1 ± 3.6 c 4.1 ± 3.6 c

P. plicata (T) 0 ± 0 1.6 ± 2.8 c 1.6 ± 2.8c
Common letters within columns represent non-significant groupings (pairwise
PERMANOVA, p (MC) < 0.05).
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which samples were collected. A prior study found Porphyra and

Palmaria spp. varied significantly across different seasons with

higher protein content noted in winter collections (Galland-

Irmouli et al., 1999; Stack et al., 2017). Porphyra spp. from the

study of Smith et al (Smith et al., 2010), was collected across the

New Zealand winter period, while this study’s Pyropia was

harvested at the end of spring. A study of Indian Pyropia

harvested in summer may support this as it had comparable

protein and lipid content to those in this study (range of 14 –

18% protein and 2-3% lipids) (Kavale et al., 2017).

This may also indicate why the antioxidant levels of this study’s

Pyropia were so low compared to a prior study’s Porphyra sp. TE

150 (Kindleysides et al., 2012). Stack et al., previously found wide

variation in the TE of Porphyra dioica across seasons (Stack et al.,

2017), and seasonal variations in the stress metabolites have been

found in New Zealand P. plicata (Diehl et al., 2019). However, due

to the limited samples in this study further research would be

required to verify seasonal effect on nutritional profiles of New

Zealand P. plicata.
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Both macro and trace minerals appeared to be comparable to

those in prior studies (Galland-Irmouli et al., 1999; Cian et al.,

2014). It would be valuable to examine why the Tauranga P. plicata

had almost double the trace minerals (total) than the Kaikōura P.

plicata. Future studies would be required to further elucidate how

and why the locational difference might affect mineral content of

the same seaweed species through their chemical ecology.
Macrocystis pyrifera and
Undaria pinnatifida

Though this is not the first study to nutritionally profile

commercial M. pyrifera and U. pinnatifida, these samples were

chosen for being available for New Zealand seaweed food products.

The proximates from this study appeared to mirror those in a prior

study with commercial New Zealand samples – crude protein, lipid,

ash and carbohydrates: 11%, 2%, 43%, and 44% for M. pyrifera;

14%, 3%, 8%, and 45% respectively for U. pinnatifida (Smith et al.,

2010). Though it was noted in this comparison that the protein

profiles were slightly lower and the carbohydrates slightly higher for

both species. Seasonal variation, as mentioned above, has also been

noted for a New Zealand study on U. pinnatifida, with highest

nitrogen levels in July (Austal winter) and lowest in September

(Austral spring) (Zhou et al., 2015). Also as mentioned above, a

follow up study with greater sample size and seasonal harvests

would be required to justify this possible cause of lower protein

levels found. A prior study found that brown seaweeds sampled had

greater antioxidant activity than reds, with the M. pyrifera sampled

averaging c. 450 TE (Kindleysides et al., 2012). While the trend of

brown seaweeds having greater activity was also seen in this study,

sample size limits the ability to lay claims based on algal phyla

correlations. Further, overall antioxidant levels were much lower

than previously reported. Whether this was due to method of
FIGURE 1

The nMDS scaling ordination of metals, metalloids and minerals of each sample (n = 3 biological replicates). Lines represent vector loadings of the
specific minerals (Pearson's correlation, R > 0.85), with the size and direction of each vector representing the relative abundance of that element in
that region of the plot.
TABLE 6 Results of the main PERMANOVAs testing single factor analysis
of ICP analysis of content of metals and metalloids.

F P F P F P

Na 59.0 0.0001 Fe 3.6 0.03 Cd 76.0 0.0001

Mg 217.6 0.0001 Co 87.3 0.0001 Hg 4.2 0.02

P 61.3 0.0001 Ni 6.5 0.0035 Pb 25.5 0.0001

S 141.3 0.0001 Cu 571.7 0.0001 K 51.8 0.0001

Ca 17.1 0.0001 Zn 9.6 0.001 Na:K 43.4 0.0001

Cr 3.4 0.0001 As 1123.6 0.0001 Macro 28.5 0.0001

Mn 34.0 0.0001 Se 34.7 0.0001 Trace 0.4 0.9
Pseudo F (F) and P (MC) P values presented; df for all was 5,12.
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TABLE 7 Content (mg/ kg dry weight) of nutritionally relevant metals, metalloids, and phosphorus detected in order of atomic number (means ± S.D, n=3).

