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ABSTRACT

For more than two decades, cultivation of the green seaweed Ulva lacinulata (Ulvales) has 

proven to be commercially viable and an integral part of the South African abalone aquaculture 

industry. This seaweed is not sold, but mainly used as feed for the abalone Haliotis midae 

(Lepetellida) and on some farms for the bioremediation of abalone effluent water to enable 

partial recirculation in integrated abalone-Ulva systems. The Ulva grown in farm effluent has 

higher protein content than material found in nature and has been found to be a suitable 

supplementary feed for secondary high commercial value macroalgivores, including the local 

sea urchin Tripneustes gratilla (Camarodonta). Under laboratory conditions, T. gratilla has 

demonstrated hierarchical feeding preference to this aquacultured Ulva over other seaweed 

species. Inclusion of this alga in the diet of this urchin has been shown to act as a feed attractant 

as well as act as a feed stimulant, but the mechanisms for this remain unknown. The aim of this 

research was to identify the fractions or compounds from aquacultured Ulva responsible for 

the attractant activity of this seaweed towards the sea urchin T. gratilla as well as to evaluate 

their effectiveness and minimum effective concentrations. This research also assessed the 

effect of nutrient variation on the lipid and fatty acid composition of aquacultured Ulva and 

evaluated the volatile organic compounds produced by this seaweed.  

Crude Ulva extract, prepared from solvent extraction (dichloromethane - methanol), was 

fractionated to produce nine fractions (F1 → F9), with increasing polarity and solubility. The 

attractiveness and stimulatory effects of the Ulva fractions (extracts equivalent to 1 g fresh 

Ulva; FU) along with a control (no extract) were tested on T. gratilla in a chemosensory trial. 

The touch and grazing preferences of the urchin, placed in the center of a circular bioassay 

tank, were monitored over a period of 75 mins. A touch preference was assigned when the tube 

feet of T. gratilla touched the sample zone (Avicel® bioassay plate) containing an Ulva fraction, 

placed at the periphery of the tank, while a feed preference was allocated when the sample zone 

containing an extract was grazed. An urchin can show touch and grazing preference to one or 

multiple Ulva fractions in a bioassay. Bioassays were repeated using 120 individual sea 

urchins. Data collected showed clear evidence for the preferences of T. gratilla for the polar 

Ulva fractions F8 and F9. The predicted probability ranking for Ulva fractions to attract T. 

gratilla was F8 > F9 > F5 ≥ F6 > F4 > F7 > F3 > F2 ≥ F1, while the predicted probability 

ranking for Ulva fractions to stimulate T. gratilla to feed was F9 > F8 > F5 ≥ F6 > F4 ≥ F7 > 

F3 > F2 > F1. Glycerolipids, monogalactosyldiacylglycerol (MGDG) from F8 and a 
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mixture of compounds including diacylglyceryl-N,N,N-trimethyl-homoserine (DGTS), 

digalactosyldiacylglycerol (DGDG),  dialkylglycerophosphate (PA), lysophospholipid (LPG) 

and sulfoquinovosylmonoacylglycerol (SQMG) from F9, were identified as the most probable 

feed stimulants for T. gratilla. The minimum effective concentrations (MECs) of the 

stimulatory Ulva fractions F8 and F9 were subsequently evaluated on T. gratilla. In total, five 

different concentrations for both F8 and F9 equivalent to 0.05, 0.5, 1.0, 2.0 and 5.0 g fresh Ulva 

(FU) were tested on T. gratilla in chemosensory trials. The touch and grazing preferences of 

the urchins (n = 46 for each fraction) were recorded, and results showed that T. gratilla was 

able to perceive chemicals emitted by the treatment containing extracts equivalent to 0.05 g FU 

for both F8 and F9. However, the most effective treatments at attracting and stimulating             

T. gratilla to feed contained F8 equivalent to 2.0 g FU and F9 equivalent to 0.5 g FU. The 

effectiveness of F8 and F9 as attractants and feed stimulants were investigated further in a 

comparative study against fresh Ulva (FU), dry Ulva (DU) and crude Ulva extract (CE) on        

T. gratilla (n = 80). Data collected indicated that the treatment with FU was the most effective 

at both attracting and stimulating T. gratilla compared to the Ulva fractions. The predicted 

probability of occurrence for attracting T. gratilla was FU > F8 > CE ≥ F9 > DU, while the 

predicted probability for stimulating T. gratilla to graze was FU > DU > CE > F8 > F9. 

 

To assess the effect of nutrient variation on the lipid and fatty acid composition of aquacultured 

Ulva, the seaweed was cultured for 10 days at six different nutrient concentrations: 0 (control), 

25, 50, 75, 100 and 200% NE (NE: nutrient enrichment above ambient seawater concentration; 

100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva). 

Findings showed that nutrient variation did not significantly affect the specific growth rate 

(SGR) and lipid extracts of Ulva (solvent extraction; chloroform - methanol - phosphate buffer; 

1:2:0.8). Lipid classes, obtained by the fractionation of the lipid extracts, were mainly 

characterized by glycolipids (GL) followed by neutral lipids (NL) and phospholipids (PL). 

Seaweed grown at low nutrient concentrations (0 and 25% NE; p< 0.05) had significantly lower 

neutral lipid (NL) contents than Ulva grown at higher nutrient concentrations, while glycolipid 

(GL) contents were significantly lower in Ulva cultured at a high nutrient concentration    

(200% NE; p< 0.05). Nutrient variation had no effect on the phospholipid (PL) contents of 

aquacultured Ulva. Analysis of the fatty acid methyl esters (FAMEs) of the crude Ulva lipid 

extracts, obtained from culture experiment, by gas chromatography coupled with mass 

spectrometry (GC-MS) revealed a total of 25 fatty acids (FA). The fatty acid profiled of 

aquacultured Ulva consisted primarily of saturated fatty acids (SFA) followed by 
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polyunsaturated fatty acids (PUFA) and monounsaturated fatty acids (MUFA). Nutrient 

variation had no significant effect on the fatty acid content except for the level of C18:0 FA 

(stearic acid), which was at its lowest value at the highest nutrient concentration (200% NE; 

p< 0.05). SFA content of Ulva consisted mainly of C16:0 FA (palmitic acid), PUFA of 

C16:4ω3 (hexadecatetraenoic acid) and MUFA of C18:1ω9 FA (oleic acid). The PUFA content 

of aquacultured Ulva was comprised mostly of omega-3 FAs (ω-3) compared to ω-6 FAs, with 

the ω-6:ω-3 ratios ranging between 0.08 to 0.12. 

Aquacultured U. lacinulata produces a mixture of volatile organic compounds (VOCs) ranging 

from simple to complex volatile compounds that can contribute to its typical aroma. Tentative 

identification of VOCs from the solvent extract (dichloromethane - methanol; 2:1), essential 

oil and head space of aquacultured Ulva analysed by GC-MS, revealed a total of 63 compounds. 

VOCs from this alga were classed as aldehydes (18), hydrocarbons (15), ketones (10), esters 

(9), free fatty acids (6), alcohols (4) and aromatic compound (1). Based on the relative content 

(%) and information available from the literature, only the aldehydes, hydrocarbons, ketones, 

esters and alcohol are considered as the most important classes of compounds associated with 

the aroma of this seaweed. Findings also showed that aquacultured Ulva produces VOCs such 

as benzaldehyde and 6-methyl-5-hepten-2-one that have been shown to be flavour enhancers 

for high value species including sea urchin. 

The research from this thesis clearly shows that local aquacultured U. lacinulata is an effective 

chemoattractant and feed stimulant for the sea urchin T. gratilla. Although the effects of Ulva 

in its fractionated form (i.e. Ulva fractions F8 and F9) towards T. gratilla was shown to be 

dose-dependent and less effective than fresh Ulva, findings from this research provide valuable 

information that may be used in the formulation or supplementation of compound diets to 

promote consumption, which could be beneficial for the aquaculture industry. This research 

also provided an improved understanding of the variability of lipid, lipid classes and the FA 

profile of aquacultured Ulva. Even though a high SFA content was observed, this seaweed has 

a beneficial PUFA profile with a low ω-6:ω-3 ratio that makes it suitable for human 

consumption and aquafeed production. Lastly, findings from this study showed that this 

seaweed produces a mixture of VOCs ranging from simple to complex compounds that may 

contribute to its typical aroma and the presence of compounds that may be used as flavour 

enhancers. With the growing interest looking at the commercial application of Ulva around the 
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world, outcomes from this thesis may be of particular interest to the aquaculture, animal feed 

and human food industries.  
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1.1 Overview 

Chemical cues play crucial roles in animal welfare and survival (Hay, 2009; Webster and 

Weissburg, 2009). In the aquatic environment, organisms can detect, discriminate and respond 

to a multitude of dissolved chemical signals that carry various messages (Derby and Sorensen, 

2008; Webster and Weissburg, 2009). Detection of these external signals through chemical 

sensing affects various aspects of the organisms’ behaviour, including the elicitation of feeding 

(e.g. Moore and Lepper, 1997, Coleman et al. 2007), deterrence of feeding (e.g. Hay et al. 

1989; Toth and Pavia, 2000), predator avoidance and alarm responses (e.g. Jacobsen and 

Stabell, 2004; Smee and Weissburg 2006), conspecific recognition (e.g. Lecchini et al. 2017), 

mate identification and reproduction (e.g. Lonsdale et al. 1998; Hardege et al. 2011), selection 

of settlement surfaces by larvae (e.g. Swanson et al. 2004), continuity of symbiotic associations 

(e.g. Williamson et al. 2012), and migration (e.g. Boriss et al. 1999). However, our knowledge 

of which chemical compounds are involved and how they influence specific behaviour, such 

as feeding, is limited (Hay, 2009).  

 

The production of the green seaweed Ulva (Ulvales) has proven to be commercially viable and 

is an integral part of the South African abalone aquaculture industry, with a continuous and 

increasing production since 2002 (ca. 2000 tonnes fresh weight; Bolton et al. 2016; Neveux et 

al. 2018; Rothman et al. 2020). This crop is not sold but is mainly used as feed (i.e. either fresh 

or dried - incorporated in formulated feed) for the abalone Haliotis midae (Lepetellida) and for 

bioremediation of farm effluent water to enable partial recirculation of water in abalone-Ulva 

integrated multi-trophic aquaculture (IMTA) production systems (Bolton et al. 2013, 2016; 

DFFE, 2016). Partial recirculation using Ulva can reduce farm’s high pumping cost, alleviate 

pressure on natural kelps stock, has the potential to cut off the culture systems from the natural 

environment for short periods at a time (up to 3 days) during events of harmful algal bloom 

and warm up the water in abalone tanks, which can improve abalone growth (Bolton et al. 

2009, 2013; Neveux et al. 2018; De Prisco, 2020). IMTA-farmed Ulva has a higher protein 

content than species found in nature and can have similar amino acid profiles to animal and 

other plant protein, thus making it an ideal ingredient for the partial replacement of fishmeal in 

formulated feeds (Robertson-Andersson et al. 2011; Shuuluka et al. 2013). Effluent grown Ulva 

has been found to be a suitable supplementary feed for secondary high commercial value 

macroalgivores such as abalone and sea urchin (Naidoo et al. 2006; Cyrus et al. 2013,        

2015a, b). Laboratory-based research done by Cyrus et al. (2013) has demonstrated that a 
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formulated diet containing 200 g.kg-1 dried aquacultured Ulva significantly increases the gonad 

somatic indices of the sea urchin Tripneustes gratilla (Camarodonta) and produces market 

quality gonads (roe) both in term of size and colouration, essential for this product. Additional 

testing of this formulated feed containing 200 g.kg-1 dried Ulva (25.7% protein) along with 

fresh Ulva, a formulated feed containing no Ulva and blank (control) on T. gratilla 

chemosensory response using a Y-shaped maze revealed that the animals were attracted to 

treatments with the feed containing dried Ulva and fresh Ulva compared to the feed containing 

no Ulva and the blank controls (Cyrus et al. 2015a). The researchers suggested that the urchins 

responded to the chemosensory properties of the seaweed found in the feed rather than its 

structural or morphological properties. Cyrus et al. (2015a) also reported that the urchins could 

not differentiate between the feed containing no Ulva and the blank and indicated that the dry 

formulated feed did not contain a chemical attractant. Incorporation of dried Ulva at                  

200 g.kg-1 acted as a feeding stimulant that significantly increased the consumption and protein 

intake of the prepared feeds (Cyrus et al. 2015a). Studies to date on the aquacultured Ulva in 

South Africa are mostly limited to data on the growth rate, nutrient uptake, bioremediation 

capacity, economic analysis, quantification of nutritional content as feed and its effect on the 

physiology of animals, while little research have been done on its chemistry with none focusing 

on the chemical compounds that may act as feed attractants or stimulants (Robertson-Anderson 

et al. 2008, 2011; Bolton et al. 2009; Shuuluka et al. 2013; Cyrus et al. 2013, 2015a, b; 

Madibana et al. 2017; Onomu et al. 2020). 

 

The present thesis is structured into four experimental chapters, with each examining a different 

topic related to local aquacultured Ulva, including (1) the identification and characterization of 

the fractions or compounds from Ulva responsible for the attractant activity towards the 

cultured sea urchin T. gratilla; (2) investigation of the minimum effective concentrations 

(MECs) at which Ulva fractions initiate the feeding stimulatory response of T. gratilla and to 

evaluate the feed stimulatory effect of Ulva fractions in a direct comparison to crude Ulva 

extract, fresh and dry Ulva on T. gratilla; (3) an assessment of the effect of varying nutrient 

concentrations during the growth of aquacultured Ulva on the lipid and fatty acid composition 

of this alga; and (4) the evaluation of the volatile organic compounds produced by aquacultured 

Ulva. A review of the relevant literature on algal chemical ecology and chemical composition 

is included in Chapter 1 to provide insights on topics of importance including chemoattraction 

in marine organisms (i.e. feed attractant, stimulant and deterrent) and volatile compounds from 

seaweeds. Lastly, a review on the status and importance of Ulva in the South African 
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aquaculture industry as well as the added benefits of using this seaweed as a feed-additive 

and/or supplementary feed is also included. 

 

1.2 Status of global aquaculture and seaweed production  

Despite the COVID-19 pandemic, the global aquaculture industry has been thriving and 

recorded a total production of 122.6 million tonnes live weight, estimated to be worth 

USD 281.5 billion in 2020 (FAO, 2022). This production value represented an increase of      

6.7 million tonnes in live weight from the 115.9 million tonnes recorded in 2018 and equated 

to a growth of USD 18.5 billion from 2018 and USD 6.7 billion from 2019 (FAO, 2022). Of 

the 122.6 million tonnes live weight recorded in 2020, 87.5 million tonnes were from 

aquacultured animals estimated to be worth USD 264.8 billion, while the remaining 

35.1 million tonnes were from algae valued at USD 16.5 billion (FAO, 2022). Almost all this 

algal production was seaweeds grown in marine aquaculture. Global aquaculture production in 

2020 was dominated by countries from Asia (91.6%) followed by America (3.6%), Europe 

(2.7%), Africa (1.9%) and Oceania (0.2%; FAO, 2022).  

 

In 2020, the total aquaculture production in Africa was estimated to be 2.35 million tonnes live 

weight, where 78.9% of the production came from inland aquaculture and 21.1% from marine 

and coastal aquaculture (FAO, 2022). Egypt dominated the production on the African continent 

in 2020 with an estimated production of 1.59 million tonnes live weight (67.6%), followed by 

Sub-Saharan African countries (excluding Nigeria) - 0.46 million tonnes live weight (19.6%), 

Nigeria - 0.26 million tonnes live weight (11.1%) and Northern African countries (excluding 

Egypt) - 0.04 million tonnes live weight (1.7%; FAO, 2022). Despite of the abundance of 

natural resources and an increasing need for food security, the contribution of African countries 

to the global aquaculture production in 2020 was still low, estimated at 1.9% of live weight 

(FAO, 2022; Hinrichsen et al. 2022).  

 

The global algae (micro- and macroalgae) production by aquaculture in 2020 was estimated to 

be 35.1 million tonnes live weight (USD 16.5 billion; FAO, 2022). Global algae aquaculture 

was predominated by macroalgae (i.e. seaweeds), with countries from Asia, including China 

and Indonesia, being among the main producers (99.5% of total production; FAO, 2022). In 

2019, farmed seaweeds accounted for an estimated 97.0% of the total 35.8 million tonnes wet 

weight of the total seaweed production (i.e. cultivated and wild-collected; Cai et al. 2021). An 
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estimated 99.1% of farm seaweeds produced in 2019 came from Asia, where seven of the top 

seaweed producing countries by cultivation were located (Cai et al. 2021). Farmed seaweeds 

from the African continent in 2019 accounted for only 0.12 million tonnes wet weight of the 

global farmed seaweed production, an estimated 90.0% of this production coming from 

Tanzania (including Zanzibar) followed by Madagascar (7.5%), South Africa (1.8%) and the 

rest of Africa (0.6%; 3 countries; Cai et al. 2021; Msuya et al. 2022). Globally, the top six most 

cultivated seaweed species were Saccharina japonica (Laminariales; formally Laminaria 

japonica; commonly known as Kombu) [35.5%], Eucheuma spp. (Gigartinales) [23.2%], 

Gracilaria spp. (Gracilariales) [14.8%], Undaria pinnatifida (Laminariales; commonly known 

as Wakame) [8.0%], Neoporphyra and Neopyropia (formally Porphyra spp; Bangiales; 

commonly known as nori) [6.3%] and Kappaphycus alvarezii (Gigartinales) [4.6%] (FAO, 

2022). Most algae produced by aquaculture are directly used for human consumption and as 

non-food applications in nutraceutical, pharmaceutical, cosmetic, feed, biofertilizer, textile and 

biofuel industries (McHugh, 2003; FAO, 2018).  

 

1.3 Marine aquaculture in South Africa 

In South Africa, the aquaculture industry produced a total production of 7085.65 tonnes in 

2019, with mariculture (excluding seaweeds) contributing 5112.79 tonnes (72.2%) and 

freshwater aquaculture contributing 1972.86 tonnes (27.8%; DFFE, 2020). The South African 

aquaculture in 2019 was estimated to be worth ZAR 1217.3 million (USD 64.6 million), with 

mariculture contributing 87.0% of the total value estimated at ZAR 1061.8 million (USD 56.3 

million; DFFE, 2020). Mariculture in South Africa was dominated by abalone production 

valued at ZAR 948.5 million (USD 50.3 million), representing 89.0% of the mariculture value 

and 78.0% of the total South African aquaculture value (DFFE, 2020). However, the industry 

compared to the rest of Africa and the World, remains a relatively small industry with the 

aquaculture industry contributing 0.2% of the country’s GDP (Adeleke et al. 2020; AgriSETA, 

2020).  

 

South Africa’s mariculture industry is the most developed in Africa, with a total of 35 farms 

culturing marine species in 2019 (DFFE, 2020; Adeleke et al. 2020). The main species that 

were commercially farmed include the abalone Haliotis midae (Lepetellida), oyster 

Crassostrea gigas (Ostreida), mussels Mytilus galloprovincialis and Choromytilus 

meridionalis (Mytilida), finfish Argyrosomus japonicus (Eupercaria incertae sedis), rock 
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lobster Panulirus homarus (Decapoda) and seaweeds Ulva sp. (Ulvales) and Gracilaria sp. 

(Gracilariales; DFFE, 2020). The finfish Oncorhynchus mykiss (Salmoniformes) was also 

farmed at a pilot scale (DFFE, 2020). The finfish Rhabdosargus globiceps and Pomadasys 

commersonnii (Eupercaria incertae sedis), sea urchin Tripneustes gratilla (Camarodonta), 

scallop Pecten sulcicostatus (Pectinida) and clam Venerupis corrugata (as V. corrugatus; 

Venerida), were researched at the Department of Forestry, Fisheries and the Environment 

(DFFE) Aquaculture Research Facility in Cape Town, South Africa (DFFE, 2020). 

 

The sea urchin Tripneustes gratilla Linnaeus, 1758 (Phylum: Echinodermata; Class: 

Echinoidea; Order: Camarodonta; Family: Toxopneustidae; Genus: Tripneustes) has been 

identified as a viable species for culture in South Africa (Cyrus et al. 2013). Over the last few 

years, extensive laboratory-based research has been carried out to develop technologies for the 

culture of this sea urchin (e.g. Scholtz et al. 2013; Cyrus et al. 2013, 2015a, b, 2020; Onomu et 

al. 2020; de Vos et al. 2023, 2024). A formulated diet developed by Cyrus et al. (2013) 

containing 200 g.kg-1 dried aquacultured Ulva (25.7% protein) was found to significantly 

increase the gonad somatic indices (GSI) of T. gratilla, compared to organisms fed solely with 

fresh Ulva, as well as produce market quality gonads (roe) in term of size and colouration. The 

inclusion of the dried aquacultured Ulva at 200 g.kg-1 was also shown to improve the 

palatability of dried formulated feeds and act as a feed stimulant that promotes feed 

consumption (Cyrus et al. 2015a). Cyrus et al. (2015b) demonstrated that T. gratilla fed on 

fresh Ulva can attain equivalent somatic growth rates to the formulated feed containing            

200 g.kg-1 dried Ulva in a 20-week somatic growth phase trial. However, the researchers did 

not recommend the use of fresh Ulva only for the full life-cycle of T. gratilla since the gonad 

production was significantly lower than organism fed with the formulated feed containing       

200 g.kg-1 dried Ulva. Cyrus et al. (2015b) subsequently suggested the use of fresh Ulva for 

the somatic growth phase and the formulated feed for the gonad enhancement phase to increase 

gonad growth prior to market, while retaining the marketable properties of the gonad, and 

increase product yield. A farm-based gonad enhancement study on T. gratilla was conducted 

more recently at Wild Coast Abalone farm in Eastern Cape Province of South Africa (Onomu 

et al. 2020). The effects of different fresh seaweeds (U. lacinulata [Bachoo et al. 2023], 

Gracilaria gracilis (Gracilariales) and 1:1 mixture of U. lacinulata and G. gracilis) and a 

formulated feed containing 200 g.kg-1 dried Ulva on the gonad growth (phase 1: 12 weeks) and 

gonad quality (phase 2: 6 weeks) were tested on wild-collected adult T. gratilla (50 – 85 mm 

test diameter). Findings from this study supported the findings from the laboratory-based 
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research of Cyrus et al. (2015b) and revealed that the formulated feed containing 200 g.kg-1 

dried Ulva (25.7% protein) could enhance gonad growth in T. gratilla and produce 

commercially acceptable gonads. 

 

1.4 Integrated Multi-Trophic Aquaculture (IMTA) and Ulva 

aquaculture in South Africa 

Integrated multi-trophic aquaculture (IMTA) is a farming technique that provides a more 

environmentally friendly, economically diverse and socially more acceptable way to produce 

aquatic organisms (Troell et al. 2009; Chopin et al. 2010). This method is aimed at increasing 

the utilization of resources by trophically linking cultured species to improve the use of 

nutrients, reduce environmental impacts and produce additional organisms with commercial 

value (Troell et al. 2009; Chopin et al. 2010, 2012). IMTA is accomplished by merging the 

production of fed aquaculture animals (i.e. fish, abalone or shrimp) with extractive organisms 

(i.e. seaweeds, shellfish or echinoderms), whereby the organic and inorganic waste products 

from the fed animals are used by the extractive species for growth (Chopin et al. 2012; Holdt 

and Edwards, 2014). Integration of extractive species such as seaweeds provides long-term 

sustainability and profitability to farms, whereby the wastes from fed aquaculture can be used 

as fertilizer to grow biomass, which may in turn be marketed or used as feed for secondary 

cultured macroalgivores (Neori et al. 2004; Chopin et al. 2010).  

 

Ulva has been recognized as a model species for bioremediation applications and to sustainably 

produce high biomass in land-based IMTA systems due to their high growth rates as well their 

high nutrient uptake capacity (Robertson-Andersson et al. 2008; Lawton et al. 2013; Al-Hafedh 

et al. 2015; Shpigel et al. 2018a). In South Africa, Ulva is produced on abalone farms growing 

Haliotis midae (Lepetellida; Bolton et al. 2009). The annual production of this alga is reported 

to be around 2000 tonnes (wet or fresh weight) annually, where most of the Ulva is cultured in 

abalone wastewater (Bolton et al. 2016; Neveux et al. 2018). Recently, the production of Ulva 

on the abalone farms was estimated to be around 2300 tonnes per annum (pers. comm. Emeritus 

Professor John J. Bolton). Since 2002, Ulva has been cultivated at a commercial scale in large 

D-ended paddle-raceways (ca. 30 m long, 0.5-1 m deep; Bolton et al. 2009; Neveux et al. 2018; 

Rothman et al. 2020). This IMTA grown crop is not sold but is mainly used as abalone feed 

(i.e. either fresh or dried – incorporated in formulated feed) and for bioremediation of abalone 

wastewater (Bolton et al.  2013, 2016; DFFE, 2016). Currently, there are five abalone farms 
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that are commercially cultivating Ulva, namely: Abagold Abalone Farm, Irvin & Johnson Cape 

Abalone, Diamond Coast Aquaculture Farm, Buffeljags Abalone Farm located in the Western 

Cape province and Wild Coast Abalone Farm Abalone located in the Eastern Cape province of 

South Africa. A few other farms are also growing Ulva in small quantities as a feed supplement 

(Bolton et al. 2013). 

 

1.5 Ulva in aquafeed 

Species from the genus Ulva have emerged as potential ingredients for aquafeeds due to their 

high protein contents as well as their high rate of biomass production in land-based and IMTA 

systems (Robertson-Andersson et al. 2011; Cyrus et al. 2013, 2015a, b; Silva et al. 2015; Mata 

et al. 2016; Shpigel et al. 2017, 2018a, b; Fleurence et al. 2018; Gadberry et al. 2018). Ulva 

biomass grown in aquaculture effluent can have higher protein content than materials collected 

from wild (up to 40% crude protein) and can have similar amino acid profiles to animal and 

other plant protein (Robertson-Andersson et al. 2011; Fleurence et al. 2012; Shuuluka et al. 

2013; Angell et al. 2015, 2017; Bolton et al. 2016; Shpigel et al. 2018a, b). Member of this 

genus have also been reported to be an important source of soluble fibers, beneficial omega-3 

fatty acids (ω-3), bioactive polar lipids, vitamins and trace elements, making them useful as 

functional feed ingredients in aquafeeds (Ortiz et al. 2006; García-Casal et al. 2007; Mata et 

al. 2016; Neto et al. 2018; Lopes et al. 2019; Moreira et al. 2020).  

 

Inclusion of Ulva at low levels (up to 20%) in formulated feeds has been promising for several 

aquacultured species (e.g. Valente et al. 2006; Cyrus et al. 2013, 2015a, b; Silva et al. 2015; 

Shpigel et al. 2017; Madibana et al. 2017; Qiu et al. 2018; Yangthong and Ruensirikul, 2020).  

Dietary inclusion of Ulva at low levels (5 – 10%) into the practical feed of several marine and 

freshwater finfish including Argyrosomus japonicus (Eupercaria incertae sedis), Dicentrarchus 

labrax (Eupercaria incertae sedis), Oreochromis niloticus (Cichliformes) and Oncorhynchus 

mykiss (Salmoniformes), have been tested with no adverse effects, and can induce positive 

effects on growth, efficiency of the feed, nutrient utilization and overall body composition 

(Ergün et al. 2009; Güroy et al. 2013; Wassef et al. 2013; Silva et al. 2015; Valente et al. 2016; 

Madibana et al. 2017). Shpigel et al. (2018b) demonstrated that fresh IMTA-framed Ulva can 

be used as the only food source for somatic and gonadal growth in the sea urchin Tripneustes 

gratilla elatensis (Camarodonta) compared to the red seaweed Gracilaria conferta 

(Gracilariales) and the formulated diets containing 10 % dried Ulva. Supplementation of the 
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diet of the juvenile abalone Haliotis asinina (Lepetellida) with protein-enriched Ulva can 

partially replace the use of fish and soybean meals in formulated feed (Santizo-Taan et al. 

2020). Shpigel et al. (2017) demonstrated that the 100% substitution of fishmeal from the 

aquafeed of the juvenile finfish Sparus aurata (Eupercaria incertae sedis) with a feed 

containing 291 g.kg−1 of poultry meal and 146 g.kg−1 of IMTA-grown Ulva could produce 

similar specific growth rates, food conversion ratio and survival to fish fed with commercial 

aquafeed. Laramore et al. (2018) reported that replacement of the commercial feed of the 

shrimp Penaeus vannamei (as Litopenaeus vannamei; Decapoda) up to 25 % with fresh IMTA 

U. lactuca may be feasible without affecting production.  

 

The use of Ulva as feed additive has also shown to enhance the colouration of cultured shrimp 

and sea urchin gonads, which is key to the product, mainly due to the β-carotene found in Ulva 

(e.g. Cruz-Suarez et al. 2010; Cyrus et al. 2013, 2015b; Shpigel et al. 2018b). Supplementation 

of the diet of juvenile finfish Seriola lalandi (as Seriola dorsalis; Carangiformes) with Ulva 

can produce muscle tissue with higher content of desirable omega-3 long-chain 

polyunsaturated fatty acids (ω-3 PUFAs; e.g. Legarda et al. 2021). Dietary supplementation 

with the Ulva-derived polysaccharide ulvan at 5 g.kg-1 has been shown to promote growth, 

enhance immune-related genes and increase immune responses against a pathogenic   

bacterium in shrimp (Klongklaew et al. 2021). Aquafeed supplemented with a water-soluble 

polysaccharide extract of Ulva at 10 mg.kg-1 has been found to improve growth and antioxidant 

activity of juvenile finfish, as well as increase immune responses of the host following a 

challenge with the pathogenic bacteria Photobacterium damselae (Vibrionales; Akbary and 

Aminikhoei, 2018). Brand (2023) demonstrated that the abalone H. midae fed a diet of fresh 

U. lacinulata grown in abalone effluent had a higher bacterial clearance efficiency, compared 

with abalone fed a formulated diet, following experimental challenge with a known dose of the 

bacterium Listonella anguillara (as Vibrio anguillarum; Vibrionales). Supplementation of H. 

midae’s diet with fresh and dried IMTA U. lacinulata has been shown to have a positive 

modulatory effect on the gut microbiome of the organisms (Macey et al. 2022). Inclusion of 

dried aquacultured Ulva at 200 g.kg-1 in aquafeed of the sea urchin T. gratilla increases the 

feed attractability and can act as a feed stimulant, therefore increasing acceptability of the feed, 

promoting feed consumption and protein digestibility (Cyrus et al. 2015a). 
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1.6 Taxonomy of aquacultured Ulva in South Africa 

Ulva (Phylum: Chlorophyta, Class: Ulvophyceae, Order: Ulvales, Family: Ulvaceae) is a genus 

of green algae that was first described by Linnaeus in 1753 (Hayden et al. 2003). Species of 

this genus show a certain degree of phenotypic plasticity that is greatly controlled by seasons, 

environmental factors and age of the thallus, thus making them extremely difficult to identify 

by morphological features (Tanner, 1986; Malta et al. 1999; Loughnane et al. 2008; Hofmann 

et al. 2010). This genus also contains cryptic species that further complicates identification 

simply based on morphology (Hofmann et al. 2010; Kraft et al. 2010). Molecular sequencing 

has revolutionized the taxonomy of Ulva where molecular evidence has showed that specimens 

with tubular forms “Enteromorpha” and species with bladelike forms “Ulva”, are molecularly 

polyphyletic and both genera were merged into a single genus, Ulva (Hayden et al. 2003).  

 

For the last two decades, there has been an increasing body of research using molecular markers 

to identify and classify species from this genus (e.g. Hayden and Waaland 2004; Loughnane et 

al. 2008; Heesch et al. 2009; Kraft et al. 2010; Wolf et al. 2012; Kazi et al. 2016; Kang et al. 

2019; Hughey et al. 2019; Bachoo et al. 2023). However, no real agreement has been reached 

on the species-level taxonomy of Ulva (Bolton 2020). The ‘Ulva lactuca’ name that is 

commonly used in literature, particularly in aquaculture, is widely misannotated (O’Kelly et 

al. 2010; Bolton et al. 2016; Bolton, 2020; Fort et al. 2022). Recently, the Linnaean specimen 

of U. lactuca Linnaeus, on which the species is established, was shown to be U. fasciata Delile 

(Hughey et al. 2019; Bolton, 2020). Almost all the aquaculture literature reporting the culture 

of foliose species under the name U. lactuca, collected unattached in sheltered bays or 

estuaries, may in fact be an assortment of other Ulva species (Bolton et al. 2016; Bolton, 2020). 

With the increasing importance of Ulva in aquaculture, a logical and genetically based 

approach should be adopted to correctly identify species and strains from this genus (Bolton et 

al. 2016; Bolton, 2020). Proper identification will not only provide farmers with the proper 

information on the right conditions to grow specific species and strains, but will also enable 

farmers to select species and strains with desirable characteristics.  

 

Recently, both morphoanatomical and molecular methods (using the biomarkers: Ribulose-1,5-

bisphosphate carboxylase/oxygenase [rbcL], Internal Transcribed Spacer [ITS] and elongation 

factor [tufA]) were used to characterize Ulva cultured from five South African abalone farms 

(Bachoo et al. 2023). The research showed that the identification of farmed specimens based 
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on morpho-anatomical features and literature descriptions suggested specimens collected from 

the abalone farms were composed of U. rigida and U. lactuca (Bachoo et al. 2023). Using 

molecular makers, Ulva specimens from the five main abalone farms cultivating Ulva were 

found to be from the same molecular species which was identified as U. lacinulata (Bachoo et 

al. 2023). 

 

1.7 Chemoattraction 

Aquatic organisms utilize dissolved chemical cues from other organisms to find and select 

food, mates and identify potential dangers (Kamio and Derby, 2017; Kamio et al. 2022). These 

specific chemicals are discovered regardless of the chemical complexity of the aquatic 

environments (Lee and Meyers, 1996). Feeding is usually achieved through a series of 

behavioural responses where each phase may be either a connected or separated event, 

governed by a set of physical and chemical conditions (Lindstedt, 1971).  

 

‘Chemoattraction’ is attributed to the series of behavioural responses that an organism 

undergoes in the presence of chemical stimuli, which may eventually result in feeding (Lee and 

Meyers, 1996). A hierarchical feeding model was presented by Lindstedt (1971), describing 

the different behavioural responses that may occur in the presence of chemical stimuli. This 

model was adopted and further elaborated upon by Lee and Meyers (1996) to apply to 

crustaceans (Figure 1.1). According to Lee and Meyers (1996), an organism’s response in the 

presence of chemical stimuli can be separated into five different stages: (1) “detection” 

[excitant]; (2) “orientation” [attractant, arrestant or repellent]; (3) “locomotion” [attractant or 

repellent]; (4) “initiation” [suppressant or incitant]; and (5) “continuation or termination” 

[stimulant or deterrent] of the feeding process. However, whatever the ecological role of the 

chemical stimuli, they have to be delivered at the right concentrations so that the recipients can 

recognize them and respond accordingly (Mollo et al. 2017). Compounds that stimulate the 

olfactory system (attractants, arrestants and repellents) are detectable from a distance at low 

amounts following a gradient of concentration through the water column, while compounds 

that influence taste and gustation (incitants, suppressants, stimulants and deterrents) are 

perceivable at extremely high concentrations depending on physicochemical characteristics of 

the molecules upon contact (Lee and Meyers, 1996; Mollo et al. 2017). From a distance a 

chemical compound may act as an attractant, but as a deterrent upon contact (Lindstedt, 1971; 

Lee and Meyers, 1996).  
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Figure 1.1: Classification of an organism’s feeding behaviour in the presence of chemical stimuli. 

(Adapted from Lee and Meyers, 1996). 
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Electrophysiology and behavioural assays are the two most common methods that have been 

used to study chemoattraction in aquatic organisms (e.g. Derby and Ache, 1984; Hay et al. 