RDI for Adults
Aged 20 < 60 years

(mg/d)

UL for Adults
Aged 20 < 60 years

1500 (Cogswell et al., 2012) 2300 mg/ d (Cogswell et al., 2012)

55-65 (World Health Organization, 2003) 350 mg/ d (World Health Organization, 2003)

700 (Borgi, 2019) 4000 mg/ d (Borgi, 2019)

(SAA) 14 / kg bw (Hewlings and Kalman, 2019) No limit 4 (Hewlings and Kalman, 2019)

1000 (Cogswell et al., 2012) 3000 mg/ d (Cogswell et al., 2012)

100 (Cogswell et al., 2012; National Institutes of
Health: Office of Dietary Supplements, 2021)

No limit (Cogswell et al., 2012; National Institutes of
Health: Office of Dietary Supplements, 2021)

2-5 (Trumbo et al., 2001; Nordberg et al., 2014) 11 mg/ d (Trumbo et al., 2001; Nordberg et al., 2014)

8(M)/ 18(F) (National Institutes of Health: Office of
Dietary Supplements, 2021; Trumbo et al., 2001)

45 mg/ d (National Institutes of Health: Office of
Dietary Supplements, 2021; Trumbo et al., 2001)

(B12) 0.002 (Cogswell et al., 2012) No limit 1 (Cogswell et al., 2012)

No RDI (Trumbo et al., 2001) 1 mg/ d (Trumbo et al., 2001)

0.9 (National Institutes of Health: Office of Dietary
Supplements, 2021)

10 mg/ d (National Institutes of Health: Office of
Dietary Supplements, 2021)

9-1 (National Institutes of Health: Office of Dietary
Supplements, 2021)

45 mg/ d (World Health Organization, 2003)

No RDI (Nordberg et al., 2014) 1 /kg bw 7 (Nordberg et al., 2014)

0.034 (M) 0.026 (F) (World Health
Organization, 2003)

0.4 mg/ d (World Health Organization, 2003)

No RDI (Nordberg et al., 2014) 0.025 /kg bw7 (Nordberg et al., 2014)

No RDI (Nordberg et al., 2014) 0 mg/ d (Nordberg et al., 2014)

No RDI (Nordberg et al., 2014) 12.5 mg/ day (FDA, 2020)

4700 (Cogswell et al., 2012; National Institutes of
Health: Office of Dietary Supplements, 2021)

No limit 1,5 (Cogswell et al., 2012; National
Institutes of Health: Office of Dietary

Supplements, 2021)

0.32 (Drewnowski et al., 2012) 0.49 mg/ d (Drewnowski et al., 2012)

(no F analysed).
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U. stenophylloides U. ralfsii M. pyrifera U. pinnatifida P. plicata (K) P. plicata (T)

(mg/ kg)

Na 17599 ± 998 a 49589 ± 1162 17958 ± 0989 a 33344 ± 1535 b 25296 ± 2976 c 34412 ± 5501 bc

Mg 16072 ± 1218 a 14981 ± 417 a 3902 ± 2816 b 588 ± 233 c 4272 ± 426 bd 5361 ± 769 cd

P 1792 ± 171 ab 2224 ± 221 a 1466 ± 138 bc 3601 ± 170 1801 ± 265 ab 1285 ± 91 c

S 37930.06 ± 2507.45 23019.90 ± 1654.91 a 8096.91 ± 1193.57 12091.50 ± 1403.73 20362.84 ± 978.13 a 16447.47 ± 746.31

Ca 3947 ± 27 5464 ± 116 26924 ± 6940 a 15556 ± 1163 a 8854 ± 1341 b 13887 ± 4856 ab

Cr 0.4 ± 0.1 a 0.2 ± 0.1 b 0.4 ± 0.1 ab 0.9 ± 0.0 c 6.1 ± 5.3 abc 3.8 ± 1.9 c

Mn 29.1 ± 1.4 19.4 ± 1.5 a 6.0 ± 2.1 b 9.1 ± 0.3 bc 15.4 ± 4.9 ac 16.1 ± 1.6 a

Fe 316.0 ± 17.8 ab 350.1 ± 77.2 ab 169.8 ± 116.0 ab 317.4 ± 31.5 ab 391.6 ± 359.8 bc 690.8 ± 14.2 c

Co 0.84 ± 0.06 0.19 ± 0.07 ab 0.26 ± 0.06 ab 0.22 ± 0.01 a 0.49 ± 0.04 0.17 ± 0.01 b

Ni 1.9 ± 0.1 a 0.7 ± 0.3 bcd 0.4 ± 0.1 b 0.8 ± 0.0 ce 3.0 ± 1.5 ade 1.6 ± 0.6 ade

Cu 10.7 ± 0.3 5.6 ± 0.5 0.7 ± 0.3 b 0.7 ± 0.1 b 2.2 ± 0.1 c 1.9 ± 0.2 c

Zn 10.0 ± 1.8 ab 13.4 ± 0.3 c 11.9 ± 2.6 ac 7.2 ± 1.1 b 7.1 ± 0.9 b 10.3 ± 0.7 a

As 0.3 ± 0.0 0.8 ± 0.1 100.5 ± 2.5 44.0 ± 3.8 21.5 ± 0.8 a 20.6 ± 1.1 a

Se 0.02 ± 0.00 0.09 ± 0.02 a 0.15 ± 0.04 b 0.18 ± 0.02 b 0.09 ± 0.03 a 0.13 ± 0.00 a