1986; Voigt and Atema, 1992; Sola et al. 1993; Kidawa, 2005a; Fields et al. 2007). In some 

cases, a combination of both methods have been employed (e.g. Zimmer-Faust et al. 1988; 

Barlow, 1990; Kidawa, 2005b). Past studies using the electrophysiological method(s) has 

allowed researchers to study chemoreception in animals ranging from single olfactory neurons 

to whole organs (e.g. Laverack, 1963; Holland, 1978; Restrepo and Boyle, 1991). In contrast, 

behavioural assays have been employed to evaluate behavioural changes, such as increase of 

antennule flicking in lobsters (e.g. Devine and Atema, 1982), movements of spines, 

pedicellariae and tube feet in sea urchins (e.g. Solari et al. 2021; Addis et al. 2023), and 

chemically regulated odour search (chemotaxis) in fish (e.g. Baker et al. 2002), in the presence 

of various chemical stimuli. Studies on chemoattraction in marine organisms to date have 

mostly been focused on natural food components (i.e. extracts or whole dried components), 

singles or mixtures of artificial compounds (Klinger and Lawrence, 1984; Kidawa, 2005a; 

Erickson et al. 2006; Lyons and Scheibling, 2007; Luis and Gago, 2021; Solari et al. 2021; 

Addis et al. 2023).  

 

1.7.1. Chemoattractants from seaweeds 

Feed attractants are chemical compounds that make an organism to orient towards and move 

in the direction of the source (i.e. food; Lee and Meyers, 1996; Lawrence et al. 2013). These 

compounds belong to a group of low molecular weight and water/ethanol soluble compounds 

that are released from potential prey elements (Williams, 2007; Tantikitti, 2014). Chemical 

compounds such as amino acids and organic compounds including nucleotides, nucleosides, 

organic acids and quaternary ammonium bases derived from animal-based products, have been 

reported to elicit feeding behaviour responses in aquatic organisms (Hara, 1994a; Takaoka et 

al. 1995; Carr et al. 1996; Rolen et al. 2003; Velez et al. 2007; Sheybani et al. 2009; Lim et al. 

2016). 

 

Until now, specialized literature on chemical cues and compounds from seaweeds that marine 

herbivores use as a guide to search for food are still limited. Very few compounds of algal 

origin have been documented in the literature that may act as feed attractants for marine species 

(e.g. Van Alstyne et al. 2001; Rasher et al. 2015). Ulva is known to contain high amounts of 

sulfur-derived compound dimethylsulfoniopropionate (DMSP; up to 6977 μg.g-1 fresh Ulva; 
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Smit et al. 2007). This compound has been reported to act as a feed attractant for the sea urchins 

Strongylocentrotus purpuratus and S. droebachiensis (Camarodonta; Van Alstyne et al. 2001). 

Past studies have documented distance attraction in marine organisms, such as sea urchins in 

laboratory-based trials, to the direction of seawater flowing over seaweeds (e.g. Vadas, 1977; 

Kupfermann and Carew, 1974; Garnick 1978; Mann et al. 1984; Scheibling and Hamm, 1991). 

Marine grazers, such as sea urchins have also been reported to exhibit hierarchical preferences 

when offered a choice of seaweeds, where some are strongly preferred over others (e.g. Prince 

and LeBlanc, 1992; Tuya et al. 2001; Dworjanyn et al. 2007; Angell et al. 2012; Seymour et 

al. 2013; Cyrus et al. 2015a; Yang et al. 2021; Addis et al. 2023). Several studies have shown 

the attractiveness of incorporating seaweed and seaweed derived extract(s) in formulated feeds 

of marine grazers (e.g. Dworjanyn et al. 2007; Cyrus et al. 2015a; Shpigel et al. 2017; Yu et al. 

2023). Few analytical studies have however demonstrated the preferences of marine herbivores 

to certain types of seaweed extracts (e.g. Amsler et al. 1998; Schnitzler et al. 2001; Erickson et 

al. 2006; Bianco et al. 2010; Spiers et al. 2021). Erickson et al. (2006) reported that the sea 

urchin Echinometra lucunter (Camarodonta) showed preference to 1:1 ethanol:water extract 

(polar) over 1:1 ethyl acetate:methanol extract (non-polar) of the green seaweed Ulva lactuca. 

The researchers found that the consumption rates of the urchins were three times higher for 

artificial feed containing polar extract compared to control feed containing no extract and feed 

with non-polar extract. Preferences to certain types of seaweeds have occasionally been 

assigned to factors such as presence of an attractant and/or absence of a deterrent and the overall 

physical properties of the feed (Mann et al. 1984; Pelletreau and Muller-Parker, 2002; Chang 

et al. 2005; Wessels et al. 2006; Dworjanyn et al. 2007; Lyons and Scheibling, 2007). 

 

1.7.2. Feed stimulants from seaweeds 

Feeding stimulants are chemical compounds that encourage an organism to continue feeding 

once feeding process has been initiated (Linstedt, 1971; Lee and Meyers, 1996). Unlike feed 

attractants, these compounds are detected after direct contact between the animal’s 

chemoreceptors and the food source has occurred but, in some cases, they can also be 

waterborne (Lindstedt, 1971; Lee and Meyers, 1996). Several human food-related organic 

chemicals, including sugars, amino acids and fatty acids, have been perceived as feed 

stimulants for a number of marine organisms (Fuke et al. 1981; Klinger and Lawrence, 1984; 

Carr et al. 1996; Solari et al. 2021; Luis and Gago, 2021).  
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Lipids from seaweeds are mainly made-up of polar lipids including glycolipids, betaine lipids 

and phospholipids, and non-polar glycerolipids (neutral lipids), with fatty acids making up 

most of the total lipid content (up to 50%; Mišurcová et al. 2011; Gosch et al. 2012; Kumari et 

al. 2013; da Costa et al. 2017). Several polar lipids such as monogalactosyldiacylglycerol 

(MGDG), digalactosyldiacylglycerol (DGDG), 6-sulfoquinovosyldiacylglycerol (SQDG), 

phosphatidylcholine, 1-monoacylglyceryl-4'-O-(N,N,N-trimethyl)-homoserine (MGTS; 

reported as MGTH), and 1,2-diacylglyceryl-4'-O-(N, N, N-trimethyl)-homoserine (DGTS; 

reported as DGTH), have been identified from seaweeds that may act as feed stimulants 

towards a few marine herbivores (e.g. Sakata and Ina; 1985; Sakata et al. 1985, 1988, 1989). 

A few studies have also demonstrated the stimulatory effects of seaweed incorporation in the 

formulated feeds of several marine organisms (e.g. Dworjanyn et al. 2007; Xia et al. 2012; 

Cyrus et al. 2015a; Sánchez et al. 2016). Inclusion of seaweed in these formulated feeds have 

been reported to increase the palatability and acceptability of the artificials diets as well as 

enhance feed intake and in turn, increase protein and energy intake (Dworjanyn et al. 2007; 

Cyrus et al. 2015a). 

 

1.7.3. Feed deterrents from seaweeds 

Deterrents are classified as chemical compounds that inhibit the continuation or hasten 

termination of the feeding process (Linstedt, 1971). These chemicals are detected upon the 

contact of an organism’s chemoreceptors with the food source during gustation or tasting (Lee 

and Meyers, 1996). Unlike feed attractants and stimulants, feed deterrents from seaweeds have 

been well documented in the literature. In seaweeds, the lipophilic extracts (non-polar) have 

often been shown to be the major source of compounds associated with the chemical defences 

of the plants against grazers (e.g. Steinberg and van Altena, 1992; Cronin and Hay, 1996; 

Pelletreau and Muller-Parker, 2002; Barbosa et al. 2004; Ishii et al. 2004). However, in a few 

cases, polar extracts of seaweeds have also been reported to contain compounds that may have 

anti-grazing characteristic (e.g. Deal et al. 2003; Kubanek et al. 2004; Van Alstyne et al. 2006).  

 

Secondary metabolites such as phenolics, terpenes, organic acids and organosulfur compounds 

have been documented from a number of seaweeds that can affect their palatability and act as 

deterrents (e.g. Steinberg and van Altena, 1992; Pelletreau and Muller-Parker, 2002; Van 

Alstyne and Houser, 2003; Barbosa et al. 2004; Bianco et al. 2010; Sudatti et al. 2018; Pereira 

et al. 2020). Dimethylsulfide (DMS) and acrylic acid produced from the cleavage of 
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dimethylsulfoniopropionate (DMSP) in seaweed such as Ulva have been reported to function 

as potent feeding deterrents against the sea urchin S. droebachiensis and S. purpuratus (Van 

Alstyne et al. 2001; Van Alstyne and Houser 2003). Erickson et al. (2006) reported that the 

green macroalgae U. lactuca and C. prolifera were unpalatable to the sea urchin E. lucunter in 

feeding assays. The researchers reported that the polar extracts from U. lactuca and C. prolifera 

stimulated feeding in the urchins while the non-polar extract of U. lactuca deterred feeding. 

Several investigations have also shown that some compounds present in seaweeds can be 

deterrents to some grazers, but have no effects on, or at certain concentrations can stimulate 

the feeding response, in others (e.g. Duffy and Hay, 1994; Cronin and Hay, 1996; Hay et al. 

1998; Barbosa et al. 2004). A natural food (i.e. seaweed) can contain feed stimulants as well 

as deterrents, thus making it unpalatable (Erickson et al 2006; Lawrence et al. 2013).  

 

1.8 Volatile organic compounds (VOCs) from seaweeds 

Marine organisms, such as seaweeds, produce an assortment of volatile organic compounds 

(VOCs) through several biological pathways (Fujimura et al. 1990; Akakabe et al. 2003; 

Garcia-Jimenez et al. 2013; Ferraces-Casais et al. 2013; de Alencar et al. 2017). These chemical 

compounds of high vapour pressure and low to moderate water solubility are released in the 

water column as metabolic wastes (de Alencar et al. 2017; Garicano Vilar et al. 2020). VOCs 

are known to act as infochemicals and play vital roles in shaping biotic interactions and 

regulating key ecological processes (Saha and Fink, 2022). VOCs produced by seaweed have 

been reported to be used as a defence system (e.g. Van Alstyne et al. 2001; Van Alstyne and 

Houser 2003; Wiesemeier et al. 2007; Lyons et al. 2007), pheromones (e.g. Pohnert and 

Boland, 2002) and feeding cues (e.g. Fink et al. 2006; Akakabe and Kajiwara, 2008). Chemical 

including sulphonated and halogenated compounds, terpenes, hydrocarbons, phenols, alcohols, 

aldehydes, ketones, fatty acids and esters, are distributed among the seaweeds (de Alencar et 

al. 2017; López-Pérez et al. 2017; Maruti et al. 2018; Keng et al. 2020). Several VOCs have 

strong odour or aroma and can be attributed to flavours of food (Ferraces-Casais et al. 2013; 

Urlass et al. 2023). However, the levels of VOCs may strongly be related to the physiological 

state of the seaweed species (Gressler et al. 2009; de Alencar et al. 2017). In Ulva, aldehydes 

have been reported to be the main group of VOCs (e.g. Fujimura et al. 1990; Kajiwara et al. 

1992; Roussis et al. 2000; López-Pérez et al. 2017).  
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1.9 Aims of this study 

In South Africa, the production of the green seaweed Ulva as an integral component of the 

abalone aquaculture industry has proven to be commercially viable. In addition to the benefits 

that it provides to the abalone industry, our knowledge of the chemistry and chemical 

compounds of this seaweed and how they may influence animal behaviour, such as feeding, is 

still lacking. Up to now, our understanding of how aquacultured Ulva affects the feeding of 

high value macroalgivores such as the sea urchin T. gratilla has only received cursory 

investigation (e.g. Cyrus et al. 2015a). Identification of compounds from this alga that may be 

incorporated in aquafeeds to promote consumption could be beneficial for the aquaculture 

industry. 

 

The overall aims of this study are to identify the fractions or compounds from aquacultured 

Ulva responsible for the attractant activity towards the sea urchin T. gratilla (Chapter 2); to 

investigate the minimum effective concentrations (MECs) at which the Ulva fractions trigger 

the feed stimulatory response of T. gratilla as well as to evaluate the stimulatory effects Ulva 

fractions against crude Ulva extract, fresh and dry Ulva in a comparison study on T. gratilla 

(Chapter 3); to assess the effect of varying nutrient concentration during the growth of Ulva on 

the lipid and fatty acid composition of this seaweed (Chapter 4); and to evaluate the volatile 

organic compounds produced by aquacultured Ulva (Chapter 5). 

 

Chapter 2 aimed to test the hypothesis of whether aquacultured Ulva possesses fractions or 

chemical compounds with attractant or feeding stimulant properties. Using a multidisciplinary 

approach of behavioural biology and analytical chemistry techniques, fractions prepared from 

the crude extract of aquacultured Ulva were evaluated on the sea urchin T. gratilla in trials for 

attractant activity, and compounds or chemical classes in stimulant fractions identified.  

 

In Chapter 3, stimulatory fractions identified from Chapter 2 were evaluated on T. gratilla in 

trials to determine the minimum effective concentrations (MECs) required to trigger the 

urchins’ stimulatory response. Chapter 3 also investigated the effectiveness of the stimulatory 

Ulva fractions against crude extract, fresh and dried aquacultured Ulva on T. gratilla in a 

comparison test at equal concentration, to determine whether it would be advantageous to use 

Ulva fractions as a stimulant in artificial feeds over crude, fresh or dried aquacultured Ulva.  
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Chapter 4 aimed to investigate the effects of nutrient variation in the Ulva culture system on 

total lipid content, lipid classes and fatty acid profile of aquaculture Ulva. Using an 

experimental system, Ulva was grown at different nutrient concentrations mimicking the 

fertilization regime used on a commercial abalone farm. Through the application of Nuclear 

Magnetic Resonance spectroscopy (NMR), the analytical technique of gas chromatography 

coupled with mass spectrometry (GC-MS) and quantitative metabolomic approaches using 

multivariate statistics, the effects of nutrient variation on the total lipid, lipid classes and fatty 

acid profiles of this seaweed were evaluated. This chapter was aimed to provide insight on the 

variability of the lipid and fatty acid content of aquacultured Ulva under varying nutrient 

concentrations as well as to aid in selecting the appropriate fertilization regime to increase 

specific lipid classes.  

 

Chapter 5 aimed to evaluate, identify and quantify the VOCs produced by aquacultured Ulva 

by analyzing its solvent extract, essential oil and headspace extract using GC-MS, and provide 

information about the main types and groups of volatile compounds associated with this 

seaweed that may potentially be linked with its chemosensory properties. 

 

 

 

 

 



 

 

 

 

 

 

 

CHAPTER 2 

Feed stimulants from the green alga Ulva 

lacinulata for the sea urchin Tripneustes gratilla 

in aquaculture. 
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2.1 Abstract 

Like most echinoderms, sea urchins are slow moving organisms that rely on chemical cues to 

find potential food items. Under laboratory conditions, the local urchin Tripneustes gratilla has 

demonstrated hierarchical feeding preference to the sea lettuce, Ulva lacinulata over other 

seaweed species. Inclusion of this alga in the diet of this urchin has shown that it could act as 

a feed attractant. However, T. gratilla’s responses to this seaweed have so far only identified 

certain Ulva extracts that may attract this urchin in preliminary chemosensory trials, while the 

chemical compounds responsible for these responses remain unknown. The current study 

investigated the attractiveness and stimulatory effects of aquacultured U. lacinulata fractions 

on the feeding preferences of T. gratilla with the main aim of identifying the fractions or 

compounds responsible for the attractant activity. Crude Ulva extract, obtained from solvent 

extraction (dichloromethane - methanol), was fractionated to produce nine fractions (F1 → F9), 

with increasing polarity and solubility. The attractiveness and stimulatory effects of the 

fractions were tested on a total of 120 individual urchins in chemosensory trials. Outcomes 

from the trials indicated that 116 out of 120 urchins showed touch preferences to the nine 

fractions and the control with polar fractions F8 and F9 being the most effective at attracting 

T. gratilla. A total of 77 out of the 116 urchins showed grazing preferences for the different 

Ulva fractions with F8 and F9 stimulating the most urchins to feed. Predicted probability of 

occurrence ranking for Ulva fractions to attract an urchin was F8 > F9 > F5 ≥ F6 > F4 > F7 > 

F3 > F2 ≥ F1, while the predicted probability of occurrence for Ulva fractions to stimulate an 

urchin to feed in a single trial was F9 > F8 > F5 ≥ F6 > F4 ≥ F7 > F3 > F2 > F1. Further 

investigation of stimulatory fractions revealed the presence of compound lipids, with 

monogalactosyldiacylglycerol (MGDG) in F8 and a mixture of compounds including 

diacylglyceryl-N,N,N-trimethyl-homoserine (DGTS), digalactosyldiacylglycerol (DGDG), 

dialkylglycerophosphate (PA), lysophospholipid (LPG) and sulfoquinovosylmonoacylglycerol 

(SQMG) in F9, that can act as feed stimulants for the urchin. Results here provide clear 

evidence that certain Ulva fractions were effective at attracting and stimulating the urchin         

T. gratilla to feed. Glycerolipids and phospholipids identified in this study concur with other 

studies where similar compounds or groups of compounds have been identified that may act as 

feed stimulants for marine herbivores. 
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2.2 Introduction 

Green seaweeds from the genus Ulva Linnaeus (Phylum: Chlorophyta; Class: Ulvophyceae; 

Order: Ulvales) occur in several habitats from exposed rocky shores to sheltered bays, estuaries 

and in some freshwater environments, either attached to solid substrate or free floating (Hayden 

and Waaland, 2004; Miladi et al. 2018). With more than 100 species currently taxonomically 

accepted, the cosmopolitan shallow marine distribution of this genus is attributed to its ability 

to withstand a wide range of climatic and ecological conditions thus making them ideal 

candidates for cultivation (Lotze and Worm, 2002; Sousa et al. 2007; Heesch et al. 2009; 

Bolton et al. 2016; Shpigel et al. 2017; Guiry and Guiry, 2023). Ulva (‘sea lettuce’) has an 

extensive history of being used as a human food product particularly as ‘aonori’ in Japan, and 

it has already been used as a food condiment in several countries such as China, South Korea, 

Philippines, Indonesia, British Isles, and Hawaii (Nisizawa et al. 1987; Kim et al. 2011). 

Currently, there is a European Cooperation in Science and Technology (COST) programme 

running called "SeaWheat" “(CA20106 – TOMORROW'S 'WHEAT OF THE SEA': ULVA, 

A MODEL FOR AN INNOVATIVE MARICULTURE)”, with the main aim of developing 

Ulva-based blue-biotech industries and using Ulva as a model species in European seaweed 

culture (COST, 2022; Buck and Shpigel, 2023).  

 

A few Ulva species has been recognized as ideal candidates for bioremediation applications 

and to sustainably produce high biomass in land-based integrated multi-tropic aquaculture 

systems (IMTA) due to their high growth rates as well as high nutrient uptake capacity 

(Robertson-Andersson et al. 2008; Lawton et al. 2013; Al-Hafedh et al. 2015; Shpigel et al. 

2018a). Effluent-grown Ulva has been demonstrated to have higher protein content than ones 

in nature (up to 40% crude protein) and can have similar amino acid profiles to animal and 

other plant protein (Robertson-Andersson et al. 2011; Fleurence et al. 2012; Shuuluka et al. 

2013; Angell et al. 2015, 2017; Bolton et al. 2016; Shpigel et al. 2018a, b). Members from this 

genus have been reported to be a valuable source of soluble fibers, bioactive polar lipids, 

beneficial omega-3 fatty acids (ω-3), vitamins and trace elements (Ortiz et al. 2006; García-

Casal et al. 2007; Mata et al. 2016; Neto et al. 2018; Lopes et al. 2019; Moreira et al. 2020). 

Aquacultured Ulva can be a suitable alternative for animal-based feed additives and as 

supplementary feed for high commercial value macroalgivores (Mulvaney et al. 2013; Cyrus 

et al. 2013, 2015a, b; Laramore et al. 2018; Elizondo-González et al. 2018; Shpigel et al. 2017, 

2018b). Dietary inclusion of IMTA grown Ulva at low levels (5 - 10%) in the practical feed of 
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fresh and marine finfish has been tested without any adverse effects on growth, feed utilization, 

nutrient retention, body composition, and organoleptic properties of the muscle tissue (Marinho 

et al. 2013; Silva et al. 2015; Valente et al. 2016; Madibana et al. 2017). In South Africa, several 

large-scale commercial abalone farms are practicing IMTA by growing the abalone Haliotis 

midae (Lepetellida) in land-based raceways interconnected to Ulva paddle raceways, where the 

Ulva is grown using abalone effluent, with an annual production of this seaweed estimated to 

be around 2000 tonnes fresh weight (Bolton et al. 2009, 2016; Neveux et al. 2018; Rothman et 

al. 2020).  

 

Aquatic animals utilize water-borne chemical cues emitted by other organisms to find and 

select food, mates and to avoid predation (Kamio and Derby, 2017; Kamio et al. 2022). These 

infochemicals are recognized despite of the diversity of dissolved chemicals found in the 

aquatic ecosystems (Lee and Meyers, 1996). Like most echinoderms, sea urchins are slow-

moving marine invertebrates that depend on chemical cues to initiate appropriate behavioral 

responses including escaping predators or damaged conspecifics, induction of settlement and 

metamorphosis, habitat selections and localization of potential food items and conspecific 

individuals (Mann et al. 1984; Burdett-Coutts and Metaxas, 2004; Swanson et al. 2004; 

Williamson et al. 2004; Morishita and Barreto, 2011; Kintzing and Butler, 2014; Pagès et al. 

2021; Solari et al. 2021). Studies have shown that sea urchins can detect alarm cues from 

crushed individuals and nearby predators by moving away from the direction of the source 

(Mann et al. 1984; Parker and Shulman, 1986; Morishita and Barreto, 2011). In contrast, 

several researchers have also documented distance attraction in sea urchins to the direction of 

water flowing over seaweeds (Vadas, 1977; Garnick 1978; Mann et al. 1984; Scheibling and 

Hamm, 1991). Increases in spines and tube feet activities have been reported in sea urchins in 

the presence of chemical stimuli with occasional fully coordinated locomotion towards the 

source of the stimuli (Luis and Gago, 2021; Solari et al. 2021).  

 

Olfaction and gustation are regarded as the main chemosensory systems for the detection and 

identification of chemical signals in aquatic organisms (Hara, 1994b; Derby and Sorensen, 

2008). For food perceptions, compounds such as attractants, repellents and arrestants that 

stimulate the olfactory system are typically detected from a distance while chemicals such as 

incitants, suppressants, stimulants and deterrents influencing taste and gustation function upon 

direct contact with the chemoreceptors (Lee and Meyers 1996; Lindstedt 1971). However, 
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whatever the ecological role of the chemical signals, they must be delivered at the right 

concentrations so that the recipients can recognize them and respond accordingly (Mollo et al. 

2017). Compounds that stimulate the olfactory system of marine organisms are detectable at 

low amounts following a gradient of concentration through the water column, while 

compounds that influence taste or gustation are perceivable at extremely high concentrations 

depending on physicochemical characteristics of the molecules upon contact (Lee and Meyers 

1996; Mollo et al. 2017). 

 

Under laboratory conditions, several studies have successfully demonstrated sea urchin 

preferences for palatable seaweeds (Hay et al. 1986; Prince and LeBlanc, 1992; Dworjanyn et 

al. 2007; Stimson et al. 2007; Cyrus et al. 2015a; Yang et al. 2021). A few analytical studies 

have also reported the preferences of sea urchins to certain types of seaweed extracts (Bolser 

and Hay, 1996; Erickson et al. 2006). However, sea urchin responses to algal stimulation      

have so far only allowed the identification of a few compounds, namely the                    

glycolipids monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), 

sulfoquinovosyldiacylglycerol (SQDG) and phospholipid phosphatidylcholine, that can act as 

feed stimulants (Sakata et al. 1989). For local aquacultured Ulva, it has been reported that the 

inclusion of this seaweed in the diet of the sea urchin Tripneustes gratilla (Camarodonta) could 

act as a feed attractant (Cyrus et al. 2015a). It was demonstrated that the urchins were attracted 

to formulated feed containing 200 g.kg-1 dried Ulva compared to feed containing no Ulva. The 

researchers also observed that the urchins could not differentiate between a blank seawater 

treatment and formulated feed containing no Ulva and suggested that the urchins responded to 

the chemosensory properties of the alga in the feed rather than its structural or morphological 

properties.  

 

Research studies on the aquacultured Ulva in South Africa are mostly limited to data on the 

growth rate, nutrient uptake, bioremediation capacity, economic analysis, quantification of 

nutritional content as feed and its effect on the physiology of animals, while little research has 

been done on its chemistry with none focusing on the chemical compounds that may act as feed 

attractants or stimulants (Robertson-Anderson et al. 2008, 2011; Bolton et al. 2009; Shuuluka 

et al. 2013; Cyrus et al. 2013, 2015a, b; Madibana et al. 2017; Onomu et al. 2020). Therefore, 

the aim of the current study was to identify the fractions or compounds in aquacultured Ulva 

responsible for the attractant activity towards urchins. The main objectives were: 1) evaluate 
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the attractant activity of Ulva fractions on the sea urchin T. gratilla; and 2) identify the 

compounds or chemical classes in the stimulant fractions.   

 

2.3 Material and Methods 

2.3.1. Chemicals 

All solvents used in this study were of chromatography grade (LiChrosolv®). Methanol             

(≥ 99.9%; MeOH), dichloromethane (≥ 99.8%; CH2Cl2), hexane (≥ 97.0%; hex), ethyl acetate 

(≥ 99.8%; EtOAc), acetonitrile (≥ 99.9 %; ACN), ammonium formate ( ≥99.0%), formic acid 

(97.5 – 98.5%), deuterated chloroform-d (≥ 99.8% atom; CDCl3), methanol-d4 (≥ 99.8% atom; 

CD3OD), silica gel 60 (0.040 – 0.063 mm) and Analtech TLC Uniplates™ were acquired from 

Merck® (Darmstadt, Germany). 

 

2.3.2. Algal Material 

Fresh U. lacinulata (Bachoo et al. 2023) was obtained from the Department of Forestry, 

Fisheries and Environment (DFFE) Aquaculture Research Facility in Cape Town, South Africa 

(33°55'13.7"S 18°22'52.1"E), where it is cultured as an experimental material (Figure 2.1). 

This seaweed was initially obtained from Irvine and Johnson (I & J) Cape Abalone aquafarm, 

Gansbaai, South Africa (34°37'35.1"S 19°17'47.4"E) as material grown in abalone effluent in 

a commercial aquaculture system. The alga was thoroughly cleaned of sediments, epiphytes 

and visible surface contaminants, and washed several times with de-ionized water.                       

U. lacinulata was then blotted-dried using paper towel to remove excess water before solvent 

extraction. The moisture content (%; MC) of the alga (blotted dry) was determined by drying 

5.00 g (± 0.01 g; n=5) in an oven (Labotec EcoTherm, South Africa) set at 60 °C until a constant 

weight. Water content was determined gravimetrically using [Equation 2.1; Kendel et al. 

(2015)].  

 

                                                  % 𝑀𝐶 = [
𝑚i − 𝑚od

𝑚i
] × 100                                    [Equation 2.1] 

 
 

where mi = initial mass of wet Ulva and mod = oven dry mass of Ulva.  
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Figure 2.1: (A) A 2500 L Ulva stocking tank at the Department of Forestry, Fisheries and the 

Environment (DFFE) Marine Research Aquarium in Sea Point (Cape Town, South Africa) [Photo taken 

by Bas De Vos]; (B) Ulva lacinulata thallus. 

 

2.3.3. Sea urchin, Tripneustes gratilla  

Sea urchins were obtained from the DFFE, where they are spawned and cultured for 

aquaculture research purposes. The broodstock T. gratilla were initially collected from shallow 

rock pools near Haga-Haga near East London, South Africa (32°45’4.23” S, 28°16’41.30” E; 

Cyrus et al. 2013). At the research facility, the organisms are held in plastic crates (60 × 40 × 

20 cm; length × width × depth) suspended in large fibreglass tanks (282 × 182 × 50 cm; length 

× width × depth) supplied with heated seawater (24 – 25°C) at a salinity of 35 PSU under 

fluorescent light set at 12:12 hrs (light:dark) as previously described by Cyrus et al. (2013). 

The urchins were fed a mixed diet comprising of kelp Ecklonia maxima (Laminariales), fresh 

Ulva and a formulated feed consisting of 200 g.kg-1 dried Ulva (25.7% protein; Cyrus et al. 

2013). For this experiment, 120 young adults ranging from 56 to 66 mm (59.8 ± 2.8 mm; mean 

± SD; 8 months old) test diameter were used. Production size urchins were chosen to better 

understand the feeding behaviour for Ulva extracts, and therefore obtain useful data that could 

be used in feed production. The urchins were starved for period of 7 days prior to the start of 

the trials to increase their responsiveness to the stimuli (Figure 2.2).  
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Figure 2.2: (A) Sea urchin Tripneustes gratilla (56 – 66 mm test diameter); (B) Plastic crate at the 

Department of Forestry, Fisheries and the Environment (DFFE) Marine Research Aquarium holding 

sea urchins in a recirculating aquaculture system.  

 

2.3.4. Phytochemical extraction and fractionation 

A crude extract and nine fractions (F1 – F9) were prepared from aquacultured Ulva lacinulata 

following a modified protocol used by Afolayan et al. (2008; Figure 2.3). Algal material of   

850 g (± 0.01 g wet weight) was roughly chopped into 2 – 3 cm pieces to increase the surface 

area. The seaweed was transferred to a conical flask where MeOH (1500 mL) was added, and 

maceration was allowed for 24 hrs at room temperature. The organic phase was collected 

through filtration, and the remaining algal biomass was re-extracted twice with CH2Cl2-MeOH 

(2:1; 1500 mL × 2) at room temperature for 24 hrs. The organic layers were combined, and 

sufficient de-ionised water was added until phase separation. The final organic (lower) phase 

was recovered and concentrated in vacuo (Büchi® Rotavapor R-210, Switzerland) to produce 

a crude extract (= 7.572 g). Crude extract yield was estimated relative to dried Ulva (w/w) and 

expressed as percentage dry weight (%DW; see Table 2.1; pg. 30). 

 

The crude extract (1.0 ± 0.01 g) was further fractionated by silica gel step gradient column 

chromatography (10 g silica gel; column dimensions: 2.5 × 10 cm) using a combination of hex, 

EtOAc and MeOH (50 mL elution solvent per fraction) to produce nine fractions (F1 – F9) of 

increasing polarity (Figure 2.3). The composition of the elution solvents were as follows: F1 

(100% hex); F2 (9:1, hex:EtOAc); F3 (8:2, hex:EtOAc); F4 (7:3, hex:EtOAc); F5 (6:4, 
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hex:EtOAc); F6 (4:6, hex:EtOAc); F7 (2:8, hex:EtOAc); F8 (100% EtOAc); F9 (1:1, 

MeOH:EtOAc).  

Figure 2.3: Schematic representation of crude Ulva lacinulata extract and fractions (F1 – F9) 

preparation. F1 (100% hexane); F2 (9:1, hexane:ethyl acetate); F3 (8:2, hexane:ethyl acetate); F4 (7:3, 

hexane:ethyl acetate); F5 (6:4, hexane:ethyl acetate); F6 (4:6, hexane:ethyl acetate); F7 (2:8, 

hexane:ethyl acetate); F8 (100% ethyl acetate); F9 (1:1, methanol:ethyl acetate). 

2.3.5. Bioassay technique 

The bioassay technique in this study was based on a modified version of the ‘Avicel® plate 

method’ first used by Sakata et al. (1989). Bioassay plates made of glass coated 

microcrystalline Avicel® (5 × 5 cm; length × width; 0.25 μm Avicel® thickness; Figure 2.4A) 

were used to test Ulva fractions in a circular plastic tank of 80 cm diameter. The plates were 

placed 13 cm apart from one another and 20 cm from the centre on the bottom of each tank 

(Figure 2.4B). The positions of the plates were marked on the bottom of the tank to facilitate 

plate placements. A sample zone (3 cm diameter) was drawn using a pencil on each bioassay 

plate (Figure 2.4A). 
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Figure 2.4: (A) A 5 × 5 cm (length × width) Avicel® bioassay plate with 3 cm diameter sample zone; 

(B) Bioassay plates placements in a 80 cm diameter plastic tank; plates positioned 13 cm apart from

each other and 20 cm from the centre.

Concentrated Ulva extracts (F1 – F9) were suspended in MeOH:CH2Cl2 (1:1; v/v) and extracts 

equivalent to 1 g fresh Ulva were applied onto the sample zones on the Avicel® plates. The 

solvents were allowed to dry for 10 mins, and the bioassay plates were placed in the tank (as 

described above) containing 20 L (9.4 cm deep) of temperature-controlled seawater (24 – 25°C) 

at salinity of 35 PSU (Figure 2.5A). For each of the trials, nine Ulva fractions along with a 

control plate, and a plate containing no extract, were tested. 

Figure 2.5: (A) Example of a trial with Avicel® bioassay plates containing Ulva lacinulata fractions 

before the addition of a urchin; (B) Example of the beginning of a trial where an urchin was placed at 

the centre of the tank surrounded by the Avicel® bioassay plates containing the U. lacinulata fractions. 

Chemosensory trials were performed by placing a starved urchin at the centre of the tank 

surrounded by bioassay plates and its movement monitored for 75 mins (Figure 2.5B). A touch 
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preference was established when the sea urchins' tube feet touched the sample zone of a 

bioassay plate, and a feed preference was allocated when the sample zone of a bioassay plate 

was grazed with the urchin leaving its characteristic traces looking like ‘star marks’ (Figure 

2.6). An urchin may show a touch preference to one or multiple Ulva fractions in a single trial. 

Likewise, an urchin may graze on one or multiple Ulva fractions in a single trial. Therefore, all 

the touch and graze preferences of an individual urchin in a single trial were recorded over the 

75 min period. The trials were repeated using 120 individual sea urchins. Between each trial, 

the tank was emptied and washed, the water and bioassay plates were replaced. Moreover, the 

sequence in which the bioassay plates were offered was randomized for every trial without 

repetition to avoid directional placement of specific bioassay plates.  

Figure 2.6: (A) Example of an urchin’s tube feet touching the sample zone containing Ulva lacinulata 

fraction (touch preference); (B) Example of an Avicel® bioassay plate containing U. lacinulata fraction 

being grazed by an urchin (grazing preference). 

2.3.6. Nuclear magnetic resonance (NMR) spectroscopy 

NMR (1D and 2D) analyses were performed at the Department of Chemistry, University of the 

Western Cape, Bellville, South Africa using a Bruker 400 MHz Avance III HD equipped with 

a 5 mm PABBO BB probe. NMR experiments were carried out using standard pulse sequences. 

TopSpin® (ver. 3.6.2, Bruker TopSpin® Inc) software was used for NMR data acquisition. Data 

were further processed using MestReNova (ver. 6.0.2, Mestrelab Research). All spectra were 

baseline (Whittaker Smoother) and manual phase corrected and referenced according to 

residual undeuterated solvent (CDCl3 – δH 7.26 and  δC 77.0 or CD3OD – δH 3.350 and δC 49.3). 
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2.3.7. High-performance liquid chromatography (HPLC) 

Semi-preparative HPLC was performed at the School of Pharmacy, University of the Western 

Cape, Bellville, South Africa, using Agilent Technologies 1260 Infinity LC System equipped 

with UV100 and refractive index detectors. Ulva fractions (i.e. F8 and F9; ≈ 100 mg) were 

purified on a reverse phase Phenomenex Luna® 10 µm Prep C18(2) 100 A LC column (250 × 

10 mm) using ACN:H2O (55:45)% as mobile phase at a flow rate of 3 mL.min-1. 

2.3.8. Liquid chromatography-mass spectrometry (LC-MS) and compound 

identification 

LC-MS was performed at the Department of Chemistry, University of Cape Town, 

Rondebosch, South Africa using a SCIEX X500 QTOF system (AB Sciex Pte. Ltd., Singapore) 

equipped with an InfinityLad Poroshell 120 EC-C18 analytical LC column (4.6 × 150 mm, 

4 μm particle size). Ulva fractions equivalent to a concentration of 100 μg.mL-1 were prepared 

using methanol and a volume of 10 μL was injected into the LC-MS. The mobile phase 

consisted of A (water containing 0.05% formic acid and 10 mM ammonium formate as 

additive) and B (acetonitrile). Analyses were performed using a linear gradient solvent system 

optimized as follows: 0.00 – 1.00 min, 2% B; 1.00 – 25.00 min, 2 – 98% B; 25.00 – 27.00 min, 

98% B; 27.00 – 27.10 min, 98 – 2% B; 27.10 – 30.00 min, 2% B. The flow rate was 

0.7 mL.min-1, while the ion source temperature and ion spray voltage were set to 450 ºC and 

5500 V, respectively. Ulva fractions were analysed in both positive and negative mode 

electrospray ionization mode (ESI). High resolution data were obtained using an information 

dependent acquisition method consisting of a TOF-MS survey (100 – 2000 Da for 150 ms) and 

7 dependent MS/MS scans (50 – 1500 Da for 100 ms). Declustering potential was set to 80 V 

and MS/MS fragmentation was attained using a collision energy of 35 V with a collision energy 

spread of 15 V. All data was acquired and processed using SCIEX OS software (ver. 1.6.1).  

The data were further evaluated in MZmine 2 (ver. 2.51; Pluskal et al. 2010) using the 

following parameters: (1) Mass detection: MS1 (retention time, RT: 0.01 – 29.99 min; noise 

level: 1000) and MS2 (RT: 0.01 – 29.99 min; noise level: 50); (2) Chromatogram builder: MS1 

(RT: 0.01 – 29.99 min; minimum time span: 0.01 min; minimum peak height: 10,000 counts; 

m/z tolerance: 0.01 m/z or 10 ppm); (3) Chromatogram deconvolution: local minimum search 

algorithm (chromatographic threshold: 0.01%; search minimum in RT range: 0.20 min; 

minimum relative height: 0.01%; minimum absolute height: 1000 counts; minimum ratio of 
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peak top/edge: 2; peak duration: 0.01 – 3.00 min), m/z center calculation (median), m/z range 

for MS2 scan pairing (0.05 Da) and RT range for MS2 scan pairing (0.20 min); (4) Isotopic 

peaks grouper: m/z tolerance (0.02 m/z or 10.0 ppm), RT tolerance (0.2 min), maximum charge 

(2); (5) Join aligner: m/z tolerance (0.01 m/z or 10 ppm), RT tolerance (0.2 min), weight for 

m/z and RT (50); (6) Filtering: peak list rows filter (minimum peak in a row: 1; minimum peaks 

in an isotope pattern: 1; keep only peaks with MS2 scan.  

 

2.3.9. Statistical analyses 

Statistical analyses were executed using R (ver. 4.0.2, R Development Core Team 2020) and 

Microsoft® Excel® 365. Non-parametric chi-squared tests were conducted to test for 

significant differences in the touch preference and grazing data. Furthermore, binomial logistic 

regression was performed on both the touch and grazing preference data to assess the outcome 

of the predictor variable on whether Ulva fractions had any effect on the urchins (whether 

urchins responded or not). Binomial logistic regression uses a generalized linear model (GLM) 

approach to estimate the maximum probability of model parameters (Ruff et al. 2020). 

Additionally, Wald’s test was performed to assess the significance of Ulva fractions in the 

model, since it is fitting for models without overdispersion (Bolker et al. 2009). Outcomes from 

the logistic model were expressed as probabilities, lower (LCI) and upper (UCI) 95% 

confidence intervals, Wald z-values and p-values of an urchin to be attracted and/or to feed on 

a particular treatment. Significance was accepted at p< 0.05. 

 

2.4 Results 

2.4.1. Crude extract content and Ulva fraction distributions 

The crude extract yield, seaweed water content and fractionation contents (F1 – F9) are shown 

in Table 2.1. The crude extract from U. lacinulata used in this study was 6.58% of dry weight 

(DW), where the moisture content of the alga was determined to be 86.46 ± 0.30%. 

Fractionation of the crude extract produced nine fractions (F1 – F9), with increasing polarity 

and water solubility where F1 is the least polar and least water soluble, while F9 is the most 

polar and most water soluble. Polar fraction F9 consisted of 27.70 ± 2.28% (highest) relative 

to the crude Ulva extract, while fraction F8 only comprised of 1.72 ± 0.24% (lowest) relative 

to the crude extract. The content recovery from the Si-column was 92.35 ± 1.29%. 
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Table 2.1: Crude extract content (%), moisture content (%) and Ulva lacinulata fraction (%) 

distributions. Values for b are mean of replicates (n=5) ± standard deviation [SD]; Values for c and d are 

mean of replicates (n=3) ± SD. 

Percentage (%) 

Crude extract yield a 6.58 

Water content fresh seaweed b 86.46 ± 0.30 

Fractionation of crude extract (1.0 ± 0.01 g) c 

F1 12.50 ± 0.70 

F2 9.03 ± 0.77 

F3 16.72 ± 2.08 

F4 9.90 ± 0.75 

F5 7.40 ± 0.19 

F6 5.25 ± 0.86 

F7 2.13 ± 0.29 

F8 1.72 ± 0.24 

F9 27.70 ± 2.28 

Recovery from Si-column d 92.35 ± 1.29 
a = % w/w relative to dried Ulva; b = % w/w relative to fresh (blotted dry) Ulva; c = % relative to crude Ulva extract. 

2.4.2. Touch preferences 

The touch preferences of the 120 urchins for each of the Ulva fractions (F1 – F9) are shown in 

Figure 2.7. In total, 116 out of 120 urchins showed preferences to the Ulva fractions and control 

(FC). Data from the touch preference showed that the distribution of urchins among the Ulva 

fractions were significantly different (χ2= 85.062, df= 9, p< 0.001).  
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Figure 2.7: Touch preferences of Tripneustes gratilla for the various Ulva lacinulata fractions (F1 – 

F9) and control (FC). 

Most touch preferences were attributed to polar fractions (F8= 51 and F9= 48 observations), 

followed by semi-polar fractions (F5= 29, F6= 29, F4=25 and F7= 20 observations) and non-

polar fractions (F3= 17, F2= 16 and F1= 16 observations). The total number of observations of 

the urchins’ preferences to one or more Ulva fraction (F1 – F9) and the control (FC) in single 

trials are shown in Table 2.2. 

Table 2.2: Total number of observations of the urchins’ preferences to one or more of the Ulva 

lacinulata fractions (F1 – F9) and control (FC) per single trial. 

Number of observations per single trial 

Fraction 1 2 3 4 5 6 7 8 9 10 

FC 0 2 1 1 0 0 1 2 0 1 

F1 2 4 3 0 0 1 3 2 0 1 

F2 2 4 4 1 1 0 1 2 0 1 

F3 0 3 3 1 4 1 2 2 0 1 

F4 6 6 3 3 2 1 2 1 0 1 

F5 8 4 6 1 4 1 2 2 0 1 

F6 6 6 5 2 5 1 2 1 0 1 

F7 2 4 7 0 2 1 2 1 0 1 

F8 12 18 8 3 4 0 3 2 0 1 

F9 14 11 11 4 3 0 3 1 0 1 

Total no. 

urchins 52 31 17 4 5 1 3 2 0 1 
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2.4.3. Grazing preferences 

The grazing preferences of the 120 urchins for Ulva fractions (F1 – F9) are shown in           

Figure 2.8. In total, 77 out of the 116 urchins that responded positively to the chemical stimuli 

in the touch preference trials actively grazed on different Ulva fractions. Data from the grazing 

preference showed that the distribution of urchins among the Ulva fractions were significantly 

different (χ2= 48.412, df= 9, p< 0.001).  

 

 

Figure 2.8: Grazing preferences of Tripneustes gratilla for the various Ulva lacinulata fractions (F1 – 

F9) and control (FC). 

 

Most grazing preferences were attributed to polar fractions (F9= 22 and F8= 19 urchins), 

followed by semi-polar fractions (F5= 13, F6= 13, F7= 9 and F4= 9 urchins) and non-polar 

fractions (F3= 7, F2= 6 and F1= 1 urchins). The grazing preferences of the urchins to one or 

more of the Ulva fractions (F1 – F9) and the control (FC) in single trials are shown in Table 

2.3. 
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Table 2.3: Total number of Ulva lacinulata fractions (F1 – F9) and control (FC) grazed by the urchins 

in single trial. 

Number of Ulva fraction grazed in a single trial 

Fraction 1 2 3 4 5 6 7 8 9 10 

FC 0 0 0 0 0 0 0 0 0 0 

F1 5 0 0 0 0 0 0 0 0 0 

F2 3 1 1 1 0 0 0 0 0 0 

F3 1 1 3 2 0 0 0 0 0 0 

F4 7 0 0 1 1 0 0 0 0 0 

F5 9 2 1 0 1 0 0 0 0 0 

F6 8 1 1 2 1 0 0 0 0 0 

F7 2 3 2 2 0 0 0 0 0 0 

F8 11 5 2 0 1 0 0 0 0 0 

F9 16 3 2 0 1 0 0 0 0 0 

Total no. 

urchins 62 8 4 2 1 0 0 0 0 0 

2.4.4. Binomial logistic regression - probability of occurrence 

2.4.4.1. Touch preferences 

The probability of occurrence for the touch preferences of T. gratilla for U. lacinulata fractions 

are shown in Table 2.4. Outcomes showed that polar fractions F8 (Δρ= 0.425, z-value= 4.816, 

p< 0.001) and F9 (Δρ= 0.400, z-value= 4.486, p< 0.001) have the highest predicted 

probabilities of attracting an urchin in a single trial. Moreover, semi-polar fractions F5 and F6 

have equal predicted probabilities (Δρ= 0.242, z-value= 2.124, p< 0.05) of attracting an urchin 

in a single experiment, while non-polar fraction F1 has the lowest predicted probability 

(Δρ= 0.133, z-value= -6.970, p< 0.001) of attracting an urchin in a single trial.  
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Table 2.4: Predicted probabilities (Δρ) of Tripneustes gratilla being attracted to an Ulva lacinulata 

fraction (F1 – F9) and control (FC) in a single trial with lower (LCI) and upper (UCI) 95% confidence 

interval, Wald z-values and p-values showing significant differences. 
 

Fraction  Probability (Δρ)  LCI UCI z–value p– value  

FC 0.067 0.034 0.128 -1.690 0.091 

F1 0.133 0.083 0.207 -6.970 < 0.001 

F2 0.133 0.083 0.207 0.000 1.000 

F3 0.142 0.090 0.216 0.187 0.851 

F4 0.208 0.145 0.290 1.533 0.125 

F5 0.242 0.173 0.326 2.124 < 0.05 

F6 0.242 0.173 0.326 2.124 < 0.05 

F7 0.167 0.110 0.244 0.722 0.470 

F8 0.425 0.340 0.515 4.816 < 0.001 

F9 0.400 0.316 0.490 4.486 < 0.001 
 

 

2.4.4.2. Grazing preferences 

The probability of occurrence for the grazing preferences of T. gratilla for U. lacinulata 

fractions are shown in Table 2.5. Results obtained from the binomial model showed that polar 

fraction F9 has the highest predicted probability (Δρ= 0.183, z-value= 3.193, p< 0.01) of 

stimulating an urchin to graze on this extract in a single trial followed by F8, which exhibited 

the second highest predicted probability (Δρ= 0.158, z-value= 2.813 p< 0.01) of stimulating an 

urchin to feed on this fraction in a single trial. In contrast, non-polar fraction F1 exhibited the 

least predicted probability (Δρ= 0.042, z-value= -6.864, p< 0.001) of stimulating an urchin to 

graze on this fraction in a single trial. 

 

Table 2.5: Predicted probabilities (Δρ) of Tripneustes gratilla grazing on Ulva lacinulata fractions (F1 

– F9) and control (FC) in a single trial with lower (LCI) and upper (UCI) 95% confidence interval, 

Wald z-values and p-values showing significant differences. 
 

Fraction Probability (Δρ) LCI UCI z-value p-value 

FC 0.000 0.000 NaN -0.026 0.979 

F1 0.042 0.017 0.096 -6.864 < 0.001 

F2 0.050 0.023 0.107 0.308 0.758 

F3 0.058 0.028 0.117 0.590 0.555 

F4 0.075 0.039 0.138 1.087 0.277 

F5 0.108 0.064 0.178 1.892 0.058 

F6 0.108 0.064 0.178 1.892 0.058 

F7 0.075 0.039 0.138 1.087 0.277 

F8 0.158 0.103 0.235 2.813 < 0.01 

F9 0.183 0.124 0.263 3.193 < 0.01 
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2.4.5. Identification of compounds from feeding stimulatory fractions 

Based on the data collected from the touch and grazing preferences of T. gratilla, stimulatory 

fractions F8 and F9 were further elucidated using HPLC, NMR and LC-MS for compound 

identification. 

2.4.5.1. Fraction F8 

The HPLC chromatogram as well as the NMR spectra (Figure 2.9) of fraction F8 revealed the 

presence of compound 2.1, as the main constituent (see Supplementary Information 2 for 

HPLC; Figure S2.2). The structure of the compound was elucidated using 1D and 2D NMR 

spectroscopy. Overall, the NMR data were characteristic of a glycolipid. More specifically, the 

1H and 13C NMR spectra (Figure 2.9) of this compound showed signals characteristic of a 

terminal methyl group (CH3) of a omega-3 (ω-3) fatty acid (t; δH 0.97, δC 14.3), methylene 

groups (CH2) alpha to a carbonyl carbon between δH 2.30 – 2.45 (t; δC 33.9 – 34.25), bis-allylic 

methylene (CH2) groups of a polyunsaturated fatty acid δH  2.73 (m; δC 25.6), and methylene 

groups (CH2)n of saturated fatty acid chains between δH 1.20 – 1.68 (m; δC 20.0 – 30.0), that 

indicated the presence of fatty acids. Signals between δH 5.36 – 5.43 (m; δC 126.7 – 128.8), 

corresponded to the protons at double bonds, while the region between δH 3.5 and 4.5 is 

characteristic of a sugar moiety.  
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Figure 2.9: Nuclear magnetic resonance (NMR) spectra of compound 2.1 from Ulva lacinulata fraction 

F8 (A) proton NMR [1H; CDCl3, 400 MHz] and (B) carbon NMR (13C; CDCl3, 100 MHz).  

 

Evaluation of the 1H-, 13C- and 1H – 1H correlation spectroscopy (COSY) NMR spectra of 

compound 2.1 indicated the presence of a glycerol backbone and hexose moiety (Table 2.6; 

see Supplementary Information 2 for COSY; Figure S2.3). The carbon and proton signal 

assignments were made by the analysis of the heteronuclear single quantum correlation 

(HSQC) and 1H – 1H COSY spectra together with heteronuclear multiple bond correlation 

spectrum (HMBC; Figure 2.10; see Supplementary Information 2 for HSQC; Figure S2.4). 

Determination of the number of attached protons was performed by analyzing 2D and 

distortionless enhancement by polarization transfer (DEPT-135) spectroscopic data (see 

Supplementary Information 2 for DEPT-135; Figure S2.5). 

 

HMBC correlations between the methylene proton signals located at δH 4.39 (dd; CH2 – 1a) 

and δH 4.24 (m; CH2 – 1b) and the methine signals at δH 5.32 (m; CH-2, δC 70.4) of the glycerol 

moiety to the carbonyl carbons at C-1ʹ (δC 172.8) and C-1ʹʹ (δC 173.6), respectively, confirmed 

the attachment of the fatty acid side chains to carbon atoms at C-1 and C-2 of the glycerol 

moiety. The anomeric proton H-1ʹʹʹ of the hexose at δH 4.27 (d) showed HMBC cross-peaks 
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with C-3 (δC 68.3) of the glycerol moiety and C-2ʹʹʹ (δC 71.6), thus establishing its connection 

to C-3. Carbon signals at δC 104.0 (C-1ʹʹʹ), 71.6 (C-2ʹʹʹ), 73.4 (C-3ʹʹʹ), 69.4 (C-4ʹʹʹ), 74.5 (C-5ʹʹʹ) 

and 60.4 (C-6ʹʹʹ) indicated the presence of a terminal β-galactopyranose unit that was linked to 

C-3 of the glycerol moiety. Integration of the peak areas of the olefinic methine (H 5.37),

allylic (H 2.02), bis-allylic (H 2.82) and saturated methylene (H 1.25 – 1.6) signals provided 

an estimate of the number of double bonds and chain length of the fatty acids. Proton chemical 

shifts of the hexose moiety together with their coupling constants indicated that compound 2.1 

had the structure of the glyceroglycolipid 1-(6Z,9Z,12Z,15Z-octadecatetraenoyl)-2-

(4Z,7Z,10Z,13Z-hexadecatetraenoyl)-3-O-β-D-galactosyl-sn-glycerol (Figure 2.11).  

Figure 2.10: Heteronuclear multiple bond correlation spectrum (HMBC; CDCl3, 400 MHz) of 

compound 2.1 from Ulva lacinulata fraction F8. 
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Table 2.6: Nuclear magnetic resonance (NMR) spectroscopic data of compound 2.1 from Ulva 

lacinulata fraction F8 (CDCl3; 400 MHz for 1H NMR and 100 MHz for 13C NMR). ‘δ' is represented in 

parts per million (ppm). 
 

No. δC  δH, mult, J (Hz) COSY HMBC 

1 62.7 4.39, dd, 12.0, 3.4 

4.24, m 

3, 2 2, 1ʹ 

2 70.4 5.32, m 1, 3  

3 68.3 3.94, m 

3.74, dd, 11.2, 6.4 

2, 1 2, 1, 1ʹʹʹ 

1ʹ 172.8    

2ʹ 34.0 2.36, m 3ʹ 1ʹ, 3ʹ, 4ʹ 

3ʹ 129.6 5.39, m 2ʹ  

4ʹ 127.0 5.36, m 5ʹ  

6ʹ - 7ʹ 127.6/128.7 5.37, m 5ʹ/8ʹ  

9ʹ - 10ʹ 127.6/128.7 5.37, m 8ʹ/11ʹ  

12ʹ - 13ʹ 127.6/128.7 5.37, m 11ʹ/14ʹ  

15ʹ 128.3 5.39, m 14ʹ  

16ʹ 132.1 5.39, m 17ʹ  

17ʹ 20.6 2.07, m 16ʹ 15ʹ, 16ʹ, 18ʹ 

18ʹ 14.3 0.97, t, 7.5 17ʹ 16ʹ, 17ʹ 

5ʹ 25.6 2.82, m 4ʹ, 6ʹ 3ʹ, 4ʹ, 6ʹ, 7ʹ 

8ʹ 25.6 2.82, m 7ʹ, 9ʹ 6ʹ, 7ʹ, 9ʹ, 10ʹ 

11ʹ 25.6 2.82, m 10ʹ, 12ʹ 9ʹ, 10ʹ, 12ʹ, 13ʹ 

14ʹ 25.6 2.82, m 13ʹ, 15ʹ 12ʹ, 13ʹ, 15ʹ, 16ʹ 

1ʹʹ 173.6    

2ʹʹ 34.1 2.36, m 3ʹʹ 1ʹʹ, 3ʹʹ, 4ʹʹ 

3ʹʹ 24.5 1.63, dt, 15.3, 7.5 2ʹʹ 1ʹʹ, 2ʹʹ, 4ʹʹ, 5ʹʹ 

4ʹʹ - 5ʹʹ 127.6/128.7 5.37, m 3ʹʹ/6ʹʹ  

7ʹʹ - 8ʹʹ 127.6/128.7 5.37, m 6ʹʹ/9ʹʹ  

10ʹʹ - 11ʹʹ 127.6/128.7 5.37, m 9ʹʹ/12ʹʹ  

13ʹʹ - 14ʹʹ 127.6/128.7 5.37, m 12ʹʹ/15ʹʹ  

15ʹʹ 33.8 2.38, dd, 9.5, 4.6 14ʹʹ 13ʹʹ, 14ʹʹ, 16ʹʹ 

16ʹʹ 22.6 2.39, m  14ʹʹ, 15ʹʹ 

6ʹʹ 25.6 2.82, m 5ʹʹ, 7ʹʹ 4ʹʹ, 5ʹʹ, 7ʹʹ, 8ʹʹ 

9ʹʹ 25.6 2.82, m 8ʹʹ, 10ʹʹ 7ʹʹ, 8ʹʹ, 10ʹʹ, 11ʹʹ 

12ʹʹ 25.6 2.82, m 11ʹʹ, 13ʹʹ 10ʹʹ, 11ʹʹ, 13ʹʹ, 14ʹʹ 

1ʹʹʹ 104.0 4.27, d, 7.4 2ʹʹʹ 3, 2ʹʹʹ 

2ʹʹʹ 71.6 3.64, m 1ʹʹʹ 3ʹʹʹ 

3ʹʹʹ 73.4 3.59, dd, 9.5, 3.1 4ʹʹʹ 2ʹʹʹ 

4ʹʹʹ 69.4 4.01, d, 2.3 3ʹʹʹ, 5ʹʹʹ 2ʹʹʹ 

5ʹʹʹ 74.5 3.54, t, 4.9 4ʹʹʹ, 6ʹʹʹ 1ʹʹʹ, 4ʹʹʹ, 6ʹʹʹ 

6ʹʹʹ 60.4 4.12, dd, 14.3, 7.1 5ʹʹʹ 4ʹʹʹ, 5ʹʹʹ 
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Figure 2.11: Chemical structure of compound 2.1 from Ulva lacinulata fraction F8. Arrows represent 

the heteronuclear multiple bond correlation (HMBC) in the fatty acid chains. 

Liquid chromatography-mass spectrometry (LC-MS) of compound 2.1 showed a strong 

molecular ion peak at m/z 760.4960 in the positive LC-MS spectrum as [M + NH4]
+ ion (see 

Supplementary Information 2 for Figure S2.6). The mass spectrum was characterized by its 

characteristic fragment ion at m/z 581.4 [M - Gal]+ and by fragment ions for fatty acid tails at 

m/z 305.2 and m/z 333.2 (see Supplementary Information 2 for Figure S2.7). The LC-MS data 

therefore confirmed compound 2.1 as MGDG (34:8).  

2.4.5.2. Fraction F9 

Unlike F8, purification of stimulatory fraction F9 using reverse phase HPLC revealed the 

presence of a mixture of compounds as its constituents (see Supplementary Information 2 for 

HPLC; Figure S2.8). Attempts were made to separate individual compounds from F9. 

However, due to the overlapping of the HPLC signals, three major subfractions (A, B and C) 

were collected. Figure 2.12 depicts the 1H NMR spectra of fraction F9 and subfractions of F9 

(A, B and C) collected from HPLC. Although different, the spectra showed proton signals at 

varying intensities between regions of the CH3 terminals (δH 0.82 – 1.12), CH2 (δH 2.30 – 2.50) 

and (CH2)n (δH 1.32 – 1.58) groups, and regions between δH 5.30 – 5.72 corresponding to 
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double bonds. The spectra also showed that the proton signals were not clearly separated, 

indicating the presence of several compounds sharing similar proton signals. Therefore, 

elucidation of the structures of the compounds from A, B and C using NMR spectroscopy was 

inconclusive. 

 

 
Figure 2.12: Proton nuclear magnetic resonance [1H NMR; CD3OD, 400 MHz] spectra of Ulva 

lacinulata F9 and F9 subfractions (A, B and C) collected from high-performance liquid chromatography 

(HPLC). 

 

Preliminary evaluation of the compounds from fraction F9 by LC-MS using MZmine onboard 

library and comparison of mass spectra to the literature, allowed the tentative identification of 

glycolipids, betaine lipid, and phospholipids. Two compounds namely diacylglyceryl-N,N,N-

trimethyl-homoserine (DGTS) and digalactosyldiacylglycerol (DGDG), were identified in the 

positive ESI mode. DGTS was identified as [M + H]+ ions with a detected m/z 680.5105, while 

DGDG was identified as [M + NH4]
+ ions with detected m/z 888.4590 (see Supplementary 

Information 2 for MS; Figures S2.11 and S2.12). Moreover, three compounds, namely 
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dialkylglycerophosphate (PA), sulfoquinovosylmonoacylglycerol (SQMG) and 

lysophospholipid (LPG), were identified in the negative ESI mode. All three compounds were 

identified as [M − H]− ions, where PA had a detected m/z 723.4934 while SQMG and LPG had 

detected m/z 555.2773 and m/z 481.2511, respectively (see Supplementary Information 2 for 

MS; Figures S2.14, S2.15 and S2.16). 

2.5 Discussion 

Chemotactic responses of marine herbivores, such as sea urchins, to food-related compounds 

have been extensively documented (Klinger and Lawrence, 1984; Solari et al. 2021; Luis and 

Gago, 2021; Casal-Porras et al. 2021). In the presence of food, feeding in urchins is typically 

achieved, and may exclusively be based on factors such as the presence/absence of feed 

attractants/deterrents, nutritive value and physical properties of the food (Mann et al. 1984; 

Pelletreau and Muller-Parker, 2002; Chang et al. 2005; Wessels et al. 2006; Lyons and 

Scheibling, 2007; Dworjanyn et al. 2007; Cyrus et al. 2015a). Based on prior investigations on 

food perception and capture in local Tripneustes gratilla (e.g. Cyrus et al. 2015a), in the current 

study, the chemosensory properties of the different Ulva fractions were expected to have an 

effect on the feeding behaviour in this species. 

Results presented in the current study suggested that T. gratilla is capable of distance food 

perception as it was evident that the animals elicited a much stronger response to certain Ulva 

fractions than others. Indeed, the chemical preferences of the urchins were found to be the most 

pronounced for polar fractions (F8 and F9) compared to non-polar (F1 – F3) and semi non-

polar (F4 – F7) fractions, thus giving clear evidence that chemical characteristics of the 

fractions influenced the preferences of the urchins. Even though a very small amount of polar 

fraction F8 resulted from the fractionation of the crude extract compared to F9, this fraction 

was the most effective at attracting the urchins (Table 2.1 and Figure 2.6). The possibility of 

induced chemotaxis in T. gratilla from the 7-day starvation period is undetermined, since it 

was not addressed in the present study.  

Chemotactic responses of T. gratilla to the different fractions showed a clear pattern, revealing 

that the solubility and polarity of the fractions may have played a role in either the attraction 

or inhibition of the animals. Depending on the chemical nature of the compounds, a polar 

solvent (i.e. MeOH) would extract polar and water-soluble metabolites, while non-polar 
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solvents (i.e. hex) would extract the opposite. Combinations of hex and EtOAc (semi-polar) at 

various ratios with increasing polarities would ensure the extraction of a wide range of 

compounds with different polarities and solubilities. This concept of solvent extraction “like 

dissolve like,” means that a solvent will only dissolve compounds with the same polarity as the 

solvent used (Shipeng et al. 2015). Therefore, compounds from polar fractions (i.e. F8 and F9) 

were likely detected by the urchins from a distance due to their water solubility, while semi 

non-polar (i.e. F4 – F7) and non-polar fraction (i.e. F1 – F3) compounds were more likely to 

be detected upon contact (i.e. interaction between sea urchins' tube feet and sample zone on the 

bioassay plate containing Ulva fraction).  

 

Numerous investigations had implicated non-polar extracts (lipophilic) of seaweeds as the 

major source of secondary metabolites associated with their chemical defence against grazers 

(e.g. Steinberg and van Altena, 1992; Cronin and Hay, 1996; Pelletreau and Muller-Parker, 

2002; Barbosa et al. 2004; Ishii et al. 2004). Polar extracts in contrast, have been associated 

with lipid compounds that can stimulate feeding in marine herbivores (e.g. Sakata and Ina; 

1985; Sakata et al. 1985). However, in some cases, compounds found in the polar extracts have 

been found to deter grazers (e.g. Deal et al. 2003; Kubanek et al. 2004; Van Alstyne et al. 

2006). In the present study, it can be suggested that the strong response of Tripneustes gratilla 

for polar fractions (F8 and F9) is elicited by the presence of water-soluble compounds that act 

as feed attractants and trigger the olfactory ability of the urchins from a distance                              

(≈ 14.4 – 15.4 cm). The low to moderate responses from the non-polar (F1 – F3) and semi non-

polar fractions (F4 – F7) also indicate that the compounds present in these fractions stimulated 

the olfactory responses of the urchins to some extent. However, the data collected from the 

touch and grazing preferences of T. gratilla suggested that after the initiation of feeding 

(tasting), the compounds present in these fractions (F1 – F7) could have acted as 

incitants/deterrents. Research has shown that some compounds present in seaweeds can be 

deterrents to some grazers but have no effects on, or at certain concentrations can stimulate a 

feeding response, in others (Duffy and Hay, 1994; Cronin and Hay, 1996; Hay et al. 1998). 

 

In the current study, MGDG was identified as the main compound from fraction F8 that appears 

to act as the feed stimulant for Tripneustes gratilla. In addition, a mixture of compounds 

including DGTS, DGDG, PA, SQMG and LPG were identified by LC-MS from fraction F9 

that may also act as feed stimulants for the urchins. Similar group of compounds were reported 

by Sakata et al. (1989), where glycerolipids including sulfoquinovosyldiacylglycerol (SQDG), 
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phosphatidylcholine, DGDG and MGDG from the brown seaweed Eisenia bicyclis (as 

Ecklonia bicyclis; Laminariales) could act as feed stimulants for the urchin Strongylocentrotus 

intermedius (Camarodonta). Sakata et al. (1985) reported the sea hare Aplysia juliana 

(Aplysiida) showed feed stimulatory behaviour towards glycerolipids DGTS (as DGTH) and 

DGDG isolated from the green seaweed Ulva australis (as U. pertusa) as low as 100 µg of the 

compounds. Similarly, DGDG and phosphatidylcholine from the methanolic extract of the 

brown alga Undaria pinnatifida (Laminariales) showed feed stimulatory effects on the abalone 

Haliotis discus hannai (as H. discus; Lepetellida) at small amounts ranging from between       

30-60 µg (Sakata and Ina, 1985). Although the minimum effective concentrations of the 

stimulatory fractions and compounds identified in the present study was not determined, it may 

be suggested that the stimulatory effect of MGDG identified as the main constituent of fraction 

F8 was more effective than compounds identified from fraction F9 based on the low amount 

recovered from the fractionation process and purity of this fraction (Table 2.1). 

 

In the current study, urchin grazing preferences to non-polar (F1 – F3) and semi non-polar     

(F4 – F7) fractions may have been triggered by compensatory feeding, which is a common 

adaptive response of marine herbivores to low food quality (Cruz-Rivera and Hay, 2000, 2001). 

Prior to chemosensory trials, urchins were maintained on a mixed diet including the kelp 

Ecklonia maxima (Laminariales), fresh aquacultured Ulva and formulated feed consisting of 

200 g.kg-1 dried Ulva (25.7% protein; Cyrus et al. 2013). However, during bioassays, starved 

urchins’ food options were Ulva fractions along with microcrystalline cellulose from the 

Avicel® plate (low nutritional value). The palatability differences could have forced some of 

the urchins to carry out compensatory feeding on non-polar fractions to balance the negative 

effect of the low nutritional quality of food present during bioassays. This feeding response has 

been observed in several marine herbivores including urchins, attempting to compensate for 

nutritionally-deficient food or during food limitation (Stachowicz and Hay, 1996; Cruz-Rivera 

and Hay 2000, 2001; Hammer et al. 2004; Lyons and Scheibling, 2007; Tomas et al. 2011). 

Another possibility, rather than compensatory feeding, might be that the urchins were able to 

tolerate compounds associated with non-polar fractions that may deter feeding. Tolerance 

against anti-herbivory compounds from macroalgal origin has been shown against marine 

grazers (e.g. Hay et al. 1998; Jormalainen et al. 2005). 

 

The present experimental study provided clear evidence that certain Ulva fractions were 

effective at attracting and stimulating the urchin Tripneustes gratilla to feed. Findings provided 
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here further contributed to what has previously been reported about stimulants from seaweeds 

for marine herbivores. The chemoreceptive abilities of T. gratilla to detect chemical cues and 

discover compounds with attractant or stimulant properties could be advantageous in the 

formulation or supplementation of an effective artificial diet for T. gratilla species as well as 

other echinoid species. However, additional research needs to be undertaken to evaluate 

whether the incorporation or supplementation of these compounds in the artificial diets of this 

urchin species will generate similar outcomes. The development of well-balanced feed will not 

be beneficial if the sea urchin cannot successfully discover and does not voluntarily consume 

the feed.  
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3.1 Abstract 

The minimum effective concentrations (MECs) of the polar fractions 100% ethyl acetate (F8) 

and 1:1 methanol-ethyl acetate (F9), derived from the green aquacultured seaweed Ulva 

lacinulata (Ulvales) as well as their effectiveness as feed stimulants (see Chapter 2) in 

comparison to a crude extract (CE) of fresh (FU) and dry (DU) Ulva were investigated on the 

sea urchin Tripneustes gratilla (Camarodonta). Determination of the MECs at which Ulva 

fractions act as feed stimulants towards T. gratilla, together with their effectiveness as feed 

stimulants, is necessary to ascertain whether using purified Ulva extracts over FU, DU or CE 

in artificial feeds for this urchin would be advantageous. To investigate the MECs of F8 and 

F9 on this urchin, five different concentrations for each fraction equivalent to 0.05 g FU           

(F8 – 0.9 mg; F9 – 13.7 mg extract), 0.5 g FU (F8 – 8.6 mg; F9 – 136.9 mg), 1.0 g FU                 

(F8 – 17.2 mg; F9 – 273.8 mg), 2.0 g FU (F8 – 34.4 mg; F9 – 547.6 mg) and 5.0 g FU                 

(F8 – 86.0 mg; F9 –  1369.0 mg; Table 3.1) were tested in feeding trials. In a comparative 

study, the effectiveness of the polar fractions equivalent to 1.0 g FU were evaluated against 1.0 

g fresh Ulva equivalent of CE, FU and DU in feeding trials. Results for the MECs showed that 

extracts equivalent to 0.05 g FU for both F8 and F9 were effective in attracting and stimulating 

the urchins to feed. However, the most effective treatments that attracted and stimulated the 

highest number of urchins to feed were F8 equivalent to 2.0 g FU and F9 equivalent to 0.5 g 

FU. The predicted probability of occurrence for attracting an urchin for F8 was 2.0 > 5.0 > 1.0 

> 0.5 > 0.05 g FU, while for F9 was 0.5 > 1.0 ≥ 2.0 > 5.0 > 0.05 g FU. The predicted probability 

of occurrence for stimulating an urchin to graze for F8 was 2.0 > 1.0 > 0.5 > 5.0 > 0.05 g FU, 

while for F9 was 0.5 > 1.0 ≥ 2.0 ≥ 5.0 > 0.05 g FU. The comparative study showed that FU 

was the most effective treatment at both attracting and stimulating feeding in T. gratilla over 

the other Ulva treatments. The predicted probability of occurrence for attracting an urchin for 

this experiment was FU > F8 > CE ≥ F9 > DU, while the predicted probability for stimulating 

an urchin to graze was FU > DU > CE > F8 > F9. The results reported here provide evidence 

that polar Ulva fractions F8 and F9 can act as both an attractant and feeding stimulant for           

T. gratilla at low concentrations. However, findings also indicate that incorporation of F8 

and/or F9 in artificial feed for this urchin may not be as effective as FU, DU or CE.  
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3.2 Introduction

Under intensive and semi-intensive aquaculture practices, aquafeed often constitutes the largest 

portion of the overall operational expenses (Azaza et al. 2009; Zhuo et al. 2016; Matulić et al. 