Cd 0.02 ± 0.00 a 0.00 ± 0.00 a 1.56 ± 0.26 0.43 ± 0.01 b 0.85 ± 0.08 0.47 ± 0.07 b

Hg ND ND 1.52 ± 1.49 2.61 ± 1.78 ND ND

Pb 0.5 ± 0.2 a 2.1 ± 0.5 0.2 ± 0.1 a 0.4 ± 0.1 a 0.4 ± 0.2 a 0.5 ± 0.1 a

K 19386 ± 2761 32823 ± 1277 72813 ± 12038 44705 ± 6827 10205 ± 1237 a 10810 ± 68 a

Na:K 0.92 ± 0.13 1.51 ± 0.09 a 0.25 ± 0.05 0.75 ± 0.09 a 2.51 ± 0.47 b 3.18 ± 0.51 b

Macro 96727.1 ± 6889.1 128101.0 ± 2512.5 a 131160.5 ± 16646.1 ab 115183.0 ± 6731.6 ab 70791.0 ± 2821.0 82203.4 ± 1973.2

Trace 366.5 ± 20.0 388.9 ± 78.7 189.0 ± 121.1 334.9 ± 31.0 416.8 ± 364.0 719.5 ± 15.0

Common letters within rows represent non-significant groupings (pairwise PERMANOVA, p(MC) < 0.05).
(SAA), Sulfur Amino Acids; bw, body weight; Macrominerals: Na+ Mg+ Ca+ P+ S+ K (no Cl analysed); Trace Minerals: Iodine + Mn+ Fe+ Cu+ Zn + Co + Se
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analysis, species location or season would require further

investigation to determine the cause.

Minerals and heavy metals were also comparable to the prior

New Zealand study (Smith et al., 2010) and also indicated higher

accumulation of heavy metals by Ochrophyta as compared to

Rhodophyta or Chlorophyta as previously found (Yadav et al.,

2019). As the two species of Ochrophyta are available as nutritional

products (Taboada et al., 2013) it is worth noting that though they

contained higher levels of heavy metals (with the exception of lead)

than other species analyzed in this study, the results reported here

were the total amounts measured in the unprocessed seaweeds.

Mercury is most toxic in its methylmercury form (Fowler et al.,

2014a) and arsenic in its inorganic form (Fowler et al., 2014b) which

tend to be a much smaller proportion of the total mercury and

arsenic present in seaweeds (Smith et al., 2010). A more in-depth

metals assessment would be required to analyze the quantities of

these more harmful forms present in seaweeds if intended for

nutritional consumption. Also, processing has been found to

reduce the levels of iodine in seaweed (Nitschke and Stengel,

2016) so future studies investigating the effect of processing on

heavy metals content in seaweeds as potential future foods would

be beneficial.
Limitations and implications for
future studies

There are a number of limitations within this study that impact

the interpretation of the differences reported. The nutritional

environment was not monitored or controlled in samples other

than the cultivated Ulva spp; which is significant given the inherent

variability of this in natural environment/oceans. Controlled or

closely replicated growing environments (cultivated/wild), and

examining the variability associated with biogeographic location

or habitat types would be required to accurately portray differences

among species or phyla. Conversely, if wanting to investigate the

effect of location or seasonal change on a single species and their

respective yield of desirable nutritional products, greater sample

numbers and collections of that species with a matrix of location/

season/habitat would be required. This study applied common

protocols to all species to attain a broad nutritional profile across

a range of New Zealand algal species which limited its scope to a

reporting of these potential qualities. Also because of this broad

analytical profile, chemical components that may be specific to a

particular species or genus were not investigated.
Conclusions

Pyropia plicata from the North and South Island, Macrocystis

pyrifera and Undaria pinnatifida from commercial supplier, and

Ulva stenophylloides and Ulva ralfsii from land-based cultivation,

were all analyzed for their overall (dried but otherwise unprocessed)

nutritional content. Ulva spp. had approximately 20% crude protein

which is comparable to other seaweed species that have been

suggested as novel protein sources. Due to the limitations of this
Frontiers in Marine Science 09
preliminary study further work would be needed to address levels of

crude protein in wild Ulva and the effect of varying nutritional

environments when not cultivated. This research highlights the

potential found in New Zealand grown seaweeds from a variety of

sources. While limited in use for interpretation of data due to

sample sizes, preliminary research such as this serves to indicate

prospective food and nutraceutical components yet to be harnessed.

While limited in its low number of samples, this study supports the

idea that Ulva has potential as a source of nutrition.
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