2020). Aquafeed relies strongly on fishmeal and fish oil as the main ingredients due to their 

high protein content, balanced amino acid and fatty acid profiles as well as being highly 

palatable and easily digestible (Olsen and Hasan, 2012; Jirsa et al. 2013; Soto-Sánchez et al. 

2023). However, with the predicted expansion of the aquaculture industry, the price, demand 

and use of fishmeal in aquafeed may be deemed unsustainable (Olsen and Hasan 2012; Estruch 

et al. 2018; Mitra, 2021; Gokulakrishnan et al. 2023). Recently, there has been an increase in 

the body of research looking at less expensive proteins sources, particularly plant proteins, for 

the partial or full replacement of fishmeal in aquafeeds as well as functional feed ingredients 

that will enhance consumption and digestibility of protein in formulated feeds and provide 

other nutritional benefits (Jobling, 2016; Shpigel et al. 2017; Estruch et al. 2018; Kamunde et 

al. 2019; Al-Souti et al. 2019; Bacchetti et al. 2020; Ferreira et al. 2021; Hossain et al. 2024). 

Algae (micro- and macroalgae) have emerged as potential ingredients for aquafeed (Cyrus et 

al. 2013; Shpigel et al. 2017, 2018b; de Cruz et al. 2018; Valente et al. 2019; Batista et al. 2020; 

Santizo-Taan et al. 2020). Marine macroalgae (i.e. seaweeds), such as Ulva, can be produced 

at higher rates with elevated protein without the extensive need for land space, freshwater and 

fertilizers linked to land plant production (Robertson-Andersson et al. 2011; Lawton et al. 

2013; Al-Hafedh et al. 2015; Shpigel et al. 2017, 2018a, b; Wan et al. 2019). Apart from the 

protein content, Ulva has been reported to be a great source of dietary fiber, vitamins, 

minerals and bioactive compounds with antiviral, antihyperlipidemic, antioxidant and 

immunomodulating properties (Ortiz et al. 2006; Taboada et al. 2010; Tabarsa et al. 2012; 

Kendel et al. 2015; Neto et al. 2018; Anjali et al. 2019; Kidgell et al. 2019; Pappou et al. 2022). 

Inclusion of Ulva at low levels (up to 14.6%) in the experimental diets of freshwater and marine 

finfish has shown to be a suitable alternative for the partial to full replacement of fishmeal 

without compromising growth performance and body composition (Marinho et al. 2013; Silva 

et al. 2015; Abdel-Warith et al. 2016; Shpigel et al. 2017). Dietary inclusion Ulva-derived 

polysaccharide has also shown to improve immune-related genes as well as increase the 

immune response of juvenile finfish and shrimp (Klongklaew et al. 2021; Akbary and 

Aminikhoei, 2018).  
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Few studies have demonstrated the stimulatory effects of seaweed incorporation in the 

formulated feeds of several marine organisms (e.g. Dworjanyn et al. 2007; Xia et al. 2012; 

Cyrus et al. 2015a; Sánchez et al. 2016). Dworjanyn et al. (2007) tested the stimulatory effect 

of incorporating 50 g.kg-1 dry weight of the brown seaweeds Ecklonia radiata (Laminariales), 

Sargassum linearifolium (Fucales) and the green alga U. lactuca into three separate artificial 

feeds on the urchin T. gratilla and found that the organisms consumed twice as much of the 

diet containing S. linearifolium in comparison to the control diet. The researchers suggested 

that the addition of small amount of palatable seaweed in the prepared feed of the urchins could 

act as feeding stimulant by increasing the acceptability of diets. Similarly, Cyrus et al. (2015a) 

also reported that the inclusion of Ulva at 200 g.kg-1 dry weight in the artificial feed of locally 

collected urchin T. gratilla could act as a feed stimulant by increasing the acceptability and 

palatability of the artificial feed. Under laboratory conditions, Sánchez et al. (2016) found that 

the inclusions 80 g.kg-1 dried red seaweed Halymenia floresii (Halymeniales) and dried 

microalga, Spirulina sp. (Spirulinales) in the diet of the fighting conch Strombus pugilis 

(Littorinimorpha) can serve as a feeding stimulant as well as increase feed intake and promote 

gonad maturity in broodstock. Additionally, Xia et al. (2012) suggested that the addition of the 

kelp Saccharina japonica (as Laminaria japonica; Laminariales) to the prepared diet of the sea 

cucumber Apostichopus japonicus (Synallactida) may contain chemical compounds that could 

attract and stimulate the organism to feed. 

Inclusion of local aquacultured Ulva at 200 g.kg-1 dry weight in the artificial feed of T. gratilla 

as a feed stimulant has proven to be successful (Cyrus et al. 2013, 2015a, b). However, the use 

of crude or purified Ulva extracts in the diet of this species is still at a research stage. Outcomes 

from Chapter 2 demonstrated that polar Ulva fractions F8 (100% EtOAC) and F9 

(1:1 MeOH:EtOAc) can act as feed stimulants towards the urchin, T. gratilla. However, the 

minimum concentrations at which these Ulva fractions stimulate the feeding response of this 

echinoid as well as a direct comparison of the stimulatory effects of these fractions to crude 

Ulva extract (CE), fresh (FU) and dried Ulva (DU), have not yet been determined. Therefore, 

the aims of this present study were to investigate the minimum effective concentrations (MECs) 

at which Ulva fractions trigger the feed stimulatory response of the urchin T. gratilla, as well 

as to evaluate the effectiveness of these Ulva fractions against CE, FU and DU. The main 

objectives were set as follows: 1) evaluate the effects of different concentrations of F8 and F9 

(extract equivalent to 0.05, 0.5, 1.0, 2.0 and 5.0 g FU) on the touch and feeding preferences of 

T. gratilla in separate sets of trials; and 2) evaluate the effects of F8, F9, CE, FU and DU
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equivalent to 1.0 g FU on the touch and feeding preferences T. gratilla. This study was aimed 

to provide information on the minimum effective doses of F8 and F9 to be stimulatory towards 

the urchin T. gratilla, as well as to access the relative effectiveness of using fractionated 

extracts over fresh or dry seaweed component in artificial feed for this urchin.   

3.3 Materials and Methods 

3.3.1. Chemicals 

All solvents used were of chromatography grade (LiChrosolv®). Methanol (≥99.9%; MeOH), 

dichloromethane (≥99.8%; CH2Cl2), hexane (≥97.0%; hex) and ethyl acetate (≥99.8%; EtOAc) 

for fractionation and extracts resuspension were purchased from Merck® (Darmstadt, 

Germany). Silica gel 60 (0.040 – 0.063 mm) for column chromatography and Analtech TLC 

Uniplates™ microcrystalline cellulose matrix for chemosensory trials were acquired from 

Merck (Darmstadt, Germany).  

3.3.2. Sample preparation 

3.3.2.1. Extracts - CE, F8 and F9 

Crude extract (CE) was obtained from alga extracted from Section 2.3.4 of Chapter 2 

following a modified protocol used by Afolayan et al. (2008). Briefly, U. lacinulata (850 ± 

0.01 g wet weight; Bachoo et al. 2023) roughly chopped into 2 – 3 cm pieces was steeped in 

MeOH (1500 mL) for 24 hrs at room temperature. The organic phase was collected through 

filtration, and the remaining algal biomass was re-extracted twice with CH2Cl2-MeOH 

(2:1; 1500 mL × 2) at room temperature for 24 hrs. The organic layers were combined, and 

sufficient de-ionised water was added until phase separation. The final organic (lower) phase 

was recovered and concentrated in vacuo (Büchi® Rotavapor R-210, Switzerland) to produce 

a crude extract (= 7.572 g; yield = 6.58 % w/w relative to DU). For the trials, extracts equivalent 

to 1.0 g FU in concentration was prepared by reconstituting 0.8 g (± 0.01 g) CE in 45 mL 

MeOH:CH2Cl2 (1:1; v/v) into a 50 mL NEST polypropylene tube. This concentration was 

chosen to provide a consistency between the concentration (i.e. extracts equivalent to 1.0 g FU) 

used in Chapter 2.  

CE weighing 5 g (± 0.01 g) was fractionated by silica gel step gradient column chromatography 

using a combination of hex, EtOAc and MeOH (50 mL elution solvent per fraction for every 
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1.0 ± 0.01 g CE) to produce nine fractions (F1 – F9). The composition of the elution solvents 

were as follows: F1 (100% hex); F2 (9:1, hex:EtOAc); F3 (8:2, hex:EtOAc); F4 

(7:3, hex:EtOAc); F5 (6:4, hex:EtOAc); F6 (4:6, hex:EtOAc); F7 (2:8, hex:EtOAc); F8 

(100% EtOAc); F9 (1:1, MeOH:EtOAc). The nine fractions were collected, concentrated 

in vacuo (Büchi® Rotavapor R-210, Switzerland) and the weight of each fraction was 

measured (see Supplementary Information 3). For this study, fractions F8 and F9 were 

reconstituted in 10 mL MeOH:CH2Cl2 (1:1; v/v) and then divided into 50 mL NEST 

polypropylene tubes. A mixture of MeOH:CH2Cl2 (1:1; v/v) was added to the tubes to make up 

samples equivalent to 0.05, 0.5, 1.0, 2.0 and 5.0 g FU in concentrations. The weights (mg) for 

F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 and 5.0 g fresh Ulva) are shown in Table 

3.1. Similar to Section 2.4.1. of Chapter 2, F8 represents only a smaller percentage of the 

crude Ulva extract compared to F9. 

Table 3.1: Weight distribution (mg) of F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 and 5.0 

g fresh Ulva lacinulata). 

Treatments F8 (mg) F9 (mg) 

0.05 0.9 13.7 

0.5 8.6 136.9 

1.0 17.2 273.8 

2.0 34.4 547.6 

5.0 86.0 1369.0 

3.3.2.2. Seaweed components - FU and DU 

Fresh U. lacinulata (FU) was obtained from the Department of Forestry, Fisheries and 

Environment (DFFE) Aquaculture Research Facility in Cape Town, South Africa 

(33°55'13.7"S 18°22'52.1"E), where it is cultured as an experimental material. This seaweed 

was initially obtained from Irvine and Johnson (I & J) Cape Abalone aquafarm, Gansbaai, 

South Africa (34°37'35.1"S 19°17'47.4"E) as material grown in abalone effluent. Upon 

receival, the alga was thoroughly cleaned of sediments, epiphytes and visible surface 

contaminants, and washed several times with de-ionized water. For FU bioassay plates, 1.0 g 

(± 0.01 g) FU were attached onto a 5 × 5 cm glass plate (length × width; 0.25 μm thickness) 

using fishing line as shown in Figure 3.1A. For DU, bioassay plates were prepared by oven 

drying 1.0 g (± 0.01 g) FU attached onto a glass plate (5 × 5 cm; length × width; 0.25 μm 

thickness) at 60 °C until a constant weight was achieved as shown in Figure 3.1B. 



Chapter 3: MECs and effectiveness of Ulva lacinulata fractions. 

50 

 

 

Figure 3.1: Example (A) 1.0 g of fresh Ulva lacinulata (FU) on a 5 × 5 cm (length × width) glass plate; 

(B) 1.0 g of FU oven-dried at 60 °C (DU) on 5 × 5 cm (length × width) glass plate. 

 

3.3.3. Sea urchin, Tripneustes gratilla  

Sea urchins were obtained from the DFFE, where they are spawned and cultured for 

aquaculture research purposes. At the facility, the organisms were kept as described in Section 

2.3.3. of Chapter 2. For this experiment, 172 young adults ranging in size from 47 to 62 mm 

(53.3 ± 3.8 mm; mean ± SD; 6 – 7 months old) test diameter were used. Grown-out size urchins 

were chosen to increase our understanding of their feeding behaviour for Ulva fractions           

(i.e. F8 and F9), and therefore getting useful knowledge on their feeding preference that can be 

used in feed production. The organisms were starved 7 days before the start of the trials to 

increase their responsiveness to the stimuli. 

 

3.3.4. Bioassay  

3.3.4.1. Minimum effective concentration (MEC) 

Determination of the MECs for F8 and F9 was carried out using a modified version of the 

‘Avicel® plate method’ adapted from Sakata et al. (1989) as per Section 2.3.5 of Chapter 2. 

Briefly, bioassay plates, made of glass coated microcrystalline Avicel® (5 × 5 cm; length × 

width; 0.25 μm Avicel® thickness), were prepared by applying extracts equivalent to 0.05, 0.5, 

1.0, 2.0 and 5.0 g FU in concentration onto the sample zones of the Avicel® plates (circle of    

3 cm diameter). The solvent was allowed to dry for 10 min. For each single trial, five treatments 

of either F8 or F9 (equivalent to 0.05, 0.5, 1.0, 2.0 and 5.0 g FU) were tested along with control 

plates containing no extracts (placed between plates containing extracts). The bioassay plates 

were placed in a round testing tank (80 cm diameter) positioned 13 cm apart from one another 
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and 20 cm from the centre, containing 20 L heated seawater (depth: 9.4 cm; temperature: 24 – 

25 °C; salinity: 35 PSU) as described in Section 2.3.5 of Chapter 2.  

3.3.4.2. Comparative study - F8 vs F9 vs CE vs FU vs DU 

This section of this research focused on the direct comparison of stimulatory Ulva fractions F8 

and F9 to crude Ulva extract (CE), fresh (FU) and dried Ulva (DU), to provide insight on 

whether the use of fractionated extracts over fresh or dry seaweed component in aquafeed 

would be suitable. The comparison and effectiveness of F8, F9, CE, FU and DU (equivalent to 

1.0 g FU) were carried out using a modified version of the ‘Avicel® plate method’ adapted 

from Sakata et al. (1989) as per Section 3.3.4.1. Bioassay plates for F8, F9 and CE were 

prepared by applying extracts equivalent to 1.0 g FU onto the sample zones of the Avicel® 

bioassay plates. The solvent was allowed to dry for 10 min. Bioassay plates for FU and DU 

were prepared as per Section 3.3.2.2. For each single trial, the five treatments (i.e. F8, F9, CE, 

FU and DU) were tested along with control plates containing no extracts, were placed in the 

circular testing tank containing 20 L heated seawater (depth: 9.4 cm; temperature: 24 – 25 °C; 

salinity: 35 PSU) as described in Section 3.3.4.1.  

Chemosensory trials for both Sections 3.3.4.1 and 3.3.4.2 were performed by placing a starved 

urchin in the centre of the tank surrounded by the bioassay plates containing Ulva treatments 

along with the controls. The movement of the organism was monitored for 75 min. A touch 

preference was established when the sea urchins' tube feet touched the sample zone of the 

bioassay plate, and a feed preference was allocated when the sample zone of a bioassay plate 

was grazed with the urchin leaving its characteristic ‘star marks’ traces. An urchin may show 

touch preference to one or multiple treatments in a single trial. Likewise, an urchin may graze 

on one or multiple treatments in a single trial. All the touch and graze preferences of the urchin 

in a single trial were recorded. For MECs, 46 individual urchins were tested for both F8 and 

F9, while for the comparative study, 80 individual urchins were tested. Between each single 

trial, the tank was emptied and washed after which the water and bioassay plates were replaced. 

The order in which the bioassay plates were offered was randomized without repetition to avoid 

directional placement of specific bioassay plates.  
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3.3.5. Statistical analyses 

Statistical analyses were performed using R (ver. 4.0.2, R Development Core Team 2020) and 

Microsoft® Excel® 365 as described in Section 2.3.9 of Chapter 2. Non-parametric chi-

square tests were used to determine significant differences in the touch preference and grazing 

data for both the MEC and comparative experiments. Binomial logistic regression was 

performed on data obtained from both the MECs and comparative experiments to assess the 

outcome of the predictor variable on whether the treatments had any effect on the urchins. 

Wald’s test was used to evaluate the significance of the Ulva treatments in the model. Outcomes 

from the logistic model were reported as probabilities, lower (LCI) and upper (UCI) 95% 

confidence intervals, Wald z-values and p-values of an urchin to be attracted and/or to feed on 

a particular treatment. Significance was accepted at p< 0.05.  

3.4 Results 

3.4.1. Minimum effective concentration (MEC) 

3.4.1.1. Touch preferences for F8 and F9 

The touch preferences of T. gratilla for F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 

and 5.0 g FU) are shown in Figure 3.2. A total of 43 out of 46 urchins showed preferences to 

one or multiple F8 treatments and controls (C1 – C5). In contrast, 38 out of 46 urchins showed 

preferences to one or multiple F9 treatments and controls (C1 – C5). Touch preference data 

showed that the distribution of urchins among F9 treatments were significantly different 

(χ2= 24.980, df= 9, p< 0.01), while for F8 treatments, no statistical difference was found 

(χ2= 15.443, df= 9, p> 0.05).  For F9 treatments, 0.5 g FU attracted the most urchins, with 15 

observations followed by 1.0 and 2.0 g FU (13 observations), 5.0 g FU (12 observations) and 

0.05 g FU (4 observations), respectively. Although no significant differences were found 

among F8 treatments, the animals appeared to be attracted to 2.0 g FU (19 observations) the 

most over the other treatments.  
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Figure 3.2: Touch preferences of Tripneustes gratilla for F8 and F9 treatments (equivalent to 0.05, 0.5, 

1.0, 2.0 and 5.0 g FU) and the controls (C1 – C5). 

3.4.1.2. Grazing preferences for F8 and F9 

The grazing preferences of T. gratilla for F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 

2.0 and 5.0 g FU) are shown in Figure 3.3. A total of 21 (F8) and 15 urchins (F9) actively 

grazed on one or multiple treatments and controls (C1 – C5). Grazing preference data showed 

that the distribution of urchins among F9 treatments were statistically significant (χ2= 21.239, 

df= 9, p< 0.05), while for F8 treatments no statistical difference were found (χ2= 11.844, 

df= 9, p> 0.05). For F9 treatments, 0.5 g FU stimulated the most organisms to graze (5 urchins) 

followed by the 1.0, 2.0 and 5.0 g FU (3 urchins) and 0.05 g FU (2 urchins) treatments, 

respectively. Although no significant differences were found among F8 treatments, the urchins 

appeared to be stimulated to grazed on 2.0 g FU the most compared (6 urchins) to the other 

treatments. 
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Figure 3.3: Grazing preferences of Tripneustes gratilla for F8 and F9 treatments (equivalent to 0.05, 

0.5, 1.0, 2.0 and 5.0 g FU) and the controls (C1 – C5). 

3.4.1.3. Probability of occurrence - F8 and F9 

3.4.1.3.1. Attraction  

The probability of occurrence of T. gratilla for F8 and F9 treatments (equivalent to 0.05, 0.5, 

1.0, 2.0 and 5.0 g FU) are shown in Table 3.2 and Figure 3.4. Results from the binomial GLM 

model indicated that F8 equivalent to 2.0 g FU had the highest predicted probability 

(Δρ= 0.413, p< 0.05) of attracting T. gratilla followed by F8 equivalent to 5.0 g FU (Δρ= 0.391, 

p< 0.05) and F9 equivalent to 0.5 g FU (Δρ= 0.326, p< 0.05) in a single trial. Although not 

statistically significant (p> 0.05), F8 equivalent to 1.0 g FU appeared to have a greater predicted 

probability of attracting an urchin that the F9 equivalent to 1.0, 2.0 and 5.0 g FU in a single 

trial. 
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Table 3.2: Predicted probabilities (Δρ) for F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 and 

5.0 g fresh Ulva lacinulata) to attract Tripneustes gratilla in a single trial. Lower (LCI) and upper (UCI) 

95% confidence interval, Wald z-values and p-values showing significant differences. 

Figure 3.4: Predicted of occurrence (Δρ) for F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 and 

5.0 g FU) to attract Tripneustes gratilla in a single trial. Error bars represent the lower (LCI) and upper 

(UCI) 95% confidence interval. 

Treatment Probability (Δρ) LCI UCI z- value p- value

F8 

0.05 0.261 0.154 0.405 0.743 N.S

0.5 0.283 0.171 0.428 0.973 N.S

1.0 0.326 0.207 0.472 1.413 N.S

2.0 0.413 0.281 0.559 2.226 < 0.05 

5.0 0.391 0.262 0.538 2.029 < 0.05 

F9 

0.05 0.087 0.173 0.210 -0.666 N.S

0.5 0.326 0.173 0.473 2.173 < 0.05 

1.0 0.283 0.110 0.428 1.766 N.S

2.0 0.283 0.340 0.428 1.766 N.S

5.0 0.261 0.316 0.405 1.551 N.S
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3.4.1.3.2. Stimulation 

The probability of stimulation of T. gratilla for F8 and F9 treatments (equivalent to 0.05, 0.5, 

1.0, 2.0 and 5.0 g FU) are shown in Table 3.3 and Figure 3.5. Although outcomes from the 

binomial GLM model showed no significant differences (p> 0.05), F8 equivalent to 2.0g FU 

appeared to have the highest predicted probability (Δρ= 0.130) of stimulating T. gratilla to 

graze followed by F8 equivalent to 1.0 g FU (Δρ= 0.109) and F9 equivalent to 0.5 g FU 

(Δρ= 0.109) in a single trial. It also appeared that F8 equivalent to 0.5 g FU had a greater 

predicted probability of stimulating an urchin than the F9 equivalent to 1.0, 2.0 and 5.0 g FU 

in single trial. 

Table 3.3: Predicted probabilities (Δρ) for F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 and 

5.0 g fresh Ulva lacinulata) to simulate Tripneustes gratilla in a single trial. Lower (LCI) and upper 

(UCI) 95% confidence interval, Wald z-values and p-values showing significant differences. 

Treatment Probability (Δρ) LCI UCI z- value p- value

F8 

0.05 0.043 0.011 0.158 0.576 0.565 

0.5 0.087 0.033 0.210 1.278 0.201 

1.0 0.109 0.046 0.236 1.525 0.127 

2.0 0.130 0.060 0.261 1.733 0.083 

5.0 0.065 0.021 0.184 0.974 0.330 

F9 

0.05 0.043 0.011 0.158 0.007 0.995 

0.5 0.109 0.046 0.236 0.007 0.994 

1.0 0.065 0.021 0.184 0.007 0.995 

2.0 0.065 0.021 0.184 0.007 0.995 

5.0 0.065 0.021 0.184 0.007 0.995 
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Figure 3.5: Predicted of occurrence (Δρ) for F8 and F9 treatments (equivalent to 0.05, 0.5, 1.0, 2.0 and 

5.0 g FU) to stimulate Tripneustes gratilla in a single trial. Error bars represent the lower (LCI) and 

upper (UCI) 95% confidence interval. 

 

3.4.2. Comparative study - F8 vs F9 vs CE vs FU vs DU 

3.4.2.1. Touch and grazing preferences 

The touch preferences of T. gratilla for Ulva treatments (F8, F9, CE, FU and DU equivalent to 

1 g FU) are shown in Figure 3.6. In total, 78 of the 80 urchins tested showed touch preferences 

to one or multiple Ulva treatments and the controls (C1 – C5) in single trials. Statistical 

analyses showed that the distribution of urchins among the treatments for the touch preference 

data was significantly different (χ2= 86.346, df= 9, p< 0.001). FU treatment was the most 

effective at both attracting urchins (43 observations), followed by F8 (26 observations), F9     

(22 observations), CE (22 observations) and DU (19 observations), respectively.  
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Figure 3.6: Touch preferences of Tripneustes gratilla for Ulva treatments (F8, F9, CE, FU and DU 

equivalent to 1g fresh Ulva) and controls (C1 – C5). 

Only 49 of the 80 urchins tested were stimulated to feed on one or multiple Ulva treatments 

and the controls (C1 – C5) in single trials (Figure 3.7). Graze preferences data showed that the 

distribution of the urchins among the treatments were statistically significant (χ2= 112.660,    

df= 9, p< 0.001). FU stimulated the most urchins to graze (26 urchins), followed by DU (12 

urchins), CE (9 urchins), F8 (8 urchins) and F9 (1 urchin), respectively. 

Figure 3.7: Graze preferences of Tripneustes gratilla for Ulva treatments (F8, F9, CE, FU and DU 

equivalent to 1 g FU) and controls (C1 – C5). 
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3.4.2.2. Probability of occurrence - F8 vs F9 vs CE vs FU vs DU 

The probability of occurrence for the touch and grazing preferences of T. gratilla for the five 

different Ulva treatments (F8, F9, CE, FU and DU equivalent to 1 g FU) are shown in Table 

3.4. Outcomes from the binomial GLM showed that FU had the highest predicted probability 

(Δρ= 0.538, p< 0.05) of attracting T. gratilla in a single trial, followed by F8 (Δρ= 0.325,          

p< 0.05), CE (Δρ= 0.275, p< 0.01), F9 (Δρ= 0.275, p< 0.05) and DU (Δρ= 0.238, p< 0.001). 

Although no significant differences were found for the predicted probabilities for the grazing 

preferences, FU (Δρ= 0.325) appeared to stimulate the urchins to feed the most over DU      

(Δρ= 0.150), CE (Δρ= 0.125), F8 (Δρ= 0.100) and F9 (Δρ= 0.013) in single trials. 

 

Table 3.4: Predicted probabilities (Δρ) for Ulva treatments (F8, F9, CE, FU and DU equivalent to 1 g 

Ulva lacinulata) to attract and stimulate Tripneustes gratilla in a single trial. Lower (LCI) and upper 

(UCI) 95% confidence interval, Wald z-values and p-values showing significant differences. 

 

 

3.5 Discussion 

It has been well established that the profitability of an aquaculture facility is directly linked to 

the cost of feed as well as the feed intake of the cultured species (Bolivar et al. 2006; 

Heinsbroek et al. 2007). In most intensive aquaculture operations, the largest returns may be 

achieved at the highest growth rates of the cultured organisms, which are usually associated to 

the feed intake and food conversion rates (Heinsbroek et al. 2007, 2008; Kankainen et al. 2012; 

Hirt-Chabbert et al. 2012). Aquaculturists use several strategies to increase feed consumption 

and overall performance of the animals (Liebert and Portz, 2005; Wang, 2007; Zheng et al. 

2009; Dimitroglou et al. 2010). One is the inclusion of feed ingredients such as 

Treatment Probability (Δρ) LCI UCI z- value p- value 

Touch preference 

F8 0.325 0.232 0.435 2.529 < 0.05 

F9 0.275 0.188 0.383 2.040 < 0.05 

CE 0.275 0.188 0.383 3.127 < 0.01 

FU 0.538 0.428 0.643 2.529 < 0.05 

DU 0.238 0.157 0.343 5.289 < 0.001 
            

Grazing preference 

F8 0.100 0.051 0.187 0.009 0.993 

F9 0.013 0.002 0.083 0.009 0.992 

CE 0.125 0.060 0.202 0.009 0.993 

FU 0.325 0.232 0.435 0.008 0.993 

DU 0.150 0.087 0.246 0.010 0.992 
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chemoattractants and feeding stimulants into the diets of cultured species (Papatryphon and 

Soares, 2000; Cyrus et al. 2015a; Nunes et al. 2019). However, the quantitative aspects of this 

group of chemicals are seldom considered.  

 

Results from the current study confirmed the effectiveness of F8 and F9 as chemoattractants 

and feed stimulants for the urchin T. gratilla (see Chapter 2). However, their efficacy was 

shown to be dose-dependent due to the variability in rate of arrival of the urchins to different 

concentrations. Chemotactic responses of the urchins may also suggest that the chemical nature 

and potency level of the chemical stimuli may have played a role in chemoattraction. The 

urchins were able to perceive the chemical signals emitted through the water column as low as 

extracts equivalent to 0.05 g FU for both F8 and F9 (distance ≈ 14.8 – 16.3 cm). However, the 

F8 (equivalent to 2.0 g FU) and F9 (equivalent 0.5 g FU) treatments attracted the highest 

number of urchins when all five different concentrations from both F8 and F9 were tested 

separately in feeding trials. Outcomes from Chapter 2 showed that F8 mostly constitutes a 

single compound (i.e. monogalactosyldiacylglycerol [MGDG]), while F9 is a mixture of 

several glycerolipids (i.e. diacylglyceryl-N,N,N-trimethyl-homoserine [DGTS], 

digalactosyldiacylglycerol [DGDG], sulfoquinovosylmonoacylglycerol [SQMG],  

dialkylglycerophosphate [PA] and lysophospholipid [LPG]). Similar to Chapter 2, F8 only 

occurred at a very small percentage of the crude extract compared to F9 (See Supplementary 

Information 3; Table S3.1 for fractionation distribution). Therefore, the differences in activity 

level recorded in this study may be based on the chemical nature of the fractions as well as the 

concentrations of the compounds they contained. 

 

In the present study, the potency of different treatments from F8 and F9 had to elicit a response 

from the urchins of either chemotaxis, chemotaxis and touch (touch preference) or chemotaxis, 

touch and graze (grazing preference). According to predicted probability of occurrence data, 

an overall trend can be observed in both the touch and grazing preferences of T. gratilla for the 

F8 and F9 treatments (Figure 3.4 and Figure 3.5). From the predicted touch preferences of the 

urchins, a gradual increase in the number of observations was observed with an increase in 

dosage of the treatments until a peak number was reached (treatments equivalent to 2.0 g FU 

for F8 and 0.5 g FU for F9; Figures 3.4 and 3.5). After the peak, a steady decline in the number 

of observations was noted with an increase in treatment dosage. Analogous trends were 

observed in predicted grazing preferences data (Figures 3.4 and 3.5). Although the reason for 

the decline is not clear, it may be suggested that these treatments caused the saturation of the 
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urchins’ receptors or the compounds present in these Ulva fractions became inhibitory at higher 

concentrations. Therefore, results presented here suggest that the touch and grazing preferences 

of the urchin may follow a saturation curve response. Urchin responses in this study appeared 

to follow the same tendency as other biological responses such as bacterial growth rate or 

enzyme kinetics in culture, which are best described by a saturation curve rather than a straight 

line (Kepner, 2010). Similar observations have been reported for other marine organisms in the 

presence of chemical stimuli at varying concentrations (e.g. Carr and Thompson, 1983; Carr 

and Derby, 1986). For example, Carr and Thompson (1983) stated that when the marine shrimp 

Palaemon pugio (as Palaemonetes pugio; Decapoda) were exposed to different concentrations 

of the chemoattractant adenosine 5'-monophosphate in behavioural assays the responses were 

biphasic, increasing linearly up to a peak and then decreasing gradually at higher 

concentrations. In some cases, responses in the presence of chemical stimuli have been shown 

to follow a sigmoidal curve (e.g. Klinger and Lawrence, 1984).  

 

Marine organisms use a variety of chemical cues to search for food, and single dosage of a 

particular stimulus may not be as important as a blend of several stimuli (Carr, 1988; Carr and 

Derby, 1986; Hay, 2009). In the present study, outcomes from comparative study suggest that 

F8 and F9 were not as effective as feed stimulants for T. gratilla compared to 1.0 g of FU, DU 

and CE (Figure 3.7). However, their effectiveness as chemoattractants for the urchins were 

comparable to CE and DU based on the number of observations recorded (Figure 3.6). In both 

experiments, FU proved to be the most effective chemoattractant and stimulant for T. gratilla 

compared to the other treatments. In the marine ecosystem, chemical stimuli rarely occur as 

isolates, rather they are released from the tissue of animals or plants in mixtures, and response 

to a single stimulus may not be as strong as to a mixture of stimuli (Carr, 1988; Carr and Derby, 

1986; Weissburg et al. 2002; Hay, 2009, 2010). In the present study, it may be suggested that 

the blend of chemical stimuli emitted from 1.0 g of FU was more effective on the 

chemoreceptors of the urchins in comparison to the stimuli emitted by either F8 or F9. As stated 

above, F8 mostly constitutes a single compound, while F9 is a mixture of several glycerolipids. 

Therefore, results from this study confirmed that F8 may be a more potent chemoattractant and 

stimulant than F9 at a concentration equivalent to 1.0 g FU.  

 

Although DU and CE were not as potent a chemoattractant and stimulant as FU, these 

treatments were still more effective at stimulating the urchins to graze compared to F8 and F9. 

Ulva in its unpurified state (i.e. FU, DU and CE) may be a more potent chemoattractant and 
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stimulant for T. gratilla compared to purified extracts/fractions of Ulva such as F8 or F9. Even 

though F8 and F9 were not as potent as FU, these fractions were still effective at attracting and 

stimulating T. gratilla. Data presented in the current study showed that all treatments tested 

elicited, to some extent, positive chemoattraction and feed stimulation responses from the 

urchins. However, additional research needs to be done to evaluate the response of this 

organism to other types of extracts (i.e. mixture of F8 and F9) against Ulva in its unpurified 

state (FU, DU and CE). Findings presented here can serve as a guide to determine which form 

of Ulva to test in formulated diets for this urchin and at what levels. A possible continuation of 

this research would be to apply the optimal levels of F8 and F9 along with a mixture of F8 and 

F9 to formulated feed, and test for consumption rate and feed conversion ratio (FCR) of T. 

gratilla against the formulated diet containing dried Ulva developed by Cyrus et al. (2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

CHAPTER 4 

Effect of nutrient variation on the lipid and 

fatty acid composition of Ulva lacinulata: An 

NMR-based lipidomic approach 
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4.1 Abstract 

The effects of varying nutrient concentrations were investigated on the total lipid (TL), lipid 

classes and fatty acid (FA) contents of aquacultured Ulva lacinulata. A culture experiment was 

carried out for 10 days using six different nutrient concentrations: 0 (control), 25, 50, 75, 100 

and 200% NE (NE: nutrient enrichment above ambient seawater concentration; 100% NE = 

8.05 nitrogen [N], 3.78 phosphorus [P] and 1.08 potassium [K] g.kg-1 Ulva) at a stocking 

density of 0.72 kg.m-2 FW Ulva under a volume exchange (VE.d-1) rate of 30 VE.d-1. Results 

showed that nutrient variation had no significant effect on the specific growth rate (SGR) of 

Ulva (SGR ranged from 12.92 ± 0.17 to 13.72 ± 0.25%.d-1). No significant relationship was 

found between TL contents of Ulva and nutrient treatments (TL contents ranged from 3.91 ± 

0.29 and 4.61 ± 0.64% DW). Ulva grown at low nutrient concentrations had significantly lower 

neutral lipid (NL) contents (0 and 25% NE; p< 0.05) than at higher nutrient concentrations. 

Glycolipid (GL) contents were significantly lower when Ulva was cultured at a high nutrient 

concentration (200% NE; p< 0.05). Nutrient variation had no effect on the phospholipid (PL) 

contents of this seaweed. A total of 25 FAs consisting mostly of saturated fatty acids (SFA; 

56.40 ± 3.23 to 59.95 ± 8.28% total fatty acid [TFA]) were identified from Ulva by GC-MS. 

However, only C18:0 FA (stearic acid) was negatively impacted at high nutrient concentration 

(p< 0.05). Polyunsaturated FA (PUFA) consisted mostly of omega-3 FA (ω-3; 26.72 ± 9.21 to 

30.31 ± 2.52% TFA) than ω-6 FA (2.34 ± 0.20 to 3.05 ± 0.62% TFA). ω-6:ω-3 ratios (0.08 ± 

0.00 to 0.12 ± 0.06) were in the lower range to what has been reported in the literature for 

species of this genus. The current study provided an improved understanding of the effects of 

nutrient variation on the TL, lipid classes and FA profile of local aquacultured Ulva. This study 

also showed that U. lacinulata contains lipid and FAs (especially ω-3 PUFAs) that may be used 

as a suitable source of beneficial lipids and FAs for both aquafeed and human consumption. 

 

4.2 Introduction 

Marine macroalgae, commonly known as seaweeds, are considered as valuable sources of 

bioactive compounds characterized by a wide range of biological activities (Li et al. 2011; 

Holdt and Kraan, 2011; Gupta and Abu-Ghannam, 2011; Rengasamy et al. 2020). For 

centuries, these marine plants have been used as food and in traditional medicine in East-Asia, 

while their use in Western countries has been increasing mainly due to popularization of Asian 

cuisine and multi-nutritional attributes (Sanjeewa et al. 2018; Lopes et al. 2020). Seaweeds 

offer a wide selection of phytonutrients and phytochemicals including proteins, poly- and 



Chapter 4: Nutrient variations on lipid and fatty acid of Ulva lacinulata. 

64 

 

oligosaccharides, polyunsaturated fatty acids (PUFA), vitamins, micro- and macro elements, 

polyphenols, alkaloids and terpenoids (Dawczynski et al. 2007; Shibata et al. 2008; Güven et 

al. 2010; Peña-Rodríguez et al. 2011; Vera et al. 2011; Campos et al. 2012; Godlewska et al. 

2016; Rengasamy et al. 2020). Recently, macroalgal lipids have gained much interest, not only 

for their nutritional value, but for the potential use as functional ingredients in food and feed, 

pharmaceutical, nutraceutical, and cosmeceutical industries (Plouguerné et al. 2014; Arafiles 

et al. 2014; da Costa et al. 2021; Lopes et al. 2020, 2021). 

 

Lipid content of seaweeds varies within species, season, region and environmental factors such 

as availability of nutrient, light, temperature and salinity as well as the interactions between 

these factors (Floreto et al. 1996; Floreto and Teshima, 1998; Xu et al. 1998; Narayan et al. 

2005; Gerasimenko et al. 2011; Kumari et al. 2013; Toth et al. 2020). In general, lipid content 

in seaweeds is relatively low (1 – 5% of dry matter), and they are largely disregarded due to 

their low amounts, high complexity and structural diversity (Peng et al. 2015; Lopes et al. 

2021). Macroalgal lipids consist of non-polar (neutral lipids [NL]) and polar (glycolipids [GL], 

phospholipids [PL] and betaine lipids) lipids, with fatty acids (FA) making up a large portion 

of their total lipid contents (up to 50%; Mišurcová et al. 2011; Gosch et al. 2012; Kumari et al. 

2013; da Costa et al. 2017). Polar lipids located in photosynthetic membranes are used as 

markers for cellular recognition, while NLs assist in energy storage functions (Holdt and Kraan, 

2011; Kumari et al. 2013; Pérez et al. 2016). GL has been reported to be the main source of 

lipids in several seaweeds species, followed by NL and PL (Bhaskar et al. 2004; Narayan et al. 

2005; Terme et al. 2017; Santos et al. 2019; Wang et al. 2022). Polar lipids have also been 

reported to be key carriers of PUFA such as omega-3 (ω-3; e.g. eicosapentaenoic acid (EPA) 

– C20:5; stearidonic acid – C18:4, and docosahexaenoic acid (DHA) – C22:6] and omega-6 

[ω-6; e.g. arachidonic acid (AA) – C20:4] fatty acids (Wielgosz-Collin et al. 2016; Domingues 

and Calado, 2022).  

 

Like most seaweeds, the lipid content of Ulva species is low (0.3 – 4.1% of dry weight; Ortiz 

et al. 2006; Tabarsa et al. 2012; Kendel et al. 2015; Magdugo et al. 2020). Contrary to other 

macroalgae, NL has been reported to be the major class of lipids in Ulva (Fleurence et al. 1994; 

Kendel et al. 2015; Cardoso et al. 2017; McCauley et al. 2018; Nunes et al. 2020). However, 

some studies have shown that polar lipids, namely GL, were the main lipid classes in Ulva 

species (Kostetsky et al. 2004; Santos et al. 2019). Species of this genus have been reported to 

a source of valuable long-chain PUFAs, such as docosapentaenoic acid (C22:5ω3 DPA), and 
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more uncommon stearidonic acid (C18:4ω3) and hexadecatetraenoic acid (C16:4ω3) PUFAs 

as well as EPA and small amounts of docosahexaenoic acid (C22:6ω3 DHA; Holdt and Kraan, 

2011; McCauley et al. 2016; Cardoso et al. 2017; Monteiro et al. 2022). The addition of Ulva 

at low levels in formulated feeds and/or as feed supplement have been shown to have beneficial 

effects on FA composition of a few marine organisms. Legarda et al. (2021) reported that the 

supplementation of IMTA-grown Ulva at 10 g.kg-1 in the formulated diet of the juvenile finfish 

Seriola lalandi (as Seriola dorsalis; Carangiformes) increased the level of DHA in muscular 

tissue that improved the quality of the fish muscle. Similarly, Sáez et al. (2020) reported that 

inclusion of 5% (w/w) the dry seaweed U. ohnoi in the formulated feed of the Senegalese sole 

(Solea senegalensis; Pleuronectiformes) produced desirable levels of DHA and EPA in the fish 

muscle. Mulvaney et al. (2015) demonstrated that the hybrid abalone Haliotis rubra x Haliotis 

laevigata (Lepetellida) fed with Ulva had higher levels of important long-chain ω-3 

PUFAs in the muscle tissue as well as lower ω6:ω3 ratios. Glycerolipids such as 

digalactosyldiacylglycerol (DGDG) and 1, 2-diacylglycerly-4'-O-(N,N,N-trimethyl)-

homoserine (DGTS; reported as DGTH) isolated from Ulva can act as feed stimulants for 

marine gastropods (Sakata et al. 1985; 1988). Similar to these studies, the compound lipids 

monogalactosyldiacylglycerol (MGDG), DGDG, diacylglyceryl-N,N,N-trimethyl-homoserine 

(DGTS), lysophospholipid (LPG), sulfoquinovosylmonoacylglycerol (SQMG) and 

dialkylglycerophosphate (PA), were identified from the aquacultured U. lacinulata as potential 

feed stimulants for the urchin Tripneustes gratilla (Camarodonta; see Chapter 2). 

Despite the presence of beneficial lipids and FAs in Ulva, their contents are highly susceptible 

to nutrient changes (Floreto et al. 1993, 1996; Gómez-Pinchetti et al. 1998; Kumari et al. 2014; 

McCauley et al. 2018; Gao et al. 2018; Toth et al. 2020). It has been reported that Ulva grown 

in nutrient rich water can increase the total lipid content and polar lipids classes (Kumari et al. 

2014). Ulva cultured under enriched inorganic nitrogen can contain higher levels of PUFA and 

lower concentrations of saturated and monounsaturated fatty acids (MUFA) compared to the 

alga grown in a nitrogen depleted medium, where the reverse can occur (Gómez-Pinchetti et 

al. 1998). McCauley et al. (2018) demonstrated that Ulva grown at a high nutrient level can 

produce biomass with desirable ω-6/ω-3 and C18:2ω6/C18:3ω3 ratios, and beneficial FA such 

as stearidonic acid, EPA and DPA compared to Ulva starved of nutrients. The authors also 

reported that nutrient-depleted Ulva samples had three times higher FA content in the neutral 

lipid fraction. For ca. 2 decades, the cultivation and utilization of Ulva as supplementary feed 

and for bioremediation to enable partial recirculation on South African abalone farms has been 
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commercially successful (Bolton et al. 2009; Neveux et al. 2018). The quantification of the 

nutritional content of this seaweed has mainly been focused on its protein content and amino 

acid profile (Shuuluka et al. 2013). Knowledge on the variability of the lipid and FA content 

of this aquacultured alga can be beneficial considering its importance as a feed for the abalone 

Haliotis midae (Lepetellida) as well as for future feed formulation and human food application. 

The current study was thus aimed to investigate and characterize the effects of nutrient 

variations on the total lipid content, lipid classes and FA profile of local commercially 

aquacultured U. lacinulata (Bachoo et al. 2023). The main objectives were: 1) culture Ulva at 

different nutrient concentrations; 2) extract and quantify total lipid content of Ulva; 3) 

fractionate total lipid content using silica gel (Si-gel) chromatography; 4) quantify and evaluate 

the main lipid classes; and 5) evaluate and quantify the FA content of Ulva.  

 

4.3 Materials and Methods 

4.3.1. Chemicals  

All solvents used were of chromatography grade (LiChrosolv®). Chloroform (≥ 99.8%; 

CHCl3), methanol (≥ 99.8%; MeOH), dichloromethane (≥ 99.9%; CH2Cl2), acetone (≥ 99.8%; 

Ace) and hexane (≥ 98.0%; hex) were purchased from Merck® (Darmstadt, Germany). Silica 

gel 60 (0.040 – 0.063 mm) for column chromatography, phosphate buffered saline tablet, 

sodium chloride (NaCl) and sodium sulfate (Na₂SO₄) were also obtained from Merck® 

(Darmstadt, Germany). Granular urea, mono-ammonium phosphate (MAP) and mono-

potassium phosphate (MKP) fertilizers were obtained from Omnia Holdings Limited, 

Brackenfell, South Africa. Boron trifluoride-methanol (BF3) was purchased from Fisher 

Scientific LTD (Landsmeer, The Netherlands). Agilent Fiehn GC/MS metabolomics standards 

kit (400505): FAME/d27-mixture, pyridine, N-methyl-N-(trimethylsilyl) trifluoroacetamide 

(MSTFA)/1% TMCS, and d27-myristic acids mix was obtained from Agilent Technologies Inc. 

(Santa Clara, United States). Deuterated solvent: chloroform-d (CDCl3, > 99.8%) and 

methanol-d4 (CD3OD, > 99.8%) was purchased from Merck® (Darmstadt, Germany).  

 

4.3.2. Algal material 

Fresh U. lacinulata (Bachoo et al. 2023) was obtained from Irvine and Johnson (I & J) Cape 

Abalone aquafarm, Gansbaai, South Africa (34°37'35.1"S 19°17'47.4"E). This alga was 

thoroughly cleaned of sediments, epiphytes and any visible surface contaminants. The seaweed 
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was transferred to an outdoor 1000 L stocking tank (1.2 × 1.0 × 1.16 m; length × width × depth) 

with natural light at the Department of Forestry, Fisheries and the Environment (DFFE) 

Aquaculture Research Facility in Cape Town, South Africa (33°55’13.7” S 18°22’52.1” E), 

and acclimated for a 7 day period under constant flow of filtered seawater and aeration. The 

same Ulva species is grown commercially at abalone farms on the west, southwest and 

southeast coasts of South Africa, with different temperature regimes (Bachoo et al. 2023).  

 

4.3.3. Experimental culture system - outdoor tank 

The experimental culture system was set up at the DFFE and comprised of a fibreglass raceway 

(3.15 × 0.98 m; length × width) holding 18 individual 40 L (0.49 × 0.34 × 0.34 m; length × 

width × depth [inner dimension]) white polyethylene culture tanks. A schematic representation 

of the culture system is shown in Figure 4.1A. The white colour was selected to maximize 

reflection in the tanks as well as to lower heat adsorption. The culture tanks were modified to 

include an overflow located 0.34 m from the bottom of the container, making the tank total 

capacity 35 L (Figure 4.1B). The overflow was covered with netting material (5 mm mesh) to 

prevent loss of seaweed material during the experiment.  

 

Filtered seawater was gravity-fed from a reservoir through a 20 mm diameter PVC pipe to a 

holding tank (sump; 500 L) from which water was pumped (Hailea HX 6540) through a 20 mm 

diameter PVC ring main located 0.60 m above the culture system. Seawater was supplied to 

the culture tanks from the ring main through 5 mm diameter tubing. The water inflow tubing 

was equipped with 5 mm plastic flow valves to control the water flow. The initial volume 

exchange rate (VE.d-1) of the culture tanks was set up at 30 VE.d-1 (i.e. 1 VE.d-1 = 35 L.day-1). 

Air was supplied by a hi-blow diaphragm air pump (Hailea HAP-120) to the culture system 

through a 12 mm diameter PVC ring main located 0.60 m above the culture system. Culture 

tanks were supplied with air by 5 mm diameter silicone air tubing connected to the ring main. 

The silicone air tubing was attached at the bottom-centre using marine silicone sealant. Holes 

(± 2 mm diameter; 8 holes in total) were drilled 5 cm apart to make an air curtain in the culture 

tank. Each tank was tested before the start of the experiment to ensure efficient water 

circulation within each tank and to eliminate dead circulation spaces.  
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Figure 4.1: (A) Schematic representation of the experimental culture system; (B) Example of modified culture tank used to grow Ulva lacinulata in this study. 
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4.3.4. Preliminary studies  

4.3.4.1. Stocking density  

Optimal stocking density of Ulva in the system was determined over a period of 5 days. In 

total, six initial stocking densities were tested at ambient conditions: 50, 75, 100, 125, 150 and 

175 g fresh weight (FW; ± 0.1 g) Ulva, which equated to 0.36, 0.54, 0.72, 0.90, 1.08 and 1.26 

kg.m-2 FW Ulva. Each treatment was carried out in triplicate (n=3) under constant supply of 

filtered seawater at set at 30 volume exchange rate (VE.d-1). After 5 days, the biomass yield for 

each treatment was recorded, and the specific growth rate (SGR; %.d-1) was calculated 

[Equation 4.1; Msuya and Neori (2008)].  

 

                                                   𝑆𝐺𝑅 =  100 ×
[𝑙𝑛 (

𝑊𝑡
𝑊𝑜

)]

𝑡
                                        [Equation 4.1] 

 

Where Wo is the initial fresh biomass (g) and Wt is the final fresh biomass (g) after t is the time 

in culture days. The results of the short-term stocking density experiment are shown in Figure 

4.2. 

 

 

Figure 4.2: Specific growth rate (SGR; %.d-1) of Ulva lacinulata cultured in filtered seawater at a 

volume exchange rate of 30 VE.d-1 for stocking density experiment. Error bars indicate the standard 

deviation of the SGR. Bars with different superscript letters (a, b, c and d) indicate significant difference 

(ANOVA; p< 0.001) between SGR treatments. 

 

Results from this experiment showed a gradual decrease in SGR with an increase in stocking 

density (Figure 4.2). In the literature, the range of stocking densities used to culture Ulva have 

been reported to vary between 0.5 and 6.0 kg.m-2 FW (Cohen and Neori, 1991; Neori and 
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Shpigel, 2000; Robertson-Andersson, 2003; Msuya and Neori, 2008; Al-Hafedh et al. 2015; 

Shpigel et al. 2019). However, the stocking densities used in these studies were culture system 

and species specific.  

 

Stocking density of a culture directly regulates the degree of competition of individual thalli 

for light, nutrients and dissolved gases (Nagler et al. 2003; Pereira et al. 2006; Kim et al. 2013). 

Increased biomass can negatively impact the light required for maximum photosynthetic 

capacity (Copertino et al. 2009; Richards et al. 2011). The morphological nature of Ulva thalli 

can sometimes lead to mat formation where layers of Ulva thalli can shade thalli below them 

(Malta et al. 2003). A lower initial density may be preferred to optimize growth rate, while a 

higher stocking density may be chosen if the aims are either to remove nutrient or to yield 

biomass per area (Neori et al. 1991; Msuya, 2007; Al-Hafedh et al. 2015). Therefore, based on 

these findings, the initial stocking density of 0.72 kg.m-2 FW was chosen for the nutrient 

enrichment experiment, since the growth observed over the experimental period did not 

overload the system, leaving scope for growth when nutrient was added. 

 

4.3.4.2. Volume exchange rate (VE.d-1) 

The volume exchange rate (VE.d-1) of the culture system was determined over a period of           

5 days. In total, six VE.d-1 were tested: 5, 10, 15, 20, 25 and 30 (i.e. 1 VE.d-1 = 35 L.day-1). 

Each treatment was run in triplicate (n=3) under constant supply of filtered seawater at ambient 

condition with an initial stocking density of 0.72 kg.m-2 FW Ulva. After 5 days, the Ulva 

biomass yield for each treatment was recorded, and the SGR (%.d-1) was calculated. The results 

of the VE.d-1 experiment are shown in Figure 4.3. 

 

Results from this experiment showed a gradual increase in the SGR of Ulva with an increase 

in volume exchange rate (Figure 4.3). It is suggested that the production of seaweed is higher 

under a continuous flow of nutrient-rich water (Vandermeulen and Gordin, 1990; 

Demetropoulos and Langdon, 2004; Mata et al. 2010; Cole et al. 2014). The renewal of water 

can increase the uptake of nutrient and facilitate gas exchange by reducing the diffusion of 

boundary layer (Hurd, 2000; 2017; Roleda and Hurd, 2019). High water exchange rate may 

assist with dead algal cells removal as well as reduce bacteria and epiphytes (Cole et al. 2014). 

A high water volume exchange rate may also increase the availability of dissolved inorganic 

carbon to a system that can be beneficial for biomass production (Cole et al. 2014). Robertson-
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Andersson (2003) conducted an experiment on a commercial farm in South Africa with the 

same Ulva species used in this study, and found that 12 VE.d-1 was sufficient for growth of the 

Ulva while a 20 VE.d-1 resulted in the best growth rate of the seaweed. This author also reported 

that Ulva cultured 4 VE.d-1 resulted in poor performance since the low water exchange rate 

was insufficient sustain optimal temperature and pH for growth. Results from the current 

experiment showed that 30 VE.d-1 had the highest SGR when stocked with 0.72 kg.m-2 FW. 

Based on these findings, the 30 VE.d-1 was chosen for the nutrient enrichment experiment and 

to enable comparisons with similar small-scale studies.  

 

 

Figure 4.3: Specific growth rate (SGR; %.d-1) of Ulva lacinulata cultured in filtered seawater for the 

volume exchange rate (VE.d-1) experiment. Initial stocking density was 0.72 kg.m-2 FW Ulva. Error 

bars indicate the standard deviation of the SGR. Bars with different superscript letters (a, b and c) 

indicate a significant difference (ANOVA; p< 0.001) between SGR treatments. 

 

4.3.5. Nutrient enrichment (NE) experiment 

The culture experiment was carried out for 10 days. Six different nutrient additions were tested: 

0 (control), 25, 50, 75, 100 and 200% NE (NE: nutrient enrichment; 100% NE = 8.05 nitrogen 

(N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva) in the form of UREA, MAP and 

MKP at a ratio of 7:3:1. The 100% fertilization regime used in this experiment was equivalent 

to the actual fertilization regime use to grow Ulva at Wild Coast Abalone farm, Haga Haga, 

Eastern Cape, South Africa (pers. comm. Daphne Taylor). Each treatment was performed in 

triplicate (n=3) with an initial stocking density of 0.72 kg.m-2 FW Ulva at 30 VE.d-1. Pulse 

fertilization was provided at start (D=0) and day 5 (D=5) of the experiment (Note: pulse 

fertilization in the current experiment was not according to farm practice). Water supplies to 
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the culture tanks were turned off for 6 hrs when fertilization was provided, while air supply 

was maintained. After 10 days, the experiment was stopped and the biomass yield for each 

treatment was recorded. The SGR (%.d-1) was calculated, and the algal material was processed 

for lipid extraction. Water nutrient data and environmental parameters are available in 

Supplementary Information 4 (Section S4.1 and S4.2). 

 

4.3.6. Moisture content 

The moisture content (%; MC) of Ulva was determined by drying 2.00 g FW (± 0.01 g; n=5) 

of each Ulva sample in an oven (Labotec EcoTherm, South Africa) at 60 °C until a constant 

weight was obtained. The water content was determined gravimetrically according to [Equation 

4.2; Kendel et al. (2015)].  

 

                                               % 𝑀𝐶 =  [
𝑚i – 𝑚od

𝑚i

] ×  100                                        [Equation 4.2] 

 

where mi = initial mass of wet Ulva and mod = oven dry mass of Ulva.  

 

4.3.7. Lipid extraction and fractionation 

Total lipids (TL) were extracted using a modified Bligh and Dyer (1959) method according to 

Kumari et al. (2011) using CHCl3-MeOH-phosphate buffer (pH-7.3). Finely chopped fresh 

Ulva sample (30 ± 0.01 g) was mixed with 95 mL of CHCl3-MeOH-50 mM phosphate buffer 

(1:2:0.8; v/v/v) in a 250 mL Erlenmeyer flask and sealed with foil. The mixture was incubated 

on a platform shaker (Labcon FSIM SPO16, South Africa) for 45 min at room temperature. 

The organic phase was collected through filtration using a Büchner funnel and the biomass 

residue was re-extracted twice using 95 mL of CHCl3-MeOH-50 mM phosphate buffer 

(1:1:0.8). The total collected organic phases were pooled and washed with de-ionized water in 

a 500 mL separatory funnel. The final organic (lower) phase was recovered and dried in vacuo 

(Büchi® Rotavapor R-210, Switzerland). The TL content was determined as dry weight 

percentage (%) using [Equation 4.3; Kendel et al. (2015)].  

 

 

                               % 𝑇𝐿 =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐿

(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 + 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐿)
 × 100                  [Equation 4.3] 
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Lipid extracts were stored at -20 ºC before analysis by NMR and GC-MS. One part of TL (0.05 

± 0.001 g) was fractionated into neutral lipid (NL), glycolipid (GL) and phospholipid (PL). 

Lipid fractions were obtained by elution on a silica gel column (2 ± 0.01 g) with 10 mL CH2Cl2 

(NL), 10 mL Ace (GL) and 10 mL MeOH (PL). Fractions were evaporated to dryness under a 

stream of nitrogen gas and the amount was determined as percentage of 1 g of TL. 

 

4.3.8. Sample preparation and NMR analyses 

Lipid samples (≈10 mg) were suspended in 700 μL deuterated solvent (CDCl3 for TL and NL; 

1:1, CDCl3:CD3OD for GL and PL) and transferred to NMR tubes (5 mm diameter; Norell® 

Standard SeriesTM). 1H NMR analyses were performed at the Department of Chemistry, the 

University of the Western Cape, Bellville, South Africa using a Bruker 400 MHz Avance III 

HD (Bruker, Rheinstetten, Germany) equipped with a 5 mm BBFO probe. For each sample, 16 

scans were recorded with following parameters: 30° pulse (zg 30 sequence), pulse power of 

25.0 W, 64 000s data points, spectra width of 8012.82 Hz, acquisition time of 4.09 secs, fixed 

receiver gain of 62.96, relaxation delay of 1.00 sec, dummy scans 2, and temperature of       

24.85 °C. TopSpin® (ver. 3.6.2, Bruker TopSpin® Inc) software was used for NMR data 

acquisition with a line broadening of 0.30 Hz. 

 

MestReNova (ver. 6.0.2 Mestrelab Research) was used to process 1H NMR data. Spectra were 

baseline (Whittaker Smoother) and manual phase corrected, and the chemical shifts of the data 

were reference to δH 7.260 (CDCl3; for TL and NL) and δH 3.310 (CD3OD; for GL and PL). 

The regions corresponding to solvent and interference signals were removed: 1) TL: δH 1.080 

– 1.095, 3.460 – 3.495 (MeOH), δH 7.230 – 7.295 (CH2Cl2 and CDCl3); 2) NL: δH 5.288 – 

5.308 (CH2Cl2), δH 7.230 – 7.295 (CDCl3); 3) GL: δH 2.140 – 2.165 (Ace), δH 3.305 – 3.315, 

4.650 – 4.900 (CD3OD), δH 7.850 – 7.920 (CDCl3); and 4) PL: δH 3.305 – 3.315, 4.650 – 4.900 

(MeOH and CD3OD), δH 7.850 – 7.920 (CDCl3).  
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Figure 4.4: Proton nuclear magnetic resonance [1H NMR; CDCl3, 400 MHz] spectrum of total lipid 

(TL) sample from Ulva lacinulata cultured in filtered seawater at 0% NEA (0% nutrient enrichment 

[NE] = control; A= replicate 1).  

 

Spectral data were divided into bins with each integral having equal width of 0.04 ppm. The 

binned data were exported and rearranged in Microsoft® Excel® 365 and saved as ‘.csv’ 

(comma delimited) files. Assignment of the chemical shift signals (ppm; Figure 4.4) from the 

total lipid content (TL) of U. lacinulata are shown in Table 4.1.  

 

Table 4.1: Assignment of proton nuclear magnetic resonance (1H NMR) chemical shift signals of total 

lipid (TL) in Ulva lacinulata (FA= Fatty Acids; PUFA= Polyunsaturated Fatty Acids; TAG= 

Triacylglycerols). 
 

Spectral region  δH (ppm) Lipid metabolites assigned 

A 0.80 – 0.91 All FA (–CH2–CH3) except ω-3 FA 1 2 3 

B 0.92 – 1.02 PUFA ω-3 (–CH=CH–CH2–CH3) 1 2 3 

C 1.21 – 1.38 Acyl chains for all FA –(CH2)n
 1 2 3 

D 1.54 – 1.66 β-methylene (–OCO−CH2−CH2–) 1 2 3 

E 1.96 – 2.13 Mono-allylic methylene (–CH2−CH=CH–) 1 2 3 

F 2.26 – 2.38 α-methylene (–OCO−CH2–) 1 2 3 

G 2.73 – 2.88 Di-allylic methylene (–CH=CH–(CH2–CH=CH)n–) 1 2 3 

H 4.10 – 4.25 TAG sn–1 (–C1H2) and sn–3 (–C3H2) 1 2 3 

I 5.05 – 5.17 Unsaturated ω-1 acyl groups (–CH=CH2) 1 

J 5.33 – 5.45 Fatty akyl chain (–CH=CH–; unsaturated FA) 1 2 3 

1Vidal et al (2012); 2Del Coco et al. (2018); 3Siudem et al. (2022) 
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The relative ω-3 fatty acid content (%) for TL, NL, GL and PL was estimated by integrating 

the 1H NMR peaks due to the terminal methyl protons at δH 0.98 (B) to ω-3 fatty acid and δH 

0.87 (A) due to other fatty acids [Equation 4.4; Igarashi et al. 2002]. 

 
 

                                                    %  − 3 = 100 ×
𝐼(𝐵)

𝐼(𝐵)+𝐼(𝐴)
                                [Equation 4.4]  

 

where I is the integral value for the peak at the given chemical shift.  

 

All unsaturated fatty acids are characterized by two allylic methylene protons which are 

observed at δH 2.05 (E; –CH2−CH=CH–). Therefore, the total unsaturated fatty acids (UFA = 

monounsaturated [MUFA] + PUFA) can be estimated by the integration value at δH 2.05 

relative to δH 2.34 (F; –OCO−CH2–) [Equation 4.5; Stabili et al. 2012]. 

 

                                                   % 𝑈𝐹𝐴 =  100 × 
(𝐼(𝐸) 4)⁄

(𝐼(𝐹) 2⁄ )
                                   [Equation 4.5] 

 

Polyunsaturated fatty acids (PUFA) are methylene interrupted dienes and trienes, and the signal 

due to the bis-allylic methylene at H 2.75 (G) can be used the estimate the amount of PUFAs 

[Equation 4.6; Siudem et al. 2022]. 

 

                                                  % 𝑃𝑈𝐹𝐴 =  100 × 
3𝐼(𝐺) − 2𝐼(𝐵)

3𝐼(𝐹)
                            [Equation 4.6] 

 

Saturated fatty acids (SFAs) can be estimated by subtracting the percentage of UFAs according 

to Siudem et al. (2022) [Equation 4.7]. 

 

                                                      % 𝑆𝐹𝐴 = 100 − % 𝑈𝐹𝐴                                   [Equation 4.7] 

 

Double bond equivalent (DBE) representing the degree of unsaturation in NL, GL and PL from 

1H NMR spectra can be estimated by integrating the signal at δH 2.34 (F) represents the α-

methylene protons (OCO−CH2) of FA chains, to the double bonds of unsaturated fatty acyl 

chain at δH 5.37 (CH=CH; J) [Equation 4.8; pers. comm. Professor Denzil R Beukes]. 

 

 

                                                                  𝐷𝐵𝐸 =
𝐼(𝐽)

𝐼(𝐹)
                                             [Equation 4.8] 
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Examples for % ω-3, UFA, PUFA, MUFA, SFA and DBE can be found in Supplementary 

Information 4 (Section S4.7). 

 

4.3.9. FAME and GC-MS Analysis 

Fatty acids (FA) were converted to their fatty acid methyl esters (FAMEs) by transmethylation 

of lipid samples following a modified protocol described by Lisec et al. (2006). Briefly, 10 μL 

of internal standard (2 mg.mL-1 – d27-myristic acid in hexane) was added to 2 mg of dried lipid 

extract, followed by 100 µL of 10% w/w boron trifluoride (BF3) in MeOH solution. The mixture 

was incubated at 65 ºC for 10 mins. After cooling, 500 µL hex was added and the mixture was 

vortexed for 30 secs. The mixture was then washed three times by adding 500 µL of a saturated 

NaCl solution, vortexed for another 30 secs and then centrifuged for 10 secs before removing 

the aqueous layer. The organic layer was dried by transferring 400 µL to a new tube and adding 

anhydrous sodium sulfate (Na₂SO₄). After centrifuging with a 30 secs pulse to pellet residual 

particulates, 300 µL of the supernatant was transferred to a 2 mL amber screw top sample vial. 

Derivatisation of FAME standard was carried out by transferring an aliquot of 10 µL FAME 

standard to a tube containing 10 µL methoxyamine HCl in pyridine (20 mg.mL-1), followed by 

80 µL of N-methyl-N-(trimethylsilyl) trifluoroacetamide. The mixture was incubated for 30 

mins at 37 ⁰C before allowing to cool and transferring to a 2 mL amber screw top sample vial 

for GC-MS analysis. 

 

The GC-MS analyses of FAME samples were performed at the Molecular and Cell Biology 

Department, University Cape Town, Rondebosch, South Africa using an Agilent Model 7890A 

Gas Chromatograph fitted with a 7693 Autosampler interfaced with a 7000A Triple 

Quadrupole Mass Spectrometer (Agilent Technologies, Santa Clara, California, USA) 

equipped with a DB-5ms silica capillary column (30 m × 0.25 mm × 0.25 µm; length × inner 

diameter × film thickness). Helium at a column flow rate of 1 mL.min-1 was used as a carrier 

gas with the pre-column pressure of 0.32879 PSI. The column temperature regime was 50 ºC 

for 2 min, followed by 30 ºC/min increase to 180 ºC, 5 ºC/min to 260 ºC and 15 ºC/min to     

310 ºC. The injection volume and temperature were 1 µL and 240 ºC, and the split ratio was 

19:1. The mass spectrometer was operated in electron compact mode with an electron energy 

of 70 eV and the mass spectrometer ion source was maintained at 280 °C. The data was 

acquired using the Agilent MassHunter GC/MS Acquisition (ver. B.07.06.2704; Agilent 

Technologies, Santa Clara, California, USA) software. FAME peaks were identified by 
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comparison of their retention times with authentic standards in NIST 14.L & Fiehn.L digital 

library, and by GC-MS post run analysis and quantified by area normalization. Agilent 

MassHunter Workstation Quantitative Analysis (ver. B.09.00; Agilent Technologies, Santa 

Clara, California, USA) and OpenChrom® Lablicate Edition (ver. 1.4.0.202102180818; 

Hamburg, Germany) were used for FAME data processing. 

 

4.3.10. Data processing and statistical analyses 

MetaboAnalyst 5.0 online platform (https://www.metaboanalyst.ca; Pang et al. 2021) was used 

to perform one-way analysis of variance (ANOVA) and principal component analysis (PCA). 

For TL, NL, GL and PL spectral bin data, the following parameters were used to perform 

ANOVA: data type= spectral bins, format of data= unpaired sample in columns, data filtering= 

inter-quantile range (IQR), sample normalization= none, data transformation= log 

transformation (base 10) and data scaling= Pareto scaling (mean-centred and divided by square 

root of standard deviation of each variable). For FAME data, the following parameters were 

used to perform PCA: data type= peak intensities, format of data= unpaired sample in columns, 

data filtering= inter-quantile range (IQR), sample normalization= normalization by reference 

feature (i.e. d27-myristic acid), data transformation= log transformation (base 10) and data 

scaling= Pareto scaling (mean-centred and divided by square root of standard deviation of each 

variable). SGR, TL contents, lipid classes, UFA (%), PUFA (%), MUFA (%), SFA (%), ω-3 

(%), DBE and FAME data were individually tested for normality and homogeneity using one-

way ANOVA and post-hoc Tukey test at 95% significance level using JASP (ver. 0.15, JASP 

Team 2021). 

 

 

 

 

 

 

 

 

https://www.metaboanalyst.ca/
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4.4 Results 

4.4.1. Specific Growth Rate at different nutrient concentrations 

The specific growth rate (SGR; %.d-1) of U. lacinulata grown at the six different nutrient 

concentrations is shown in Figure 4.5. Nutrient variation had no significant effect on the SGR 

of Ulva (ANOVA, F= 1.141, p= 0.391). SGR varied from 12.92 ± 0.17 to 13.72 ± 0.25%.d-1. 

 

 

Figure 4.5: Specific growth rate (SGR; %.d-1) of Ulva lacinulata cultured in filtered seawater for the 

nutrient experiment: 0 [control], 25, 50, 75, 100 and 200% nutrient enrichment (NE) [100% NE = 8.05 

nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. Error bars 

represent the standard deviation of SGR. Bars with different superscript letter (a) within treatments 

indicate significant difference (ANOVA; p< 0.05) between SGR of U. lacinulata. 

 

4.4.2. Total lipid content (TL) 

The total lipid contents (TL; % DW) of U. lacinulata cultured at the six different nutrient 

concentrations is shown in Figure 4.6. Nutrient variation had no significant effect on the TL 

content of Ulva (ANOVA, F= 2.244, p= 0.117). TL content of Ulva from the experiment varied 

from 3.91 ± 0.29 to 4.61 ± 0.64% DW, where 75% NE treatment had the highest TL content, 

while 0% NE treatment (control) had the lowest TL content. 
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Figure 4.6: Total lipid contents (TL; % DW) of Ulva lacinulata cultured in filtered seawater for the 

nutrient experiment: 0 [control], 25, 50, 75, 100 and 200% nutrient enrichment (NE) [100% NE = 8.05 

nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. Error bars 

represent the standard deviation of TL contents. Bars with different superscript letter (a) within 

treatments indicate significant difference (ANOVA; p< 0.05) between TL contents of U. lacinulata. 

 

4.4.3. Lipid classes 

The contents of the lipid classes (% TL) of U. lacinulata cultured at the six different nutrient 

concentrations are shown in Figure 4.7. Nutrient variation had a significant effect on the neutral 

lipids (NL) of Ulva (ANOVA, F= 4.111, p= 0.021). NL contents of Ulva cultured at 0 and 25% 

NE were significantly lower than NL contents of seaweed from the other nutrient treatments. 

Nutrient variation also had a significant effect on the glycolipids (GL) of Ulva (ANOVA,         

F= 3.470, p= 0.036). The GL content of Ulva grown at 200% NE was significantly lower 

compared to the GL content of seaweed grown at the other nutrient treatments. No significant 

difference was found between the phospholipids (PL) contents of Ulva and the six different 

nutrient treatments (ANOVA, F= 1.552, p= 0.246). NL contents of Ulva ranged from 27.64 ± 

6.82 to 40.30 ± 2.78% TL, GL contents from 46.63 ± 2.94 to 56.45 ± 3.64% TL while PL 

contents ranged 13.07 ± 0.16 to 16.25 ± 2.20% TL. 
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Figure 4.7: Lipid classes contents (% TL) of Ulva lacinulata cultured in filtered seawater for the six 

nutrient treatments: 0 [control], 25, 50, 75, 100 and 200% nutrient enrichment (NE) [100% NE = 8.05 

nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. NL = neutral 

lipids (black bars), GL = glycolipids (dark grey bars) and PL = phospholipids (light grey bars). Error 

bars represent the standard deviation. Bars with different superscript letters (a, b) within treatments 

indicate significant difference (ANOVA; p< 0.05) between the lipid classes of U. lacinulata. 

 

4.4.4. NMR - based lipid analysis 

4.4.4.1. Total lipid (TL) 

Total lipid (TL) content of U. lacinulata from this experiment was characterized by lipid 

metabolites such as sterols, triacylglycerols (TAG), fatty acids (FA) and phospholipids (PL). 

The 1H NMR spectra (δH 0.50 – 5.60; e.g. Figure 4.8) showed the presence of angular methyl 

proton (CH3) resonances characteristic of the CH3-18 of a sterol (δH 0.65 – 0.70 [1]), as well 

as terminal FA methyl groups (δH 0.82 – 0.91 [2]) of saturated, monounsaturated,                          

di-unsaturated, and polyunsaturated FAs (ω-3; δH 0.92 – 1.03 [3]). Resonance signals between 

δH 1.16 – 1.39 [4] describe non-allylic methylene protons (CH2) occurring in all FAs, while 

resonances between δH 1.92 – 2.14 [6] and δH 2.73 – 2.90 [8] correspond to mono-allylic 

(CH2−CH=CH) and di-allylic methylene protons (CH=CH–(CH2–CH=CH)n) in unsaturated 

FAs (see Supplementary Information 4 Section S4.3 for TL spectral regions assignment).  

 

Proton signals between δH 1.52 – 1.72 (OCO−CH2−CH2 [5]) and δH 2.25 – 2.45 (OCO−CH2 

[7]) correspond to methylene in the carbonyl of FA chains, while proton resonances between 

δH 3.05 – 3.10 [9] and δH 3.21 – 3.29 [10] described regions of phospholipid resonances, such 
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as phosphatidylethanolamine and phosphatidylcholine. Multiplet proton signals between          

δH 4.09 – 4.31 [11] and δH 5.06 – 5.16 [12] correspond to sn-1, sn-3 and sn-2 protons of glycerol 

moiety in TAG, while resonances between δH 5.31 – 5.46 [13] describe protons of double bonds 

(CH=CH) in the unsaturated fatty acyl chain. Nutrient variation had no main significant effect 

on the TL metabolites of Ulva (ANOVA, p> 0.05). However, few minor differences in intensity 

were present in the 1H NMR spectra in spectral regions [1], [2], [3], [6] and [11] (see Figure 

4.8 and Supplementary Information 4 Section S4.3 for TL 1H NMR spectra).  

 

 
 

Figure 4.8: Proton nuclear magnetic resonance [1H NMR; CDCl3, 400 MHz] spectrum of total lipid 

(TL) samples from Ulva lacinulata cultured in filtered seawater at 0% NEA (0% nutrient enrichment 

[NE] = control; A= replicate 1).  

 

Nutrient variation had no significant effect on UFA (%; ANOVA, F= 0.178, p= 0.966), SFA 

(%; ANOVA, F= 0.178, p= 0.966), PUFA (%; ANOVA, F= 0.712, p= 0.626), MUFA (%; 

ANOVA, F= 1.395, p= 0.294) and ω-3 (%; ANOVA, F= 0.145, p= 0.978) fatty acid content of 

U. lacinulata cultured in this experiment (Table 4.2). TL consisted mostly of UFA (79.92 ± 

2.90 – 84.83 ± 1.28%), with MUFA content ranging from 46.92 ± 18.87 to 75.72 ± 19.70%. ω-

3 constituted 39.98 ± 3.21 – 40.95 ± 0.97% of the PUFA contents. 
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Table 4.2: The total unsaturated (% UFA), saturated (% SFA), polyunsaturated (% PUFA), 

monounsaturated (% MUFA) and ω-3 (%) fatty acids of total lipid (TL) from Ulva lacinulata cultured 

at the six nutrient treatments: 0 [control], 25, 50, 75, 100 and 200% nutrient enrichment (NE) [100% 

NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1] 

calculated from proton nuclear magnetic resonance (1H NMR) data. Values are represented as mean ± 

standard deviation (SD; n=3). Values with different superscript letter (a) within treatments indicate 

significant difference (ANOVA; p< 0.05) between UFA (%), SFA (%), PUFA (%), MUFA (%) or ω-3 

(%) of TL samples. 

0% NE 25% NE 50% NE 75% NE 100% NE 200% NE 

% UFA 83.42 ± 7.27a 84.00 ± 2.05a 82.17 ± 15.13a 79.92 ± 2.90a 84.00 ± 4.77a 84.83 ± 1.28a 

% SFA 16.58 ± 7.27a 16.00 ± 2.05a 17.83 ± 15.13a 20.08 ± 2.90a 16.00 ± 4.77a 15.17 ± 1.28a 

% PUFA 10.39 ± 28.11a 8.28 ± 21.55a 19.94 ± 13.29a 33.00 ± 18.65a 13.28 ± 9.08a 18.78 ± 12.88a 

% MUFA 73.03 ± 21.35a 75.72 ± 19.70a 62.22 ± 6.19a 46.92 ± 18.87a 70.72 ± 5.69a 66.06 ± 11.60a 

% ω-3 40.48 ± 1.96a 40.34 ± 0.89a 39.98 ± 3.21a 40.40 ± 0.71a 40.60 ± 2.49a 40.95 ± 0.97a 

4.4.4.2. Neutral lipid (NL) 

NL content of Ulva from this experiment was characterized by the presence of di-allylic 

methylene protons (CH2) of FA (δH 2.75 – 2.88 [14]), methyl protons (CH3) relative to C-3 

(δH 3.50 – 3.57 [15]), protons associated with the glycerol moiety in TAG (δH 4.05 – 4.33 [16]), 

and protons of double bonds in the fatty acyl chain (δH 5.32 – 5.40 [17]; Figure 4.9; see 

Supplementary Information 4 Section S4.4 for NL spectral regions assignment). Nutrient 

variation had no significant effect on the NL metabolite contents of Ulva (ANOVA, p> 0.05). 

However, minor variation in the 1H NMR spectra of the NL samples was observed in the 

spectral region [16], with proton resonance from the glycerol moiety in TAG shown to be more 

prominent in the 50% NE treatment compared to samples of the other nutrient treatments (see 

Figure 4.9 and Supplementary Information 4 Section S4.4 for NL 1H NMR spectra). 
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Figure 4.9: Proton nuclear magnetic resonance [1H NMR; CDCl3, 400 MHz] spectra of neutral lipid 

(NL) samples from Ulva lacinulata cultured at 0% NEC (A) and 50% NEC (B). 0% nutrient enrichment 

[NE] = control. 50% NE = 0.5 × (100% NE = 8.05 nitrogen [N], 3.78 phosphorus [P] and 1.08 potassium 

[K] g.kg-1 Ulva) at a ratio of 7:3:1. C = replicate 3. 

 

1H NMR calculated ω-3 content (%) and double-bond equivalent (DBE) of NL metabolites 

from U. lacinulata from this experiment are shown in Table 4.3. Nutrient variations had no 

significant effect on the ω-3 content (%; ANOVA, F= 2.341, p= 0.106) and DBE (ANOVA, 

F= 1.488, p= 0.265) of NL metabolites. ω-3 content constituted 28.15 ± 9.80 – 38.51 ± 3.78%, 

while the DBE constituted 1.48 ± 0.87 – 2.41 ± 0.37% of the NL samples.  

 

Table 4.3: The ω-3 (%) and double-bond equivalent (DBE) of neutral lipids (NL) from Ulva lacinulata 

cultured at six nutrient treatments: 0 [control], 25, 50, 75, 100 and 200% nutrient enrichment (NE) 

[100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 

7:3:1] calculated from proton nuclear magnetic resonance (1H NMR) data. Values are represented as 

mean ± SD (n=3). Values with different superscript letter (a) within treatments indicate significant 

difference (ANOVA; p< 0.05) between ω-3 (%) or DBE of NL samples. 
 

  0% NE 25% NE 50% NE 75% NE 100% NE 200% NE 

% ω-3 34.65 ± 2.11a 36.68 ± 0.49a 28.15 ± 9.80a 38.51 ± 3.78a 38.25 ± 0.83a 37.44 ± 1.35a 

DBE 2.41 ± 0.37a 2.29 ± 0.34a 1.48 ± 0.87a 2.18 ± 0.33a 2.13 ± 0.36a 2.09 ± 0.09a 

 

 

 

 

 



Chapter 4: Nutrient variations on lipid and fatty acid of Ulva lacinulata. 

84 

4.4.4.3. Glycolipid (GL) 

GL content of the Ulva samples were characterized by protons of GL sugars (CH), with 

phosphatidylinositol (δH 3.33 – 3.39 and δH 3.77 – 3.82 [21] and [21’]), C-3 (δH 3.39 – 3.50 

[22]), phosphatidylcholine (δH 3.51 – 3.58 [23]), (δH 3.60 – 3.78 [24]), glycerophospholipids 

(δH 3.83 – 3.88 [25]) and anomeric carbon protons (δH 4.92 – 5.12 [26]; Figure 4.10; see 

Supplementary Information 4 Section S4.5 for GL spectral regions assignment). Nutrient 

variation had no significant effect on the GL metabolite contents of Ulva (ANOVA, p> 0.05). 

Minor variations were detected in the GL metabolite intensities in spectral regions [21], [22], 

[23] and [24] for 0, 25, 75, 100 and 200 % NE samples (see Figure 4.10 and Supplementary

Information 4 Section S4.5 for GL 1H NMR spectra). 

Figure 4.10: Proton nuclear magnetic resonance [1H NMR; 1:1 CDCl3:CD3OD, 400 MHz] spectra of 

glycolipid (GL) samples of Ulva lacinulata cultured at 25% NEC (A) and 200% NEC (B). 25% nutrient 

enrichment [NE] = 0.25 × (100% NE = 8.05 nitrogen [N], 3.78 phosphorus [P] and 1.08 potassium [K] 

g.kg-1 Ulva) at a ratio of 7:3:1. 200% NE = 2 × (100% NE). C = replicate 3.

1H NMR calculated ω-3 content (%), DBE and saturated fatty acid (% SFA) of GL from Ulva 

cultured at the six different nutrient treatments are summarized in Table 4.4. Nutrient variation 

had no significant effect on the ω-3 content (%; ANOVA, F= 0.176, p= 0.966), DBE (ANOVA, 

F= 0.716, p= 0.624) and SFA (%; ANOVA, F= 1.448, p= 0.277) on the GL metabolites of the 

Ulva. ω-3 content (%) ranged from 39.18 ± 2.99 to 40.94 ± 2.36%, DBE from 2.06 ± 0.19 to 

1.65 ± 0.16, and SFA (%) from 2.06 ± 3.63 to 16.50 ± 4.33%.  
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Table 4.4: The ω-3 (%), saturated fatty acid (% SFA) and double-bond equivalent (DBE) of glycolipid 

(GL) from Ulva lacinulata cultured at six nutrient treatments: 0 [control], 25, 50, 75, 100 and 200% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1] calculated from proton nuclear magnetic resonance (1H NMR) data. 

Values are represented as mean ± SD (n=3). Values with different superscript letter (a) within treatments 

indicate significant difference (ANOVA; p< 0.05) between ω-3 (%), SFA (%) or DBE of GL samples. 
 

  0% NE 25% NE 50% NE 75% NE 100% NE 200% NE 

% ω-3 40.01 ± 3.98a 39.71 ± 2.71a 40.64 ± 1.86a 39.18 ± 2.99a 40.94 ± 2.36a 40.26 ± 0.70a 

% SFA 6.08 ± 7.43a 7.69 ± 6.06a 2.06 ± 3.63a 5.06 ± 12.56a 9.27 ± 4.45a 16.50 ± 4.33a 

DBE 1.95 ± 0.44a 1.88 ± 0.19a 2.06 ± 0.19a 1.98 ± 0.38a 1.88 ± 0.21a 1.65 ± 0.16a 

 

4.4.4.4. Phospholipid (PL)  

PL content of U. lacinulata was characterized by the presence of methylene protons (CH2) in 

phosphatidylethanolamine (δH 2.95 – 3.07 [27]), lysophosphatidylcholine (δH 3.14 – 3.17 [28]), 

phosphatidylcholine (δH 3.18 – 3.22 and δH 3.49 – 3.61 [29] and [29’]) and 

glycerophospholipids (a; δH 4.19 – 4.48 [31]), and CH protons in phosphatidylinositol (δH 3.39 

– 3.46 and δH 4.09 – 4.14 [30] and [30’]) and glycerophospholipids (b; δH 5.16 – 5.25 [32]; 

Figure 4.11; see Supplementary Information 4 Section S4.6 for PL spectral regions 

assignment). Nutrient variation had a significant effect on the PL metabolites of Ulva 

(ANOVA, p< 0.05). The phospholipid profile of Ulva was negatively affected with an increase 

in nutrient concentration. The intensity of the proton resonances of spectra regions [27], [29; 

except spectral bin δH 3.61], [30], [31] and [32] were more prominent in lower nutrient 

treatments (i.e. 25 and 50% NE) and the control than higher nutrient treatments (see Figure 

4.11 and Supplementary Information 4 Section S4.6 for PL 1H NMR spectra). 
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Figure 4.11: Proton nuclear magnetic resonance [1H NMR; 1:1 CDCl3:CD3OD, 400 MHz] spectra of 

phospholipid (PL) samples of Ulva lacinulata cultured at 25% NEC (A) and 100% NEB. 25% nutrient 

enrichment [NE] = 0.25 × (100% NE = 8.05 nitrogen [N], 3.78 phosphorus [P] and 1.08 potassium [K] 

g.kg-1 Ulva) at a ratio of 7:3:1. B = replicate 2 and C = replicate 3.  

 
1H NMR calculated ω-3 content (%), DBE and SFA (%) of PL from aquacultured Ulva are 

summarized in Table 4.5. Nutrient variation had no significant effect on the ω-3 content (%; 

ANOVA, F= 1.697, p= 0.210), SFA (%; ANOVA, F= 1.423, p= 0.285) and DBE (ANOVA, 

F= 0.847, p= 0.542) on the PL contents of this seaweed. ω-3 content (%) of PL metabolites 

varied from 26.93 ± 1.27 to 31.76 ± 2.53%, SFA (%) ranged from 37.17 ± 10.44 to 48.17 ± 

2.40% and DBE, 1.11 ± 0.03 to 1.30 ± 0.26. 

 
Table 4.5: The ω-3 (%), saturated fatty acid (% SFA) and double-bond equivalent (DBE) of 

phospholipids (PL) from Ulva lacinulata cultured at six nutrient treatments: 0 [control], 25, 50, 75, 100 

and 200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1] calculated from proton nuclear magnetic resonance (1H 

NMR) data. Values are represented as mean ± SD (n=3). Values with different superscript letter (a) 

within treatments indicate significant difference (ANOVA; p< 0.05) between ω-3 (%), SFA (%) or DBE 

of PL samples. 
 

  0% NE 25% NE 50% NE 75% NE 100% NE 200% NE 

% ω-3 28.81 ± 1.02a 29.70 ± 3.58a 31.76 ± 2.53a 29.51 ± 1.40a 26.93 ± 1.27a 30.40 ± 1.98a 

% SFA 48.17 ± 2.40a 45.83 ± 2.02a 39.00 ± 7.53a 39.83 ± 5.36a 37.17 ± 10.44a 41.00 ± 4.99a 

DBE 1.13 ± 0.09a 1.23 ± 0.05a 1.30 ± 0.26a 1.20 ± 0.10a 1.29 ± 0.20a 1.11 ± 0.03a 
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4.4.5. Fatty acid composition (FA) 

A total of 25 FAs were detected from U. lacinulata cultured in this experiment (Table 4.6). 

Saturated fatty acids (SFA; 56.40 ± 3.23 – 59.95 ± 8.28% total fatty acid [TFA]) were the major 

group of FAs identified from this seaweed, followed by polyunsaturated fatty acid (PUFA; 

29.44 ± 2.43 – 33.53 ± 3.19% TFA) and monounsaturated fatty acid (MUFA; 9.75 ± 0.41 – 

10.65 ± 0.65% TFA).  

 

Nutrient variation had a significant effect on the C18:0 FA (stearic acid; ANOVA, F= 3.878, 

p= 0.025) profile of Ulva. C18:0 FA content was negatively affected in seaweed cultured in 

high nutrient concentration (i.e. 100 and 200% NE). No significant difference was observed in 

the remaining 24 FAs recorded in U. lacinulata among the six nutrient treatments. The main 

FA produced by Ulva in this experiment was C16:0 FA (palmitic acid), representing half of the 

FA (48.92 ± 1.39 – 52.23 ± 7.38% TFA) produced by Ulva. ω-3 was the major contributor of 

PUFA and constituted 26.72 ± 9.21 to 30.31 ± 2.52% of the TFA content, while ω-6 comprised 

2.34 ± 0.20 to 3.05 ± 0.62% of the TFA content. The ω-6/ω-3 ratios ranged between 0.08 ± 

0.00 to 0.12 ± 0.06.  
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Table 4.6: Fatty acids (FA) profile of Ulva lacinulata cultured at six nutrient treatments: 0 [control], 

25, 50, 75, 100 and 200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus 

(P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. Data of individual FA are expressed in relative 

abundance (%). Data are presented as mean ± SD (n=3). SFA= saturated fatty acids; MUFA= 

monounsaturated fatty acids; PUFA= polyunsaturated fatty acids. 
 

Fatty acid (FA) 0% NE 25% NE 50% NE 75% NE 100% NE 200% NE 

Saturated             

C12:0  0.10 ± 0.01  0.07 ± 0.02 0.15 ± 0.11 0.08 ± 0.04 0.08 ± 0.01 0.08 ± 0.01 

C14:0 1.11 ± 0.04 1.12 ± 0.05 2.79 ± 3.10 1.21 ± 0.27 1.20 ± 0.20 1.06 ± 0.12 

C15:0 1.47 ± 0.18 1.73 ± 0.15 1.38 ± 0.10 1.45 ± 0.40 1.54 ± 0.21 1.49 ± 0.21 

C16:0 52.23 ± 7.38 51.71 ± 1.11 49.92 ± 1.39 50.19 ± 0.49 51.27 ± 4.49 49.24 ± 3.11 

C17:0 0.10 ± 0.01 0.11 ± 0.01 0.11 ± 0.00 0.13 ± 0.04 0.12 ± 0.01 0.11 ± 0.01 

C18:0  1.11 ± 0.31a 0.88 ± 0.24ab 0.65 ± 0.05ab 0.71 ± 0.02ab 0.64 ± 0.04b 0.64 ± 0.13b 

C20:0 0.08 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.04 0.07 ± 0.02 0.08 ± 0.03 

C22:0 3.75 ± 1.09 4.18 ± 0.44 3.70 ± 0.29 4.07 ± 0.89 3.51 ± 0.31 3.70 ± 0.18 

Monounsaturated           

C16:1 0.71 ± 0.07 0.70 ± 0.02 0.63 ± 0.02 0.63 ± 0.08 0.67 ± 0.02 0.59 ± 0.02 

C16:1ω7 2.19 ± 0.36 2.03 ± 0.28 2.30 ± 0.27 2.77 ± 0.58 2.22 ± 0.74 2.64 ± 0.45 

C17:1ω7 0.21 ± 0.16 0.32 ± 0.01 0.28 ± 0.03 0.26 ± 0.08 0.27 ± 0.03 0.25 ± 0.03 

C18:1ω9 7.25 ± 0.78 7.54 ± 0.33 6.49 ± 0.12 6.91 ± 0.49 6.94 ± 0.09 6.55 ± 0.04 

C22:1 0.06 ± 0.01 0.06 ± 0.02 0.05 ± 0.02 tr tr tr 

Polyunsaturated             

C16:2ω6 0.06 ± 0.01 0.07 ± 0.04 0.09 ± 0.03 0.09 ± 0.02 0.09 ± 0.02 0.10 ± 0.06 

C16:3 0.10 ± 0.01 0.10 ± 0.03 0.11 ± 0.05 0.10 ± 0.03 0.09 ± 0.01 0.10 ± 0.03 

C16:4ω3 17.42 ± 7.99 17.91 ± 2.71 20.66 ± 3.65 18.92 ± 2.82 18.86 ± 3.28 20.72 ± 1.97 

C17:3ω3 0.20 ± 0.09 0.17 ± 0.05 0.16 ± 0.07 0.08 ± 0.07 0.12 ± 0.02 0.15 ± 0.07 

C18:2ω6 LA 2.57 ± 0.39 2.19 ± 0.15 2.26 ± 0.24 2.47 ± 0.38 2.54 ± 0.16 2.87 ± 0.56 

C18:3 0.09 ± 0.02 0.07 ± 0.02 0.07 ± 0.02 0.09 ± 0.01 0.08 ± 0.01 0.07 ± 0.02 

C18:3ω3 ALA 7.04 ± 0.64 6.85 ± 0.27 7.08 ± 0.29 7.79 ± 0.58 7.67 ± 1.05 7.58 ± 0.28 

C18:4ω3 tr tr tr tr tr tr 

C20:4ω3 0.53 ± 0.12 0.66 ± 0.03 0.58 ± 0.11 0.50 ± 0.08 0.59 ± 0.10 0.53 ± 0.13 

C20:4ω6 ARA 0.10 ± 0.04 0.08 ± 0.01 0.07 ± 0.02 0.07 ± 0.03 0.07 ± 0.02 0.09 ± 0.03 

C20:5ω3 EPA 0.31 ± 0.08 0.24 ± 0.02 0.24 ± 0.07 0.22 ± 0.04 0.21 ± 0.07 0.24 ± 0.08 

C22:5ω3 DPA 1.22 ± 0.43 1.09 ± 0.30 1.14 ± 0.26 1.12 ± 0.15 1.09 ± 0.17 1.08 ± 0.47 

       

Σ SFA 59.95 ± 8.28 59.90 ± 1.85 57.79 ± 4.35 57.91 ± 1.46 58.43 ± 5.06 56.40 ± 3.23 

Σ MUFA 10.41 ± 0.63 10.65 ± 0.65 9.75 ± 0.41 10.61 ± 1.17 10.14 ± 0.77 10.07 ± 0.44 

Σ PUFA 29.63 ± 8.90 29.44 ± 2.43 32.47 ± 4.68 31.48 ± 2.36 31.43 ± 4.69 33.53 ± 3.19 

Σ ω-3 26.72 ± 9.21 26.93 ± 2.49 29.87 ± 4.33 28.64 ± 2.68 28.56 ± 4.68 30.31 ± 2.52 

Σ ω-6 2.73 ± 0.34 2.34 ± 0.20 2.42 ± 0.29 2.64 ± 0.42 2.70 ± 0.14 3.05 ± 0.62 

Σ ω-6/Σ ω-3 0.12 ± 0.06 0.09 ± 0.01 0.08 ± 0.00 0.09 ± 0.02 0.10 ± 0.02 0.10 ± 0.01 

tr= trace (value < 0.05% abundance); a,b Values in a row without a common superscript are significantly different 

between treatments at p< 0.05 (ANOVA). ALA – α-linolenic acid; LA – Linoleic acid; DPA – Docosapentaenoic 

acid; EPA – Eicosapentaenoic acid; AA – Arachidonic acid.  
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4.4.5.1. Chemometric analysis of FA content 

The PCA scores plot shows the distribution of FA contents of U. lacinulata grown in the six 

nutrient treatments (Figure 4.12). The first two principal components (PC) explained 62.9% of 

the of the variability present among the FA data. PC 1 explained 49.4% variability present in 

the data, while PC 2 accounted for 13.5% of the data variance. Samples from the control (C_1 

and C_3; treatment_1 = replicate 1 and treatment_3 = replicate 3), 25 (25_3), 50 (50_3), 75 

(75_1), 100 (100_1) and 200 (200_1 and 200_2; treatment_2 = replicate 2) % NE were clearly 

separated from the rest of the samples. However, no definitive pattern was observed from the 

plot, since almost all the nutrient samples were grouped around the origin (0,0). 

 

 

 

Figure 4.12: PCA scores plot of FA contents of Ulva lacinulata cultured at six nutrient treatments: 0 

[control], 25, 50, 75, 100 and 200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 

phosphorus (P) and 1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. Ellipsoids showing 95% 

confidence interval. C = 0% NE; 25 = 25% NE; 50 = 50% NE; 75 = 75% NE; 100 = 100% NE; 200 = 

200% NE (treatment_1 = replicate 1, treatment_2 = replicate 2 and treatment_3 = replicate 3). 

 

The eight major contributors of PC 1 in descending order for FA contents C16:3 

(hexadecatrienoic acid), C20:4ω6 (arachidonic acid – AA), C17:3ω3, C20:5ω3 

(eicosapentaenoic acid – EPA), C22:5ω3 (docosapentaenoic acid – DPA), C16:2ω6 

(hexadienoic acid), C18:3ω3 (α-linolenic acid – ALA) and C16:4ω3 (hexadecatetraenoic acid; 

Figure 4.13). All eight were PUFA including five ω-3 PUFAs and two ω-6 PUFAs. However, 



Chapter 4: Nutrient variations on lipid and fatty acid of Ulva lacinulata. 

90 

 

outcomes did not show a distinct pattern of the effect of nutrient variations on the FA contents 

of aquacultured Ulva (see Supplementary Information 4 Figure S4.44 for Box and Whiskers 

plots). 

 

4.5 Discussion 

Nutrients are one of the main factors influencing the morphology, distribution, growth, 

development, reproduction, productivity and biochemical composition of macroalgae (Smit et 

al. 1996; Coelho et al. 2000; Harrison and Hurd, 2001; Gordillo et al. 2006; Roleda, 2016; 

Benes and Bracken, 2016; Zheng et al. 2019; Boderskov et al. 2022). Nitrogen (N) and 

phosphorus (P) are considered as the two most important macronutrients that limit growth and 

productivity of seaweeds, and in aquaculture when N and P are added, carbon (C) may become 

limiting (Harrison and Hurd, 2001). Limitation of one of these macronutrients may result in 

reduced growth and productivity, while the addition of nutrients such as N and P to nutrient-

depleted medium can result in increased algal growth (Björnsäter and Wheeler, 1990; 

Vandermeulen and Gordin, 1990).  

 

In the current study, results showed that growth of Ulva was not inhibited by the experimental 

nutrient variations (Figure 4.5). SGRs recorded in the present study were comparable to values 

found in the literature for Ulva biomass cultured under laboratory-controlled conditions (e.g. 

Gómez Pinchetti et al. 1998; Luo et al. 2012; Shahar et al. 2020) and to values of Ulva growing 

in aquaculture wastewater (e.g. Msuya and Neori, 2010; Yokoyama and Ishihi, 2010; Brundu 

and Chindris, 2018). It has often been noted that addition of nutrients to cultured Ulva can 

increase growth (Luo et al. 2012; Shahar et al. 2020; Toth et al. 2020; Bews et al. 2021). Ulva 

can also efficiently take up nutrients and grow at low nutrient concentrations (Floreto et al. 

1996; Pedersen and Borum, 1997; Luo et al. 2012; Bews et al. 2021). In the event of high 

nutrient availability, such as ‘pulse fertilization’, Ulva may however slow down growth to 

maximize the uptake of nutrients (Duke et al. 1989; Fong et al. 2004). With the experimental 

site of the current study located in the Benguela upwelling system and in an urban area located 

close to a sewage outfall, where nutrient levels are generally high (Waldron and Probyn, 1992), 

the seawater nutrient levels (NH4
+ = 2.88 – 6.90 μmol.L-1; NO3

- = 0.35 – 4.82 μmol.L-1; NO2
- 

= 0.32 – 0.53 μmol.L-1 over the 10 days culture period) as well as the high water turnover rate 

(30 VE.d-1) could have been sufficient for Ulva to be nutrient saturated for growth under 

ambient nutrient levels. Floreto et al. (1996) found no significant difference in SGR for the first 
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3 days when the green alga U. australis (as U. pertusa) was cultured at different levels of 

nitrogen (i.e. 0, 0.01, 1.5 and 15 μM nitrate). The authors reported that the growth of this 

seaweed was not affected at by either the lowest (0.01 μM) or higher (15 μM) nitrate 

concentrations. Therefore, in the current study, it may be suggested that the addition of nutrient 

through pulse fertilization could have been taken up by the alga and stored, rather than used 

for growth. 

  

Total lipid contents (TL), lipid classes and fatty acid (FA) contents often fluctuate with changes 

in season as well as the combined effect of environmental factors such as temperature, salinity, 

light and nutrient availability (Floreto et al. 1993; Khotimchenko and Yakovleva, 2005; 

Gerasimenko et al. 2010; McCauley et al. 2018; Santos et al. 2019; Toth et al. 2020). TL 

contents (3.91 ± 0.29 to 4.61 ± 0.64% DW) recorded from this study were within the range 

reported in the literature for different Ulva species (3.14 – 4.14% DW; e.g. Rohani-Ghadikolaei 

et al. 2012; Khairy and El-Shafay, 2013; El Maghraby and Fakhry, 2015; Gadberry et al. 2018). 

Moreover, TL contents from the current study were superior (1.62 to 2.98 fold) to the values 

reported for Ulva specimens cultured in IMTA systems (0.23 – 3.40% DW; e.g. Mata et al. 

2016; Shpigel et al. 2018b; Queirós et al. 2021). It had been reported that N is one of the main 

factors that may influence the lipid content in algae (Gao et al. 2018). N-limitation has on 

occasion been associated with enhancing the production of TL contents in Ulva (Floreto et al. 

1996; Gordillo et al. 2001). However, in some cases, high N conditions have been shown to 

promote the production of lipid in Ulva (Floreto et al. 1996; Gao et al. 2017). It has been 

reported that continuous production of lipid by the cell may be possible, since the process does 

not involve N (Roessler, 1990). Since TL contents in the current study were not statistically 

affected by nutrient variation, it is plausible that lipid production similar to the SGR was 

unaffected due to Ulva being nutrient saturated under the ambient nutrient levels recorded in 

this study associated with the high water turnover rate (30 VE.d-1). 

 

As observed by Santos et al. (2019), glycolipids (GL; 46.63 ± 2.94 – 56.45 ± 3.64% total lipid 

[TL]) were the major class of lipid detected in Ulva in the present study, followed by neutral 

lipids (NL; 27.64 ± 6.82 – 40.30 ± 2.78% TL) and phospholipids (PL; 13.07 ± 0.16 – 16.25 ± 

2.20% TL). The predominance of GL over NL and PL in Ulva from this study may be attributed 

to the constant presence of nutrients resulting from the high water turnover rate (30 VE.d-1) 

which resulted in the mobilization of fatty acids from NL to GL (Kumari et al. 2014). This was 

also supported by the high ω-3 polyunsaturated fatty acid (PUFA; Table 4.4) and low saturated 
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fatty acids (SFA) contents in the GL fraction. The GL content of Ulva in the 200% NE 

treatment was shown to be significantly lower than the other nutrient treatments of this study. 

The high content of SFA detected in Ulva from the 200% NE treatment (Table 4.4) may suggest 

the conversion of fatty acids from GL into NL. This notion is supported by the significantly 

higher NL content of Ulva cultured at 200% NE compared to seaweed cultured in low nutrients 

(i.e. 0 and 25% NE; Figure 4.7). The overall low PL contents of Ulva observed in this 

experiment suggests the alga favoured the production of GL and NL, while phosphorus (P) 

uptake was sufficient to sustain PL production without compromising photosynthetic 

membranes (Kumari et al. 2014). Another plausible explanation of low levels of PL may be P 

budgeting, since PLs are located in non-plasmid membranes and can be replaced to an extent 

by GL located in thylakoid membranes (Raven, 2012, 2013; Veneklaas et al. 2012). It has been 

reported that lipids may undergo a series of complex processes (Gašparović et al. 2023). In the 

present experiment, superior ω-3 contents in GL and NL may have originated from 

dehydrogenation, followed by cross-linking of lipids, which could have led to the formation of 

more unsaturated fatty acids (i.e. ω-3 PUFAs; Table 4.3 and 4.4; Gašparović et al. 2023). The 

lower ω-3 contents in PL could have been derived from the oxidation or hydrogenation of lipid 

into saturated or less unsaturated lipids (Table 4.5; Gašparović et al. 2023). This may explain 

the elevated content of saturated fatty acid (SFA) and low ω-3 contents in PL overall. 

 

The total fatty acid (TFA) compositions of Ulva in the current study (saturated [SFA] > 

polyunsaturated [PUFA] > monounsaturated FA [MUFA]) determined from GC-MS analysis 

were in agreement with findings reported in the literature for other Ulva species (e.g. Peña-

Rodríguez et al. 2011; Ivanova et al. 2013; Kendel et al. 2015; Paiva et al. 2017). Nutrient 

variation had no significant effects on the SFA (except C18:0 FA), MUFA and PUFA contents. 

As observed with the SGR and TL contents, seawater nutrient levels coupled with the high 

flow rate (30 VE.d-1) were adequate to saturate the nutrient level of Ulva, thus explaining the 

non-significance of nutrient variation on the fatty acid profile of this seaweed. SFA contents 

(56.40 ± 3.23 – 59.95 ± 8.28% TFA) were within the range reported for several other Ulva 

species (e.g. Gómez-Pinchetti et al. 1998; Pereira et al. 2012; El-Din, 2019; Queirós et al. 

2021). C18:0 FA (stearic acid) content in the current study was significantly reduced when 

Ulva was cultured at high nutrient concentrations (i.e. 100 and 200% NE; Table 4.6). The 

higher level of C18:0 FA in Ulva cultured at 0% NE (control) may indicate the formation and 

accumulation of triglycerides (consist mostly of SFA), since this treatment did not receive 

additional fertilization (i.e. pulse fertilization), which could have limited the availability of 
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additional nitrogen (Sharma et al. 2012). Comparable to other studies, C16:0 FA (palmitic acid) 

was the most abundant SFA recorded from Ulva in this study (e.g. Mata et al. 2016; Santos et 

al. 2019; Queirós et al. 2021). However, the levels recorded in this study were superior to the 

levels recorded from Ulva species cultured in laboratory-based experiments using different 

nutrient levels (e.g. Floreto et al. 1996; Gómez Pinchetti et al. 1998; McCauley et al. 2016) and 

land-based culture system (e.g. Mata et al. 2016). 

 

Monounsaturated fatty acid contents (MUFA; 9.75 ± 0.41 – 10.65 ± 0.65% TFA) in this study 

were on the lower range to those reported in the literature (e.g. McCauley et al. 2015; Kendel 

et al. 2015; Paiva et al. 2017; Pirian et al. 2018). C18:1ω9 FA (oleic acid) was the most 

prominent MUFA observed in this study and the levels were in agreement with some reports 

on the MUFA content of Ulva species (e.g. Rohani-Ghadikolaei et al. 2012; Ivanova et al. 

2013; Magdugo et al. 2020). Conversely, other studies have reported C16:1ω7 FA (palmitoleic 

acid) to be the most prominent MUFA in Ulva (e.g. Durmaz et al. 2008; Pereira et al. 2012). 

Floreto et al. (1996) reported a significant increase in C18:1ω9 FA levels in U. australis (as U. 

pertusa) when cultured in high N media compared to a control, whereas McCauley et al. (2016) 

found no significant difference in C18:1ω9 levels in Ulva cultured in both high and low nutrient 

media.  

 

Polyunsaturated fatty acid contents (PUFA; 29.44 ± 2.43 – 33.53 ± 3.19% TFA) in this study 

were within the range previously reported for Ulva species (e.g. Durmaz et al. 2008; Peña-

Rodríguez et al. 2011; Kendel et al. 2015; Paiva et al. 2017). Findings from the current study 

showed that C16:4ω3 (hexadecatetraenoic acid) was the most prominent PUFA produced by 

U. lacinulata, unlike C18:3ω3 (α-linolenic acid ALA) and C18:4ω3 (stearidonic acid) 

documented in other Ulva species (e.g. Durmaz et al. 2008; Kendel et al. 2015; Serviere-

Zaragoza et al. 2015; McCauley et al. 2016). C16:4ω3, C18:3ω3 and C18:4ω3 FAs have been 

reported to be among the major contributors of plastidic galactolipids, such as 

monogalactosyldiacylglycerol (MGDG; Arisz et al. 2000; Khotimchenko, 2003). It was 

reported that C16:3ω3 (hexadecadienoic acid), C16:4ω3, C18:3ω3 and C18:4ω3 FAs located 

in MGDG of U. fenestrata constituted 88.1% of its total fatty acid content (TFA) compared to 

27.7% TFA of digalactosyldiacylglycerol (DGDG) and 14.3% TFA of 

sulfoquinovosyldiacylglycerols (SQDG; Khotimchenko, 2003). Therefore, in the current study, 

it may plausible that the high levels of C16:4ω3 and C18:3ω3 FAs present in the aquacultured 

Ulva could be related to the high levels of glycolipids (GL). The ω-6:ω-3 ratios in this study 
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calculated from the PUFA data were on the lower range compared to what has been reported 

in the literature for Ulva species collected from the wild (e.g. Pereira et al. 2012; Schmid et al. 

2014; Kendel et al. 2015) and from laboratory-based experiments growing Ulva under different 

nutrient concentrations (e.g. McCauley et al. 2016; Gao et al. 2018). Contrary to this study, 

McCauley et al. (2016) reported that Ulva grown in high nutrients had significantly higher       

ω-3 PUFA contents and lower ω-6:ω-3 ratio compared to seaweed cultured in low nutrient 

levels. FAO/WHO (1994) recommends that the ω-6:ω-3 ratio should not exceed 10:1 in diet. 

Therefore, the low ω-6:ω-3 ratios recorded in Ulva from this study makes it suitable for human 

and animal health applications. 

 

Although the results revealed limited and low significant differences, data collected from this 

study provided an understanding on how nutrient enrichment above ambient seawater 

concentration following an actual fertilization regime use by an aquaculture farm, affect the 

total lipid content, lipid classes and fatty acid composition of U. lacinulata. Findings showed 

that this seaweed consists essential and non-essential long-chain PUFA, including C18:3ω3 (α-

linolenic acid – ALA), C18:2ω6 (linoleic acid – LA), C16:4ω3 (hexadecatetraenoic acid), 

C22:5ω3 (docosapentaenoic acid – DPA), C20:5ω3 (eicosapentaenoic acid – EPA) and 

C20:4ω6 (arachidonic acid – AA), which can provide a sustainable source of biomass with 

beneficial PUFAs for inclusion in aquafeeds and/or for human consumption. However, the 

cultivation of Ulva under nutrient enrichment conditions above seawater concentration is not 

recommended to produce biomass intended to be used as a functional feed ingredient (i.e. as 

feed attractant and stimulant; see Chapter 2) for the sea urchin Tripneustes gratilla, as it hinders 

glycolipids production. Therefore, based on data collected, the optimal culture condition to 

grow Ulva would be at ambient seawater nutrient concentration to maximize glycolipid 

production. 
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Evaluation of volatile organic compounds from 

aquacultured Ulva lacinulata 
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5.1 Abstract 

In this study, the volatile organic compounds (VOCs) produced by commercially aquacultured 

Ulva lacinulata were investigated for the first time. This seaweed has been a fundamental part 

of the South African abalone industry as supplementary feed and biofilter, however, very little 

is known about its volatile compound composition that contributes to its typical aroma. VOCs 

from this alga were extracted using solvent extraction (SE), steam distillation-liquid/liquid 

extraction (SD-LLE) and headspace solid-phase microextraction (HS-SPME) and analysed 

using gas chromatography-mass spectrometry (GC-MS). Results showed that aquacultured U. 

lacinulata produces a mixture of volatile compounds ranging from simple to complex volatile 

compounds that can contribute to its typical aroma. A total of 63 compounds including 18 

aldehydes, 15 hydrocarbons, 10 ketones, 9 esters, 6 free fatty acids, 4 alcohols and 1 aromatic 

compound, were identified. However, based on the relative content (%) and information 

available from the literature, only aldehydes, hydrocarbons, ketones, esters and alcohol are 

considered the most important classes of compounds associated with the aroma of this seaweed. 

Findings also showed that aquacultured Ulva produces VOCs of interest such as α- and β-

Ionone, which have commercial application as well as benzaldehyde and 6-methyl-5-hepten-

2-one that have been shown to be flavour enhancers in marine organisms. Aquacultured Ulva 

has already been shown to be a suitable supplementary feed for the South African abalone 

Haliotis midae (Lepetellida) and sea urchin Tripneustes gratilla (Camarodonta). Enhancing the 

flavours of these animals may increase their marketability and financial return on the products. 

Therefore, further research needs to be done to investigate the effect of using Ulva as feed on 

the organoleptic properties of H. midae and T. gratilla, and how they can be manipulated to 

enhance flavours of the marketed products.  

 

5.2 Introduction 

‘Flavour’ is a unitary perception involving a combination of olfaction and taste (Francezon et 

al. 2021). For seafood, it may be the critical factor in the choice of a specific product by the 

consumer, while the odour or aroma may be the decisive factor in the decision-making process 

(Moreira et al. 2022). For seaweeds, ‘taste’ may be derived from non-volatile compounds in 

food such as amino acids, polysaccharides, lipids and carbohydrates (Urlass et al. 2023). On 

the contrary, the typical aroma of seaweeds is derived from the complex interactions of 

different types of volatile organic compounds (VOCs; Hu et al. 2021; Moreira et al. 2022). 

VOCs from seaweeds are mainly composed of hydrocarbons, aldehydes, ketones, alcohols, free 
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fatty acids, esters, terpenes, phenols, halogenated and sulphonated compounds, a variety of 

which are odour active (de Alencar et al. 2017; López-Pérez et al. 2017; Maruti et al. 2018; 

Keng et al. 2020; Urlass et al. 2023). Odours such as ‘seafood’, ‘fish’, ‘marine’, ‘spices’, 

‘licorice’, ‘green grass’, ‘fatty’ and ‘honey’ have been associated with the VOCs present in 

seaweeds (López-Pérez et al. 2017; Moreira et al. 2022). However, the compositions of VOCs 

can vary between species, while their levels may be related to the physiological state of the 

species (Gressler et al. 2009; de Alencar et al. 2017; López-Pérez et al. 2017; Garicano Vilar 

et al. 2020). 

 

Green seaweeds from the genus Ulva Linnaeus (Phylum: Chlorophyta; Class: Ulvophyceae; 

Order: Ulvales), commonly known as ‘sea lettuce’, are among the most abundant macroalgae 

species, being omnipresent on marine rocky shores and in lagoons and estuaries around the 

world (Wichard et al. 2015; Miladi et al. 2018). They are also known to form large, sometimes 

problematic, free-floating masses, known as ‘green tides’, usually in eutrophic conditions 

(Mantri et al. 2020). Ulva species has been identified as ideal candidates for bioremediation 

applications and biomass production in land-based integrated multi-tropic aquaculture systems 

(IMTA) due to their high growth rates and high nutrient uptake capacity (Robertson-Andersson 

et al. 2008; Lawton et al. 2013; Al-Hafedh et al. 2015; Shpigel et al. 2018a). In recent years, 

these green seaweeds have gained much attention as promising alternatives for animal-based 

feed additives and as supplementary feed for several high value aquacultured animals (Naidoo 

et al. 2006; Mulvaney et al. 2013; Cyrus et al. 2013, 2015a, b; Laramore et al. 2018). Ulva 

grown in animal wastewater can have higher protein content (up to 40% crude protein) than 

species collected from nature and can have similar amino acid profiles to animal and other 

plant protein, making aquacultured Ulva a suitable ingredient for partial replacement of 

fishmeal in aquafeed (Robertson-Andersson et al. 2011; Fleurence et al. 2012; Shuuluka et al. 

2013; Cyrus et al. 2013, 2015a, b; Angell et al. 2015, 2017; Bolton et al. 2016; Shpigel et al. 

2018a, b). Dietary supplementation with Ulva at low levels (5 – 10%) into the experimental 

diets of a few freshwater and marine finfish have been shown to promote growth, increase 

nutrient utilization, feed efficiency and body composition (Ergün et al. 2009; Güroy et al. 2013; 

Wassef et al. 2013; Silva et al. 2015; Valente et al. 2016; Madibana et al. 2017). The dietary 

supplementation with Ulva can also enhance the flavour of farm finfish as well as increase the 

colouration of cultured shrimp and sea urchin gonads, which can increase the marketability of 

the product and financial return (Cruz-Suarez et al. 2010; Cyrus et al. 2013, 2015b; Jones et al. 

2016; Shpigel et al. 2018b).  
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Like any other seaweeds, members from the Ulva genus have been reported to produce a wide 

collection of volatile organic compounds (VOCs; e.g. Yamamoto et al. 2014; López-Pérez et 

al. 2017; Sánchez-García et al. 2021). Aldehydes have been reported to be the most prominent 

group of VOCs produced by the Ulvales (Fujimura et al. 1990; Kajiwara et al. 1992; Roussis 

et al. 2000; López-Pérez et al. 2017). This group of organic compounds has been reported to 

originate through a few different pathways and have a low odour threshold that may influence 

flavour (Akakabe et al. 1999, 2003; Varlet et al. 2007; Yamamoto et al. 2014; Jeleń and Gracka, 

2016; Cui et al. 2023). Aldehydes have been suggested to be among the main group of VOCs 

responsible for the sensory characteristic aroma of Ulva (Sugisawa et al. 1990). Species from 

this genus are also known to produce high concentrations of the osmolyte compound, 

dimethylsulfoniopropionate (up to 6977 μg.g−1 fresh Ulva; DMSP; Van Alstyne et al. 2001; 

Smit et al. 2007; Van Alstyne et al. 2007; Kerrison et al. 2012). Studies have found that this 

compound could act as a feed attractant for marine organisms, including sea urchins               

(Van Alstyne et al. 2001; Kiehn and Morris, 2010). However, dimethylsulfide (DMS) and 

acrylic acid formed from DMSP cleavage have been shown to deter feeding in several marine 

grazers (Van Alstyne et al. 2001; Van Alstyne and Houser 2003; Lyons et al. 2007; Wiesemeier 

et al. 2007). DMS also produces a highly noticeable and unpleasant smell during the canning 

process of the aquacultured abalone Haliotis midae (Lepetellida) that have been fed on Ulva 

(Smit et al. 2007). On the other hand, consumers perceptions differed regarding the taste of 

fresh and cooked Ulva-fed abalone compared to those raised on formulated feed without 

seaweed (Smit et al. 2010). 

 

The production of Ulva in integrated systems with the South African abalone has proven to be 

commercially viable, with a continuous and increasing production of this seaweed since 2002 

(Bolton et al. 2016). Ulva is grown in abalone effluent as a bioremediation tool to enable partial 

water recirculation and is often used as a primary or supplementary feed for the cultured 

abalone H. midae, with the current annual production of Ulva estimated to be around 2000 t 

fresh weight (Bolton et al. 2009, 2016; Neveux et al. 2018; Rothman et al. 2020). Until now, 

no research has been done to elucidate the VOCs composition of this seaweed. The 

identification of VOCs from Ulva that may influence the aroma and flavour of the aquacultured 

species such as the abalone H. midae and sea urchin Tripneustes gratilla (Camarodonta) can 

provide local aquaculturists with data that can be used to tail make their products to consumers 

sensory preference which in term may increase the financial return on product. Therefore, the 

aim of this study was to evaluate the VOCs produced by aquacultured U. lacinulata (Bachoo 
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et al. 2023) using gas chromatography coupled with mass spectrometry (GC-MS). The main 

objectives were set as follows: 1) extract VOCs from Ulva using solvent extraction [SE], steam 

distillation-liquid/liquid extraction [SD-LLE] and headspace solid-phase microextraction [HS-

SPME]; 2) analyse VOC extracts using GC-MS; 3) identity VOCs by matching detected mass 

spectra with spectra of authentic standards present in the Wiley 275.L library; and 4) quantitate 

the relative content of identified VOCs from Ulva. 

 

5.3 Materials and Methods 

5.3.1. Chemicals 

All solvents used were of chromatography grade (LiChrosolv®). Methanol (≥ 99.9%; MeOH), 

dichloromethane (≥ 99.8%; CH2Cl2), ethyl acetate (≥ 99.8%; EtOAc) and ethanol (≥ 99.2%; 

EtOH) were purchased from Merck® (Darmstadt, Germany). Sodium chloride (NaCl) and 

SPME fiber assembly Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) 

were obtained from Merck (Darmstadt, Germany). 

 

5.3.2. Algal material 

Fresh U. lacinulata (Bachoo et al. 2023) was obtained from the Department of Forestry, 

Fisheries and the Environment (DFFE) Aquaculture Research Facility in Cape Town, South 

Africa (33°55'13.7"S 18°22'52.1"E), where it was cultured as an experimental material. This 

alga was initially obtained from the Irvine and Johnson (I & J) Cape Abalone aquafarm, 

Gansbaai, South Africa (34°37'35.1"S 19°17'47.4"E) as material grown in abalone effluent. 

Upon receival, the alga was thoroughly cleaned of sediments, epiphytes and visible surface 

contaminants, and washed several times with de-ionized water. The algal material was then 

blotted-dried using paper towel to remove excess moisture before VOCs extraction.  

 

5.3.3. Solvent extraction (SE) 

Ulva solvent extract was prepared by extracting fresh material using MeOH and CH2Cl2        

(1:2, v/v) following a modified protocol by Afolayan et al. (2008). Alga samples (2.0 ± 0.01 g; 

n=5) were placed in test tubes containing 3 mL MeOH. The test tubes were sonicated (Cole-

Parmer Ultrasonic Bath, Chicago, Illinois, USA) in a water bath set at 35 ºC for 10 min. CH2Cl2              

(6 mL) was added to the test tubes and sonicated for another 10 min. The resulting organic 

phases were collected through filtration and the remaining algal biomass were re-extracted 
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twice using 9 mL MeOH: CH2Cl2 (1:2, v/v). The total organic phases were combined, and phase 

separated. The final organic (lower) phase was collected and concentrated in vacuo (Büchi® 

Rotavapor R-210, Switzerland) to produce the crude Ulva extracts. The extracts were                 

re-constituted in 1 mL EtOAc and stored in 2 mL amber autosampler vials at -20 ºC until  

GC-MS analyses. 

 

5.3.4. Steam distillation-liquid/liquid extraction (SD-LLE) 

Ulva essential oil was obtained using a Clevenger apparatus following a modified protocol 

described by Gu et al. (2009). Finely chopped seaweed (800 ± 0.1 g) placed in a round bottom 

flask containing 2.5 L of distilled water was extracted for 3 hrs at 75 ºC. The resultant effluent 

liquid was collected and extracted thrice using CH2Cl2 (30 mL x 3). The organic phases were 

combined in an Erlenmeyer flask and concentrated at 30 ºC under a stream of nitrogen. Ulva 

essential oil was re-constituted in 1 mL EtOAc and stored in a 2 mL amber autosampler vial at 

-20 ºC until GC-MS analyses. 

 

5.3.5 Headspace solid-phase microextraction (HS-SPME) 

HS-SPME was performed using Divinylbenzene/Carboxen/Polydimethylsiloxane 

(DVB/CAR/PDMS; 50/30 µm thickness) fiber. The SPME fiber was conditioned for 30 min at 

270 °C following the manufacturer’s instructions prior to use. Several preliminary extractions 

were conducted to improve the efficiency of the HS-SPME by varying experimental parameters 

such as extraction temperature (50 and 60 °C), incubation time (20 and 30 min) and extraction 

time (20 and 30 min), to find the optimal extraction conditions. Fresh Ulva samples                       

(2 ± 0.01 g; n=5) were placed in 20 mL clear SPME glass vials containing 5 mL NaCl solution 

(0.1 M; 5% EtOH) and sealed with 20 mm PTFE/silicone headspace crew caps. The vials were 

treated according to the conditions mentioned above followed by the introduction of SPME 

fibers that were exposed to the headspace volatiles. The fibers were retracted and subsequently 

inserted into the injector port of the GC-MS followed by 10 min desorption. After comparing 

the different detector responses, the optimal extraction conditions were established as follows: 

extraction temperature of 60 °C; incubation time of 30 min; and extraction time of 30 min.  
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5.3.6 Gas chromatography-mass spectrometry analysis (GC-MS) conditions 

GC-MS analysis of SE, SD-LLE and HS-SPME samples were performed at the Central 

Analytical Facilities (CAF), Stellenbosch University, South Africa using an Agilent Model 

6890 Gas Chromatograph fitted with a PAL COMBI-xt autosampler interfaced with a 5975B 

Mass Spectrometer (Agilent Technologies, Santa Clara, California, USA). Chromatographic 

separation was achieved on a Restek 10626 Stabilwax capillary column (60 m x 0.25 mm x 

0.25 µm). Helium at a column flow rate of 2 mL.min-1 was used as a carrier gas at a nominal 

initial pressure of 191.9 kPa. The GC oven program was as follows: initial temperature of         

35 °C for 5 min followed by incremental increases in temperature of 3 °C.min-1 to 120 °C and 

thereafter 8 °C.min-1 to 240 °C, and a final incubation at 240 °C for 40 min. The injection 

volume and temperature for SE and SD-LLE was 1 µL and 240 ºC. For HS-SPME, the vial 

needle penetration and fiber exposure were 12 mm, while the injection fiber exposure was        

22 mm and the injection temperature of 240 ºC after following the optimal extraction conditions 

as per Section 5.3.5. SE, SD-LLE and HS-SPME were analysed in splitless mode. Detection 

was performed in full scan mode, with a mass range of 30 – 500 m/z. Electron ionization was 

employed with collision energy of 70 eV and the mass spectrometer ion source was maintained 

at 230 °C. Data acquisitions were performed using Agilent MSD ChemStation (E.02.01.1177; 

Agilent Technologies, Santa Clara, California, USA) software. Visualization and data 

processing was performed using OpenChrom® Lablicate Edition (ver. 1.4.0.202102180818; 

Hamburg, Germany). 

 

5.3.7 Qualitative and quantitative analysis 

Tentative identification of VOCs was performed by matching mass spectra with spectra of 

authentic standards present in the Wiley 275.L (Wiley, New York, USA) and Mass Spectral 

Library and National Institute of Standards and Technology (NIST) Chemistry WebBook    

SRD 69 (https://webbook.nist.gov/). When no spectrum for comparison was available, no 

identification was proposed. Mass spectra of peaks identified as common contaminants were 

manually inspected and removed from the dataset. The relative content of identified VOC was 

expressed as percentage peak area relative to the total peak area ± standard error. Number of 

replicates (n) for HS-SPME= 5, SD-LLE= 3 and SE= 3.  

 

 

https://webbook.nist.gov/
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5.4 Results 

Sixty-three VOCs classed as hydrocarbons (alkanes and alkenes), aldehydes, ketones, esters, 

free fatty acids, alcohols and aromatic compound were identified from aquacultured                    

U. lacinulata using solvent extraction (SE), steam distillation-liquid/liquid extraction (SD-

LLE) and headspace solid-phase microextraction (HS-SPME; Figure 5.1). A total of 48 VOCs 

were identified from HS-SPME extracts followed by 30 compounds from SD-LLE and 9 VOCs 

from SE extracts of Ulva. Outcomes from the GC-MS analysis showed that aldehydes were the 

most prominent group of VOCs associated with aquacultured Ulva with 18 compounds, 

followed by 15 hydrocarbons, 10 ketones, 9 esters, 6 free fatty acids, 4 alcohols and 1 aromatic 

compound.  

 

 

 

Figure 5.1: Chemical classification of VOCs identified from aquacultured Ulva lacinulata (SE= solvent 

extraction; SD-LLE= steam distillation-liquid/liquid extraction; HS-SPME= headspace solid-phase 

microextraction). 
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Table 5.1: VOCs identified from Ulva lacinulata from headspace solid-phase microextraction [HS-SPME; n=5], steam distillation-liquid/liquid extraction 

[SD-LLE; n=3] and solvent extraction [SE; n=3]. Values are presented as % relative content ± standard error. RT= retention time. ND= not detected. 

No. Compounds Molecular 

Formula 

RT 

(min) 

HS-SPME 

(%) 

SD-LLE 

(%) 

SE 

(%) 

Aldehydes 

1 n-Hexanal C6H12O 13.22 0.55 ± 0.06 ND ND 

2 (E)-2-Pentenal C5H8O 15.98 0.24 ± 0.02 ND ND 

3 n-Heptanal C7H14O 18.92 0.55 ± 0.06 ND ND 

4 (E)-2-Hexenal C6H10O 20.95 0.56 ± 0.23 ND ND 

5 n-Nonanal C9H18O 29.90 0.30 ± 0.05 ND ND 

6 (E)-2-Octenal C8H14O 31.61 0.68 ± 0.12 0.20 ± 0.05 ND 

7 (E,E)-2,4-Heptadienal C7H10O 34.49 1.56 ± 0.49 1.39 ± 0.38 ND 

8 Benzaldehyde C7H6O 35.64 1.55 ± 0.37 ND ND 

9 (E,Z)-2,6-Nonadienal C9H14O 38.60 0.63 ± 0.09 0.53 ± 0.17 ND 

10 1-Cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl- C10H16O 40.33 4.52 ± 0.94 ND ND 

11 n-Dodecanal C12H24O 44.55 0.12 ± 0.10 ND ND 

12 (E,E)-2,4-Decadienal C10H16O 47.40 0.65 ± 0.15 1.99 ± 0.25 ND 

13 n-Tetradecanal C14H28O 47.56 1.54 ± 0.61 ND ND 

14 n-Tridecanal C13H26O 47.58 ND 1.86 ± 0.21 ND 

15 n-Hexadecanal C16H32O 49.80a 1.69 ± 0.47 20.08 ± 3.76 ND 

16 n-Pentadecanal C15H30O 51.61b 9.85 ± 2.82 2.03 ± 0.53 12.99 ± 3.81 

17 (Z)-13-Octadecenal C18H34O 52.07 2.28 ± 0.70 2.14 ± 0.47 ND 

18 (Z)-Octadec-9-enal C18H34O 54.95 2.31 ± 0.30 5.14 ± 0.98 8.10 ± 1.92 

Total (%) 29.58 ± 5.35 28.36 ± 1.16 21.08 ± 5.65 

Hydrocarbons 

19 Nonane, 2-methyl- C10H22 8.53 ND 0.89 ± 0.60 ND 

20 n-Decane C10H22 9.80 ND 1.68 ± 0.32 2.42 ± 3.42 
a n-Hexadecanal eluted at 51.74 min for SD-LLE samples; b n-Pentadecanal eluted at 49.83 min for SD-LLE samples. 
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21 Undecane, 5-methyl- C12H26 11.20 ND ND 1.73 ± 2.73 

22 (3E,5Z)-octa-1,3,5-triene C8H12 14.27 0.20 ± 0.15 ND ND 

23 n-Undecane C11H24 14.90 ND 0.52 ± 0.09 ND 

24 1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- C10H16 16.35 0.52 ± 0.16 ND ND 

25 n-Dodecane C12H26 19.09c 0.20 ± 0.20 0.37 ± 0.09 2.57 ± 3.62 

26 n-Tridecane C13H28 25.75 ND 0.29 ± 0.05 ND 

27 n-Tetradecane C14H30 30.34 ND 0.55 ± 0.08 ND 

28 n-Pentadecane C15H32 34.84 0.38 ± 0.32 ND ND 

29 n-Hexadecane C16H34 39.33 0.37 ± 0.05 ND ND 

30 8-Heptadecene C17H34 44.95 1.42 ± 0.36 5.27 ± 0.67 24.25 ± 3.22 

31 (E)-5-Octadecene C18H36 45.78 0.67 ± 0.17 ND ND 

32 n-Butylcyclopentane C9H18 46.39 0.54 ± 0.12 ND ND 

33 n-Tetradec-1-ene C14H28 53.64 10.78 ± 2.44 1.78 ± 0.32 ND 

Total (%) 15.09 ± 3.74 11.36 ± 0.25 30.96 ± 11.27 

Ketones 

34 2-Heptanone, 6-methyl- C8H16O 22.05 0.22 ± 0.06 ND ND 

35 3-Octanone C8H16O 22.90 0.24 ± 0.12 ND ND 

36 Cyclohexanone, 2,2,6-trimethyl- C9H16O 25.97 0.83 ± 0.16 0.19 ± 0.05 ND 

37 5-Hepten-2-one, 6-methyl- C8H14O 27.34 0.26 ± 0.07 ND ND 

38 (E,E)-3,5-Octadien-2-one C8H12O 37.79 ND 0.80 ± 0.20 ND 

39 2-Undecanone, 6,10-dimethyl- C13H26O 43.80 0.68 ± 0.21 ND ND 

40 α-Ionone C13H22O 47.96d 6.12 ± 2.23 1.40 ± 0.38 ND 

41 (E)-6,10-dimethyl-5,9- undecadien-2-one C13H22O 48.46 0.68 ± 0.15 ND ND 

42 β-Ionone C13H20O 50.16 5.79 ± 1.53 8.71 ± 2.29 ND 

43 6,10,14-Trimethylpentadecan-2-one C18H36O 53.02 ND 0.83 ± 0.10 ND 

Total (%) 14.81 ± 4.38 11.94 ± 0.95 - 
c n-Dodecane eluted at 20.28 min for SE and 20.47 min for SD-LLE samples; d α-Ionone eluted at 48.34 min SD-LLE samples. 
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Esters 

44 Octanoic acid, ethyl ester C10H20O2 31.94 0.08 ± 0.12 ND ND 

45 Tetradecanoic acid, ethyl ester C16H32O2 51.90 2.16 ± 0.45 ND ND 

46 Pentadecanoic acid, ethyl ester C17H34O2 53.37 1.73 ± 0.75 ND ND 

47 Hexadecanoic acid, methyl ester C17H34O2 54.71e 20.87 ± 7.69 0.54 ± 0.05 3.20 ± 0.95 

48 9-Hexadecenoic acid, ethyl ester C18H34O2 55.04 3.24 ± 0.38 ND ND 

49 Heptadecanoic acid, ethyl ester C19H38O2 55.91 0.32 ± 0.06 ND ND 

50 Octadecanoic acid, ethyl ester C20H40O2 57.09 0.38 ± 0.07 ND ND 

51 (E)-9-Octadecenoic acid ethyl ester C20H38O2 57.47 3.73 ± 1.00 ND ND 

52 Linoleic acid ethyl ester C20H36O2 58.92f 0.57 ± 0.20 2.21 ± 0.42 ND 

Total (%) 33.07 ± 11.38 2.76 ± 0.26 3.20 ± 0.95 

Free fatty acids 

53 n-Pentadecanoic acid C15H30O2 51.31 ND 3.02 ± 0.63 ND 

54 n-Hexadecanoic acid C16H32O2 56.34 1.37 ± 0.50 21.67 ± 7.33 38.69 ± 15.58 

55 Octadec-9-enoic acid C18H34O2 57.03 ND 1.74 ± 1.74 ND 

56 n-Dodecanoic acid C12H24O2 57.33 ND 9.04 ± 6.30 ND 

57 n-Tridecanoic acid C13H26O2 58.69 ND 2.30 ± 1.41 ND 

58 n-Tetradecanoic acid C14H28O2 60.36 ND 7.82 ± 1.80 ND 

Total (%) 1.37 ± 0.50 45.58 ± 2.85 38.69 ± 15.58 

Alcohols 

59 Octan-3-ol C8H18O 30.48 4.53 ± 0.42 ND ND 

60 1-Octen-3-ol C8H16O 32.98 0.05 ± 0.06 ND ND 

61 n-Dodecan-1-ol C12H26O 50.65 0.68 ± 0.11 ND ND 

62 3,7,11,15-Tetramethyl-2-hexadecen-1-ol C20H40O 59.03 ND ND 6.06 ± 1.48 

Total (%) 5.26 ± 0.55 - 6.06 ± 1.48 

Aromatic compound 

63 Phenol, 3-ethyl- C8H10O 20.80 0.83 ± 0.40 ND ND 

Total (%) 0.83 ± 0.40 - - 
e Hexadecanoic acid, methyl ester eluted at 54.22 min for SD-LLE and SE samples; f Linoleic acid ethyl ester eluted at 55.49 min for SD-LLE samples.
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The VOCs identified from HS-SPME, SD-LLE and SE extracts (SE) of U. lacinulata are 

shown in Table 5.1. Esters were the most prominent group of VOC identified from the            

HS-SPME samples (33.07 ± 11.38%) of aquacultured Ulva, while free fatty acids were the 

main contributed of VOC for SD-LLE (45.58 ± 2.85%) and SE (38.69 ± 15.58%) samples. 

Hexadecanoic acid, methyl ester (20.87 ± 7.69%) was identified as the main VOC from the 

HS-SPME samples while n-hexadecanoic acid was identified the main VOC from SD-LLE 

(21.67 ± 7.33%) and SE (38.69 ± 15.58%) samples of U. lacinulata. The total ion 

chromatograms (TIC) of HS-SPME, SD-LLE and SE are available in Supplementary 

Information 5. 

 

5.5 Discussion 

Volatile organic compounds (VOCs) are the most significant factor of food flavour and 

freshness (Ferraces-Casais et al. 2013). For seaweed, aroma can be the decisive factor in the 

overall preference of a species or foodstuffs containing a specific species (Ferraces-Casais et 

al. 2013; Urlass et al. 2023). In the present study, a total of 63 VOCs were identified from 

aquacultured U. lacinulata using 3 different extraction methods namely solvent extraction 

(SE), steam distillation-liquid/liquid extraction (SD-LLE) and headspace solid-phase 

microextraction (HS-SPME). This number was higher than the 41 VOCs identified previously 

from the headspace extracts of fresh, boiled, vacuumed and steamed U. rigida (Sánchez-García 

et al. 2021) and lower than the 127 VOCs identified previously from dried U. lactuca (López-

Pérez et al. 2017). 

 

In the current study, aldehydes were identified the main class of VOCs produced by 

aquacultured U. lacinulata. This group of compounds can originate from long-chain fatty acids 

(polyunsaturated fatty acid; PUFA) through the oxygenation or enzymatic reaction of 

lipoxygenase (Akakabe et al. 1999, 2003; Varlet et al. 2007). Aldehydes, such as benzaldehyde, 

can also be formed from the amino acid biosynthesis pathway (Yamamoto et al. 2014). This 

group of compounds has a low odour threshold, with aromas ranging from unpleasant to sweet 

and fruity, and thus largely influence the flavour of seafood (Jeleń and Gracka, 2016; Cui et al. 

2023). In the current study, a total of 18 aldehydes ranging from straight chain (e.g. n-hexanal), 

branched chain (e.g. (Z)-13-octadecenal) and aromatic (e.g. benzaldehyde) aldehydes were 

identified from aquacultured U. lacinulata. It has been reported that aldehydes such as                

n-hexanal, (E)-2-octenal, (E,Z)-2,6-nonadienal and (E,E)-2,4-decadienal may be responsible 
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for the sensory characteristic aroma in Ulva (Sugisawa et al. 1990). Aromatic benzaldehyde, 

also identified in the current study, has been reported to have an ‘almond nutty’ and ‘stone 

fruit’ aroma (Narain et al. 1990). This compound is also reported to be associated with the 

desirable aroma of urchin gonad (Rodríguez-Bernaldo De Quirós et al. 2001). Sato et al. (2019) 

suggested that the presence of compounds such as benzaldehyde, n-decanal and n-nonanal in 

the gonads of the urchin Mesocentrotus nudus (Camarodonta) can be derived from the 

seaweeds that the urchin consumes in nature. It has been reported that n-pentanal can give 

boiled shrimp (Penaeus vannamei [Decapoda]) a ‘fruity’ flavour (Hu et al. 2021). Cui et al. 

(2023) reported that when the dietary supplementation of phospholipid for the abalone, Haliotis 

discus hannai (Lepetellida) was higher than 1.75%, there was an increase in the levels of             

n-propanal, acetaldehyde diethyl acetal, (E)-2-pentenal and n-heptanal which resulted in an 

increase of the ‘fruity’ aroma in the abalone muscle. In the current study, it may be suggested 

that aldehydes largely contribute to the overall aroma profile of aquacultured Ulva mainly due 

to their abundance in terms of individual compounds and contents within the algal samples. 

 

Hydrocarbons were identified as another main class of VOCs produced by aquacultured            

U. lacinulata in the current study. Aliphatic hydrocarbons such n-alkanes and n-alkenes, can 

be derived from the degradations of hydroperoxides of unsaturated fatty acids (Pohnert and 

Boland, 2002; López-Pérez et al. 2017). This group of compounds has previously been 

documented to be among the most prominent VOCs in Ulva species (e.g. Yamamoto et al. 

2014; López-Pérez et al. 2017). In the current study, 8-heptadecene was one of the most 

abundant unsaturated hydrocarbons. This compound has been reported to be released from the 

green seaweed Bryopsis maxima (Bryopsidales) after mechanical wounding (Akakabe et al. 

2007). Aliphatic hydrocarbons such as n-decane and n-dodecane, detected from the current 

study, have high odour threshold and therefore, have low significant aroma contribution   

(Wang et al. 2020; Zhu et al. 2020). Conversely, unsaturated hydrocarbons such as                        

n-tetradec-1-ene and 8-heptadecene, identified from Ulva in the current study, may contribute 

to aroma (Wang et al. 2020). Takagi et al. (2020a) reported that n-decane and n-undecane from 

the gonads of the urchin M. nudus collected from an Eisenia bicyclis (Laminariales) kelp bed 

were described by panelists in gas-chromatography (GC) sniffing analyses as a fishy odour and 

as the smell of oxidized seaweed and hay, respectively. n-Tridecane identified from the gonads 

of M. nudus, was characterized as ozone odour in GC-sniffing analysis (Sato et al. 2019). In 

the current study, the presence of unsaturated hydrocarbons such as n-tetradec-1-ene and 8-
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heptadecene, present in moderate amounts, can be suggested that hydrocarbons produced by 

aquacultured Ulva can positively contribute to the overall aroma profile of this seaweed. 

 

Ketones were another important aroma contributing class of VOCs identified from 

aquacultured U. lacinulata. Similar to aldehydes, ketones can be generated from the oxidation 

as well as from the degradation of carotenoids (Yamamoto et al. 2014; Balbas et al. 2015; 

López-Pérez et al. 2017). Compounds such as α-ionone, β-ionone, cyclohexanone, 2,2,6-

trimethyl- and 2-heptanone, 6-methyl-5-hepten-2-one, have been reported to be dominant 

representatives of ketones found in Ulva (Fujimura et al. 1990; Sugisawa et al. 1990; 

Yamamoto et al. 2014; López-Pérez et al. 2017; Sánchez‐García et al. 2019). Ketones have 

been reported to be important aroma contributors in seaweeds such as Ulva, due to their low 

odour thresholds (Yamamoto et al. 2014; Balbas et al. 2015). Volatiles such as α-ionone and 

β-ionone have been reported to be valued in the cosmetic and perfume industries due to their 

‘floral-violet’ scents (Rodríguez-Bustamante and Sánchez, 2007; Silva et al. 2010; Lukin et al. 

2019; Francezon et al. 2021). Takagi et al. (2020a) characterized 6-methyl-5-hepten-2-one 

from the gonads of the cultured sea urchin M. nudus to a ‘citrus-like and sweet’ aroma. This 

VOC along with others have been reported to contribute towards the sweet taste of the gonads 

of the cultured sea urchin, M. nudus (Takagi et al. 2020a). Cui et al. (2023) reported that when 

the abalone H. discus hannai was fed with diets supplemented with 1.75 and 2.25% 

phospholipids, there was an increase in the acetone and 4-methyl-2-pentanone content, which 

resulted in a positive effect on the flavour of abalone muscle. In the current study, it may be 

suggested that ketones can also positively influence to the aroma profile of U. lacinulata. 

However, their contribution may not be as effective as aldehydes due to their relative content. 

 

In the current study, esters were identified among the main contributor of VOC in terms of 

relative content (33.07 ± 11.38% of HS-SPME samples) in aquacultured Ulva. Esters are 

products of esterification and are derived from carboxylic acids and alcohols (Wang et al. 

2013). Similar to the current study, hexadecanoic acid methyl ester has been reported to be 

among the main VOC produced by seaweeds including Ulva (Kamenarska et al. 2006; 

Yamamoto et al. 2014; Sánchez-García et al. 2019; Nazarudin et al. 2020). This metabolite was 

identified in Chapter 4 as being the most prominent fatty acid in its fatty acid methyl ester 

(FAME) form. Esters are important contributors of flavour, which are characterized by an 

overall ‘fruity’ aroma (Urlass et al. 2023). Takagi et al. (2020b) reported that the presence of 

butyl acetate in the gonads of the urchin M. nudus fed with the laminarian seaweeds Saccharina 
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japonica and Undaria pinnatifida (Laminariales), can be an important indicator of good flavour 

from high-quality gonads. The supplementation of the diet of the abalone H. discus hannai 

with phospholipid may enhance the levels of ethyl acetate and butyl propionate and thus 

improve the fruity aroma of abalone muscle (Cui et al. 2023). Due to the high relative content 

of esters detected from aquacultured Ulva, it may be suggested that this group of VOCs can 

positively influence the aroma profile of this alga. 

 

Volatile free fatty acids were among the most abundant VOC in terms of relative content   

(45.58 ± 2.85% of SD-LLE samples) from aquacultured Ulva. These compounds can be 

derived from linoleic and linolenic acid through deoxygenation and catalysis of lipoxygenases, 

that can further degrade to form small molecular volatile compounds such as aldehydes (Chen 

et al. 2021; Murali-Baskaran et al. 2022). Similar to the current study, n-hexadecanoic acid has 

been reported to be among the most prominent volatile fatty acids produced in seaweeds 

(Kamenarska et al. 2006; Sun et al. 2012; Patra et al. 2017; Yuan et al. 2019; Nazarudin et al. 

2020). Volatile free fatty acid such as α-linolenic, linoleic and trihydroxyoctadecenoic acids 

have been linked to bitterness pea-protein (Gläser et al. 2021). However, due to the high odour 

threshold and low volatility of free fatty acids, they may only be minor contributor to algal 

flavour (Sun et al. 2012).  

 

Alcohols were the least prominent group of VOC detected from U. lacinulata. Alcohols can be 

derived from the secondary breakdown of hydroperoxides of unsaturated fatty acids; however 

some of them can also be produced from carbohydrates by glycolysis and/or from amino acids 

via the Ehrlich pathway (Girard and Durance, 2000; Giri et al. 2010; Peinado et al. 2014). The 

odour threshold of volatile alcohols is generally high; therefore they are not considered as 

major contributors of aroma (Giri et al. 2010). However, branched alcohols such as 1-octen-3-

ol, detected in the current study, can contribute to the aroma due to its low odour threshold 

(Giri et al. 2010). Compounds 2-butanol and 2-ethylhexanol detected from the gonads of the 

cultured urchin M. nudus were described by panelists as a ‘sea urchin-seafood’ aroma in GC-

sniffing analyses (Takagi et al. 2020a). Hu et al. (2021) reported that 1-octen-3-ol was 

described as a ‘fishy-grassy’ like aroma, and was one of the major contributors to the flavour 

of dried shrimp (P. vannamei). Rodríguez-Bernaldo De Quirós et al. (2001) reported that the 

volatile alcohols produced by the fresh and canned gonad of the urchin Paracentrotus lividus 

(Camarodonta) did not contribute to the overall odour of the gonads. Similarly, Sato et al. 

(2019) reported that alcohols identified from the gonads of the wild caught urchin M. nudus 



Chapter 5: VOCs from Ulva lacinulata 

109 

 

(Camarodonta) were negligible to the aroma of the gonads. In the current study, it may be 

suggested that alcohols, depending on the concentration, can contribute to the aroma of 

aquacultured Ulva due to the presence of branched alcohols. 

 

The current study presents preliminary results on the VOCs of aquacultured U. lacinulata and 

final identification can only be done by direct comparison with authentic standards. Findings 

from this study showed that this alga produces mixture ranging from simple to complex volatile 

compounds that may contribute to its typical smell. Aldehydes, unsaturated hydrocarbons, 

ketones, esters and alcohol may be the most important classes of VOCs associated with aroma 

this alga based on their relative contents. Findings also showed that U. lacinulata produces 

VOCs such as benzaldehyde and 6-methyl-5-hepten-2-one that have been shown to be flavour 

enhancers for sea urchin gonad (e.g. Takagi et al. 2020a). Aquacultured Ulva has already been 

shown to be a suitable supplementary feed for the South African abalone H. midae and sea 

urchin T. gratilla (Naidoo et al. 2006; Cyrus et al. 2013, 2015a, b). However, the effect of using 

this seaweed on the flavour of the marketed products remains to be investigated. Therefore, 

future studies should focus on the effect of using aquacultured Ulva supplementary feed on the 

organoleptic properties of the aquacultured abalone H. midae and sea urchin T. gratilla, and 

determine how they can be manipulated to enhance flavours that will increase their 

marketability and the financial return on products. 
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6.1 Context 

One of the major limitations for commercial aquafeed production is the limited availability of 

fish meal and fish oil (Salin et al. 2018; Zare et al. 2023). Due to their unsustainability as well 

as high price, feed materials from captured fisheries are being partially replaced in aquafeed 

by terrestrial plant-based materials (Naylor et al. 2021; Fernandes et al. 2022). However, this 

shift has raised concerns on the carbon footprint of aquafeed production as well as on increasing 

competition with human food production for freshwater, food and land usage (Pahlow et al. 

2015; Fry et al. 2016; Wan et al. 2019; Fernandes et al. 2022).  

 

Novel ingredient such as seaweeds have emerged as a potential contender to be used in 

aquafeed (Cyrus et al. 2013, 2015a, b; Shpigel et al. 2017, 2018b; Anh et al. 2018; Kamunde 

et al. 2019; Santizo-Taan et al. 2020; Jeong et al. 2023). Seaweeds, such as Ulva, can be 

produced at higher rates with elevated protein contents in land-based IMTA systems, without 

the need of expensive fertilizers associated with terrestrial plant production (Robertson-

Andersson et al. 2011; Lawton et al. 2013; Al-Hafedh et al. 2015; Shpigel et al. 2017, 2018a, 

b; Wan et al. 2019). Apart from protein content, species from this genus can be good sources 

of dietary fiber, vitamins, minerals and bioactive compounds, therefore making Ulva useful as 

a functional ingredient in aquafeed (Ortiz et al. 2006; Taboada et al. 2010; Tabarsa et al. 2012; 

Kendel et al. 2015; Neto et al. 2018; Anjali et al. 2019; Kidgell et al. 2019; Pappou et al. 2022). 

Formulation of aquafeeds with Ulva (up to 20%) have shown favourable results for a number 

aquacultured species while the inclusion of Ulva as a feed supplement at low levels (5 – 10%) 

in practical feed of a few freshwater and marine finfish have been tested without negative 

effects (Ergün et al. 2009; Güroy et al. 2013; Wassef et al. 2013; Cyrus et al. 2013, 2015a, b; 

Silva et al. 2015; Valente et al. 2016; Madibana et al. 2017). In South Africa, Ulva produced 

from abalone effluent is mainly used as a primary or supplementary feed for the abalone 

Haliotis midae (Lepetellida; Bolton et al. 2009, 2016; Neveux et al. 2018). This farmed 

seaweed has been shown to have a higher protein content that material collected from nature 

and can have similar amino acid profiles to animal and other plant protein (Robertson-

Andersson et al. 2011; Shuuluka et al. 2013). Effluent-grown Ulva has also been found to be a 

suitable supplementary feed for high commercial value macroalgivores such as abalone and 

sea urchin (Naidoo et al. 2006; Cyrus et al. 2013, 2015a, b; Onomu et al. 2020). Laboratory 

work performed by (Cyrus et al. 2015a) demonstrated that the incorporation of dried 

aquacultured Ulva in the formulated feed for sea urchin Tripneustes gratilla (Camarodonta) at 
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200 g.kg-1 (25.7% protein) was also found to increase the chemosensory properties of the feed 

acting as a feed stimulant. Up to now, our knowledge on the chemistry and chemical 

compounds from this seaweed and how they may influence feeding behaviour, was lacking. 

Identification of compounds that may influence feeding behaviour could be beneficial for the 

South African aquaculture industry. 

 

Although some terrestrial plant-based feed ingredients, such as soybean meal, have been shown 

to be effective as alternative protein sources for aquafeed, inclusion at high dietary levels have 

often raised concerns in terms of poor attractability and palatability (Tantikitti, 2014; Guo et 

al. 2018; Jannathulla et al. 2021; Peixoto et al. 2022). Novel aquafeed ingredients such as 

seaweeds can overcome this issue by improving the chemosensory properties of the feed, by 

acting as stimulants and, therefore, increase feed consumption and daily protein intake (e.g. 

Cyrus et al. 2015a). However, studies to date have only allowed the identification of a few 

compounds from seaweeds that may act as feed stimulants (e.g. Sakata and Ina; 1985; Sakata 

et al. 1985, 1988, 1989). Chapter 2 of this thesis was aimed at identifying the fractions or 

compounds responsible for the attractant activity in aquacultured Ulva. To achieve this, a 

multidisciplinary approach comprising behavioural biology and analytical chemistry 

techniques was adopted to prepare fractions from the crude extract of aquacultured Ulva and 

evaluated their efficacy as chemoattractants for the sea urchin T. gratilla in chemosensory 

trials. Thereafter, compounds and chemical classes in stimulant fractions were further 

investigated. Findings from the current study showed clear evidence that the sea urchin T. 

gratilla can detect and discriminate chemical cues emitted by different food items (i.e. Ulva 

fractions). This was evident from urchin arrival frequencies in the chemosensory trials, where 

the animals elicited clear chemical preferences to certain Ulva fractions over others. T. gratilla 

demonstrated strong positive chemotactic responses for polar Ulva fractions (F8 and F9) 

compared to semi non-polar (F4 – F7) and non-polar (F1 – F3) fractions, showing that the 

chemical characteristics of the fractions influenced the preferences of the animals. These results 

are comparable to the research of Erickson et al. (2006), where a clear feeding preference for 

the polar extracts of the green alga Ulva lactuca was shown by the sea urchin Echinometra 

lucunter (Camarodonta) compared to its non-polar extract that acted as a deterrent. Findings 

from the current study were also comparable to the work of Bianco et al. (2010), where the 

polar extract of the brown alga Canistrocarpus cervicornis (Dictyotales) was found to 

significantly attract the urchin, Lytechinus variegatus (Camarodonta) compared to its lipophilic 

extract. In the current study, the chemotactic response of T. gratilla to different fractions 
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suggested that solubility and polarity of the fractions played a role in either the attraction or 

inhibition of the animals. Chemicals emitted from polar fractions (F8 and F9) were              

mostly likely detected from a distance due to their high-water solubility. 

Monogalactosyldiacylglycerol (MGDG) was identified as the main compound from fraction 

F8 while a mixture of compounds including diacylglyceryl-N,N,N-trimethyl-homoserine 

(DGTS), digalactosyldiacylglycerol (DGDG), sulfoquinovosylmonoacylglycerol (SQMG)  

dialkylglycerophosphate (PA), and lysophospholipid (LPG) were identified from fraction F9 

that could act as feed stimulants for T. gratilla. These findings were comparable to those of 

Sakata et al. (1985) and Sakata et al. (1988) for U. australis (as U. pertusa). Sakata et al. (1985) 

found that 1,2-diacylglycerly-4'-O-(N,N,N-trimethyl)-homoserine (DGTS; reported as DGTH) 

and DGDG found in the ether extract of U. australis stimulated the feeding response of the sea 

hare, Aplysia juliana (Aplysiida). Similarly, Sakata et al. (1988) found that the extracts of U. 

australis contained four types of complex lipids namely 6-sulfoquinovosyldiacylglycerol 

(SQDG), DGDG, DGTS (as DGTH) and 1-monoacylglyceryl-4'-O-(N,N,N-trimethyl)-

homoserine (MGTS; reported as MGTH), that can have feed stimulatory effects on the marine 

gastropods Haliotis discus hannai (as Haliotis discus; Lepetellida), Turbo cornutus (Trochida), 

Tegula pfeifferi carpenteri (as Omphalius pfeifferi; Trochida) and the sea hare A. juliana. 

Compounds identified from the current study were also comparable to findings from Sakata 

and Ina (1985) and Sakata et al. (1989), where glycolipids from other types of seaweeds were 

found to influence feeding. DGDG and phospholipid phosphatidylcholine found in the 

methanolic extract of the brown kelp Undaria pinnatifida (Laminariales) were reported to have 

a feed stimulatory effect on the abalone H. discus hannai (as H. discus; Sakata and Ina, 1985). 

DGDG, MGDG, SQDG and phosphatidylcholine identified from the brown seaweed Eisenia 

bicyclis (as Ecklonia bicyclis; Laminariales), could act as feed stimulant for the sea urchin 

Strongylocentrotus intermedius (Camarodonta; Sakata et al. 1989).  

 

Polar Ulva fractions F8 and F9 were further investigated for their minimum effective 

concentration (MEC) required to stimulate the sea urchin T. gratilla to feed as well as to 

directly compare their effectiveness against crude Ulva extract (CE), fresh (FU) and dry Ulva 

in chemosensory trials (Chapter 3). This study was formulated to determine whether it would 

advantageous and practical to use Ulva extracts over fresh or dry seaweed. Findings showed 

that all the treatments that includes fractions F8 and F9, to some extent, elicited positive 

chemoattraction and feed stimulation responses from T. gratilla. However, based on the data 

collected from this study and the findings from Chapter 2, fraction F8 appears to be a more 
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potent feed stimulant than F9. Findings from this study may be compared to the research of 

Sakata et al. (1988), where the organisms under investigation showed marked feed stimulatory 

effects to the dosage of the individual glycerolipids isolated from U. australis (as U. pertusa). 

Sakata et al. (1988) reported that the gastropods T. cornutus and T. pfeifferi carpenteri (as O. 

pfeifferi) showed marked sensitivity towards the dosages of the glycerolipids DGDG, DGTS 

(as DGTH), MGTS (as MGTH) and SQDG identified from the extracts of U. australis (as U. 

pertusa). The researchers found that for T. cornutus, DGDG was stimulatory between 15-25 

µg, DGTS at 24 µg, MGTS between 25-50 µg and SGDG between 20-40, while for T. pfeifferi 

carpenteri, DGDG was stimulatory between 18-23 µg, DGTS at < 10 µg, MGTS at < 23 µg 

and SGDG at < 20 µg. Outcomes from this experiment may also be compared to findings from 

Sakata et al. (1989), where the sea urchin S. intermedius showed different stimulatory levels 

towards the glycerolipids isolated from the brown seaweed E. bicyclis (as E. bicyclis). Findings 

from the current study showed that Ulva in its fractionated state (i.e. Ulva fractions) may not 

be as effective as Ulva in its unpurified state (i.e. crude extract, fresh and dried Ulva). It has 

been suggested that in the aquatic environment, chemical stimuli seldom occur as isolates, 

instead they are released from plants or animals tissues in blends and feeding stimulation may 

occur by a mixture of compounds rather than one dominant stimulus (Carr, 1988; Carr and 

Derby, 1986; Weissburg et al. 2002; Hay, 2009, 2010). In the current study, it was concluded 

that the mixture of chemical stimuli released from the fresh Ulva treatment was more potent 

than the compounds emitted by polar fractions F8 and F9. 

 

Although the lipid contents of seaweeds (Ulva species 0.3 – 4.1% of dry weight) are low, they 

are considered as an important source of omega-3 polyunsaturated fatty acids (ω-3 PUFA) that 

are known to have health benefits (Ortiz et al. 2006; Tabarsa et al. 2012; Swanson et al. 2012; 

Kendel et al. 2015; Sakamoto et al. 2019; Magdugo et al. 2020). However, lipid contents and 

fatty acids are known to vary with seasonal changes and environmental factors such as 

temperature, salinity, light and nutrient availability (Floreto et al. 1993; Khotimchenko and 

Yakovleva, 2005; Gerasimenko et al. 2010; McCauley et al. 2018; Santos et al. 2019; Toth et 

al. 2020). Therefore, knowledge on the variability of the lipid content, lipid classes and fatty 

acid contents of aquacultured Ulva is crucial considering its importance to the South African 

aquaculture industry and its potential future use in the food application industry (Chapter 4). 

Findings from the current study showed that nutrient concentrations did not have a significant 

effect on the specific growth rates (SGR) and total lipid (TL) contents of aquacultured Ulva. A 

potential explanation for this indifference was that the seawater nutrient levels coupled with 
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high-water turnover rate of the culture system utilized in this study were sufficient for Ulva to 

be nutrient saturated for growth under ambient nutrient levels. TL contents of Ulva recorded 

from this study (3.91 ± 0.29 to 4.61 ± 0.64% DW) were within the range documented in the 

literature for different Ulva species (3.14 – 4.14% DW; e.g. Rohani-Ghadikolaei et al. 2012; 

Khairy and El-Shafay, 2013; El Maghraby and Fakhry, 2015; Gadberry et al. 2018) and were 

higher than Ulva materials cultured in IMTA systems elsewhere (0.23 – 3.40% DW; e.g. Mata 

et al. 2016; Shpigel et al. 2018b; Moreira et al. 2020; Queirós et al. 2021). Ulva from this study 

was characterized by higher amounts of glycolipids (GL) over neutral lipids (NL) and 

phospholipids (PL), which were comparable to the findings from Santos et al. (2019) for Ulva 

collected from the wild. Ulva grown in the highest nutrient concentration (i.e. 200% NE) had 

significantly lower GL and significantly higher NL content than Ulva cultured in lower nutrient 

levels (i.e. 0 and 25% NE). Therefore, it is not recommended to cultivate Ulva under nutrient 

enrichment above seawater concentrations (NH4
+ = 2.43 – 8.96 μmol.L-1; NO3

- = 0.35 – 4.84 

μmol.L-1; NO2
- = 0.28 – 0.49 μmol.L-1 in this experiment) if the purpose of biomass is intended 

to be used as a functional feed ingredient (i.e. attractant and stimulant) for the sea urchin T. 

gratilla, since it inhibits the production of glycolipids. Nutrient variation did not have a 

significant effect on the PL content of aquacultured Ulva.  

 

Total fatty acid (TFA) compositions of Ulva cultured in this study was in agreement with other 

species from the literature (saturated FA [SFA]> polyunsaturated FA [PUFA] > 

monounsaturated FA [MUFA]; e.g. Kendel et al. 2015; Paiva et al. 2017; García-Poza et al. 

2022). Similar to Kendel et al. (2015), McCauley et al. (2016) and Trentin et al. (2020) findings 

for other Ulva species, C16:0 (palmitic acid) was the most prominent SFA in aquacultured 

Ulva from this study. PUFAs contents of Ulva were characterized by higher amount of     

omega-3 FA (ω-3; 26.7 – 30.31% TFA) compared to ω-6 FA (2.34 – 3.05% TFA), while 

MUFA ranged from 9.75% to 10.65% TFA. Palmitic acid (C16:0 FA) is the main SFA in 

vegetable oils (Shi et al. 2022). Overloading of this FA has been reported to induce 

inflammatory response of macrophages at the intestine level in mammals (Korbecki and 

Bajdak-Rusinek, 2019; Gori et al. 2020; Ghezzal et al. 2020). In finfish, the use of vegetable 

oils, such as palm oil, at high dietary levels as a substitute for fish oil in aquafeeds, can reduce 

growth, antioxidant capacity and induce inflammation in finfish (Li et al. 2019; Zhang et al. 

2020). On the other hand, PUFAs in general have been recognized for their numerous health 

benefits while there has been a growing interest in the potential health benefits of MUFA 

(McCauley et al. 2018; Gammone et al. 2019; Saini et al. 2021; Kapoor et al. 2021; Wang et 
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al. 2023). α-linolenic acid (C18:3ω3 – ALA) and linoleic acid (C18:2ω6 – LA) are precursor 

for the synthesis of other PUFAs including arachidonic acid (C20:4ω6 – AA), eicosapentaenoic 

acid (C20:5ω3 – EPA) and docosahexaenoic acid (C22:6ω3 – DHA; van Ginneken et al. 2011; 

Calder, 2017). These two fatty acids are considered essential to humans since they can only be 

obtained via dietary supplementation (Calder, 2017; Soares et al. 2021). Fatty/oily fish, such 

as sardine and salmon, represent the primary dietary sources of long-chain PUFAs such as 

DHA and EPA (Kapoor et al. 2021). However, these fatty/oily fish themselves cannot 

synthesize DHA and EPA, and these FAs are acquired by feeding down the food chain      

(Soares et al. 2021). Through aquaculture, there is the potential of increasing and/or       

retaining endogenous long-chain PUFAs in cultured species either by adapting a transgenic or 

nutritional/pharmacological/biochemical approach (Tocher, 2015). The use of seaweed such as 

Ulva either as an ingredient in formulated feeds or as a feed supplement can increase the levels 

long-chain PUFAs in aquacultured species (e.g. Mulvaney et al. 2015; Legarda et al. 2021), 

which can in turn be used as a source of PUFAs to supplement the human diet. In the current 

study, PUFA together with MUFA contents represented 40.0 – 43.6% of the TFA. These 

amounts particularly with the presence of high levels of C16:4ω3 (hexadecatetraenoic acid) 

and C18:3ω3 (α-linolenic acid – ALA) FAs and the low ω-6:ω-3 ratios, which are below the 

FAO/WHO (1994) maximum recommended ratio of 10:1, makes aquacultured Ulva suitable 

for human and animal health applications 

 

According to the International Standard Organization (ISO 5492), flavour is defined as 

“complex combination of the olfactory, gustatory and trigeminal sensations perceived during 

tasting. The flavour may be influenced by tactile, thermal, painful and/or kinaesthetic effects”, 

while aroma is defined as “sensory attribute perceptible by the olfactory organ via the back of 

the nose when tasting” (ISO, 2008). Flavour and aroma along with texture are regarded as the 

main driving factors of the consumer choice and preference for a particular algae and algae-

containing products (Moreira et al. 2022; Urlass et al. 2023). The flavour of seaweeds is often 

associated with the ‘umami’ taste which may be derived from water soluble components such 

as free amino acids and nucleotides (Mouritsen, 2013; Mouritsen et al. 2019; Figueroa et al. 

2021). In contrast, aroma such as ‘seafood-like’, ‘fishy’, ‘marine’, ‘green grass’, ‘fatty’ or 

‘honey-like’, are derived from volatile organic compounds (VOCs), where some compounds 

can also have major influence on the flavour (Sun et al. 2012; López-Pérez et al. 2017; Figueroa 

et al. 2021; Moreira et al. 2022; Li et al. 2023).  
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In Chapter 5, the volatile organic compounds (VOCs) produced by local aquacultured Ulva 

was evaluated. A total of sixty-three compounds classed as hydrocarbons, aldehydes, ketones, 

esters, free fatty acids, alcohols and phenol, were tentatively identified. However, based on the 

relative content (%) and information available from the literature, only the aldehydes, 

hydrocarbons, ketones, esters and alcohol may contribute to the typical aroma of this seaweed. 

For Ulva, ‘seaweed-like’, ‘marine-like’, and ‘seafood-like’ are among the main terms used to 

characterize the aroma of species from this genus (Yamamoto et al. 2014; López-Pérez et al. 

2017; Sánchez-García et al. 2021). Compounds such as aldehydes, ketones, hydrocarbons, 

esters, and carboxylic acids, have been reported to be the main contributors of VOCs that can 

influence aroma in Ulva (Sugisawa et al. 1990; Yamamoto et al. 2014; López-Pérez et al. 2017, 

2021; Sánchez‐García et al. 2019). Utilization of Ulva as an ingredient in human food products 

has so far produced mixed reviews on their texture and sensory attributes by panellists 

(Castillejo et al. 2017; Nuñez and Picon, 2017; del Olmo et al. 2018; Jannat-Alipour et al. 2019; 

Oh et al. 2020).  

 

Aquatic organisms are characterized by distinctive flavours that set them apart from terrestrial 

animals (Jones et al. 2022). The organoleptic properties of seafood, whether wild-caught or 

aquacultured, are influenced by diet before harvest (Boyle et al. 1993; Whitfield et al. 1997; 

2002; Ma et al. 2005; Jones et al. 2016). Thought aquaculture products have been found              

to be highly desirable, consumers have sometimes reported the flavour differences between 

aquacultured and wild-caught organisms (Hall and Amberg, 2013; Claret et al. 2014; Jones et 

al. 2016; Parma et al. 2019; Calanche et al. 2020). Traditional aquaculture systems are designed 

to enhance somatic growth through the use of formulated feeds, which lack the diversity of 

feed types the wild-caught organisms consume that may contribute to characteristic seafood 

flavours (Jones et al. 2016). However, through the manipulation of diet and environment, 

modern aquaculture systems may have the potential of modifying flavour (Jones et al. 2022). 

Ulva species are known to produce olfactory compounds such as bromophenols (BPs), 

dimethylsulfoniopropionate (DMSP; up to 6977 μg.g-1 fresh Ulva) and dimethylsulfide (DMS; 

Flodin et al. 1999, Sugisawa et al. 1990, Smit et al. 2007, 2010). It has been demonstrated that 

supplementation of diets with BPs and DMS-containing seaweeds during the pre-harvest can 

enhance the characteristic seafood flavour in aquacultured finfish (Ma et al. 2005; Kim et al. 

2007; Jones et al. 2016). Flavour enhancement has also been shown in sea urchin, where 

supplementation of diets with a specific seaweed can enhance the flavour of the end product 

(Takagi et al. 2020a). With the rise of the use of terrestrial plant-based products in aquafeed, 
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the organoleptic qualities of aquacultured species can become an issue with the lack of key 

flavours and aromas (Jones et al. 2016). This problem can be overcome with the use of 

seaweed, such as Ulva, as ingredients in aquafeeds. 

 

6.2 Conclusion and future perspectives 

Findings from this study clearly showed that aquacultured Ulva lacinulata can be an effective 

chemoattractant and feed stimulant for the sea urchin Tripneustes gratilla. The chemoreceptive 

ability of T. gratilla to detect and discriminate chemical cues emitted by specific Ulva fractions 

(i.e. F8 and F9) with chemoattractant and feed stimulant properties can be advantageous in the 

formulation and supplementation of their diet to promote consumption. In the eventuality of 

the use of F8 and F9 fractions in formulated feed to increase its chemosensory properties or act 

as a feed stimulant, much consideration should be given to their concentrations. It was shown 

in this study that chemoattractant and feed stimulant properties of these fractions are dose-

dependent and are not as effective as fresh Ulva as a dietary supplement. However, their use 

may be more practical and cost effective that using fresh Ulva. Findings from this study also 

showed that aquacultured Ulva is rich in polar lipids (glycolipids and phospholipids) and the 

important fatty acid profile of Ulva, consisting of essential PUFAs C18:3ω3 (α-linolenic acid 

– ALA) and linoleic acid (C18:2ω6 – LA) and non-essential long chain PUFAs C16:4ω3 

(hexadecatetraenoic acid), arachidonic acid (C20:4ω6 – AA) and C20:5ω3 (eicosapentaenoic 

acid – EPA), suggest that it can be used as a sustainable source of biomass for human and 

animal food health applications. Lastly, this research showed that aquacultured Ulva produces 

an array of volatile organic compounds which may contribute to its typical aroma. With the 

growth in sea urchin production around the world, the use of aquafeed is expected to increase. 

It is of upmost importance that these formulated feeds promote a good growth rate of the target 

organism without hindering the health of the animals and the quality of the end product 

intended for human consumption. With the progress in modern aquaculture and feed 

manufacturing technologies, there is the potential of tail making products with the desired 

appearance, specific nutritional traits and flavour through the manipulation of the diets. There 

is clear evidence on the multiple benefits of using novel ingredients such as seaweeds in 

formulated feeds. With the growing interest looking at the commercial application of Ulva 

worldwide, findings from this research can be of particular interest for the aquaculture, animal 

feed and human food industries. This thesis can serve as a guide when considering the 

chemosensory properties during aquafeed formulation, as the chemosensory properties during 
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the development of feeds containing seaweeds are seldom considered. Findings from this thesis 

can also provide aquaculturists with valuable information on how the use of fertilizers during 

Ulva culture affects its lipid profile and fatty acid composition, especially if the biomass 

produced is intended for human and animal feed. With Ulva being an important crop in the 

South African and global aquaculture industry, future research should focus on further 

evaluating the chemoattractant and stimulant properties of Ulva fraction F8 and F9 in 

formulated feed for T. gratilla, to test whether it would have the same effects. It would also be 

worth investigating the effects of Ulva diets against commercially used aquafeeds on the lipid 

and fatty profiles as well as organoleptic properties of the aquacultured abalone H. midae and 

sea urchin T. gratilla. With the increase in demand for aquaculture products, the overall 

nutritional quality as well as the chemosensory properties of the products can become the main 

deciding factor for market acceptance. 
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Supplementary Information 2 (Chapter 2) 

 

S2.1: 1H NMR of crude extract and Ulva fractions 
 

 
Figure S2.1: 1H NMR spectra (CDCl3, 400 MHz) of the crude organic extract of Ulva lacinulata and 

the step gradient column fractions from δH -0.20 to δH 10.00 with F1 (100% hexane), F2 (9:1 

hexane:ethyl acetate), F3 (8:2 hexane:ethyl acetate), F4 (7:3 hexane:ethyl acetate), F5 (6:4 hexane:ethyl 

acetate), F6 (4:6 hexane:ethyl acetate), F7 (2:8 hexane:ethyl acetate), F8 (100% ethyl acetate) and F9 

(1:1 methanol:ethyl acetate). 
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S2.2: HPLC chromatogram of F8 
 

 
Figure S2.2: HPLC chromatogram of Ulva lacinulata F8 (A) refractive index signal (RI); and (B) 

variable wavelength detectors (VWD; 254 nm). 

 

S2.3: COSY spectra of compound 2.1  

 
Figure S2.3: 1H-1H homonuclear correlation spectroscopy spectrum (COSY; 400 MHz CDCl3) of 

compound 2.1. 
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S2.4: HSQC spectra of compound 2.1  

 
Figure S2.4: ¹H-¹³C heteronuclear single quantum correlation (HSQC; 400 Hz CDCl3) of compound 

2.1. 

 

 

S2.5: DEPT – 135 spectra of compound 2.1  

 
Figure S2.5: Distortionless enhancement by polarization transfer-135 (DEPT; 100 Hz) spectra of 

compound 2.1. 
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S2.6: LC-MS chromatogram of F8 

 
Figure S2.6: Chromatogram of Ulva lacinulata F8 from liquid chromatography-mass spectrometry 

(LC-MS) in positive ESI mode. 

 

 

S2.7: Mass spectra of compound 2.1 

 
Figure S2.7: Mass spectra of compound 2.1 from mass spectra 1 (MS1). 
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Table S2.1: Compound 2.1 detected from Ulva lacinulata fraction F8 in positive ESI mode. 

 
RT 

(min) 

Compound Chemical 

formula 

Theoretical 

m/z (T) 

Detected 

m/z (D) 

Difference 

(T – D) 

Fragment 

m/z 

[M+NH4]+ 

28.98 MGDG C43H70O10N 760.4994 760.4960 0.0034 581.4 

 

 

 

S2.8: HPLC chromatogram of F9 
 

 
Figure S2.8: HPLC chromatogram of Ulva lacinulata F9 (A) refractive index signal (RI); and (B) 

variable wavelength detectors (VWD; 254 nm). 
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S2.9: LC-MS chromatogram of F9 positive ESI mode 

 
Figure S2.9: Chromatogram of Ulva lacinulata F9 from liquid chromatography–mass spectrometry 

(LC–MS) in MS level 1. 

 

 

 
Figure S2.10: Chromatogram of Ulva lacinulata F9 from liquid chromatography–mass spectrometry 

(LC–MS) in MS level 2. 
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S2.10: Mass spectra of compounds from F9 
 

 
Figure S2.11: Mass spectra of diacylglyceryl-N,N,N-trimethyl-homoserine (DGTS) from Ulva 

lacinulata fraction F9 (MS level 2). 

 

 
Figure S2.12: Mass spectra of digalactosyldiacylglycerol (DGDG) from Ulva lacinulata fraction F9 

(MS level 1). 
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S2.11: LC-MS chromatogram of F9 negative ESI mode 
 

 
Figure S2.13: Chromatogram of Ulva lacinulata F9 from liquid chromatography–mass spectrometry 

(LC–MS) in negative ESI mode. 

 

 

 
Figure S2.14: Mass spectra of dialkylglycerophosphate (PA) from Ulva lacinulata fraction F9 (MS 

level 1). 
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Figure S2.15: Mass spectra of sulfoquinovosylmonoacylglycerol (SQMG) from Ulva lacinulata 

fraction F9 (MS level 1). 

 

 

 
Figure S2.16: Mass spectra of lysophospholipid (LPG) from Ulva lacinulata fraction F9 (MS level 1). 
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Table S2.2: Compound detected from Ulva lacinulata fraction F9 in positive and negative ESI mode. 

 

RT 

(min) 

Compound Chemical 

formula 

Theoretical 

m/z (T) 

Detected 

m/z (D) 

Difference 

(T – D) 

Fragment 

m/z 

[M+H]+ 

14.77 DGTS C44H70O7N 680.5460 680.5105 0.0355 - 

[M+NH4]+ 

23.20 DGDG C47H66O15N 888.4740 888.4590 0.0150 - 

[M − H]− 

14.82 PA C41H72O8P 723.4970 723.4934 0.0036 - 

26.70 LPG C22H42O9P 481.2572 481.2539 0.0033 - 

26.92 SQMG C25H47O11S 555.2845 555.2773 0.0072 - 
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Supplementary Information 3 (Chapter 3) 

 
Table S3.1: Ulva lacinulata fractions distributions from 5 g (± 0.01 g) crude extract (mean ± SD).  

 Weight (g) 

F1 (100 % Hex) 125.6 ± 2.07 

F2 (9:1 hex:EtOAc) 93.8 ± 3.27 

F3 (8:2 hex:EtOAc) 167.6 ± 17.11 

F4 (7:3 hex:EtOAc) 94.0 ± 5.57 

F5 (6:4 hex:EtOAc) 72.6 ± 2.70 

F6 (4:6 hex:EtOAc) 54.2 ± 4.49 

F7 (2:8 hex:EtOAc) 21.8 ± 1.92 

F8 (100 % EtOAc) 17.2 ± 1.92 

F9 (1:1 EtOAc:MeOH) 273.8 ± 19.19 

  

Percentage Recovery  92.1 ± 1.38 
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Supplementary Information 4 (Chapter 4) 

 

S4.1: Water nutrients 
Please note: As per the Declaration pg. i of this thesis, analyses of water nutrient (Ammonium 

[NH4
+], Nitrate [NO3

-] and Nitrite [NO2
-]) were performed by Mr. Dhiren Vanmari of the 

Department of Biodiversity and Conservation Biology, University of the Western Cape, South 

Africa. Charts shown in Figures S4.1, S4.2 and S4.3 were calculated from the raw data 

provided by Mr. Dhiren Vanmari and are expressed as average (n=3). 

 
(i) Ammonium (NH4

+) 

 
Figure S4.1: Average ammonium concentration (NH4

+ [μmol/L]) monitored over 10 days of trials. 

D= day. 
 

(ii) Nitrate – NO3
- 

 
Figure S4.2: Average nitrate concentration (NO3

- [μmol/L]) monitored over 10 days of trials. D= day. 

-2

-1

0

1

2

3

4

5

6

7

8

9

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10

A
m

m
o

n
iu

m
 (

μ
m

o
l/

L
)

Number of days

Ammonium (NH4+)

0 % NE 25 % NE 50 % NE 75 % NE 100 % NE 200 % NE Ambient

0

1

2

3

4

5

6

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10

N
it

ra
te

 (
μ

m
o

l/
L

)

Number of days

Nitrate (NO3-)

0 % NE 25 % NE 50 % NE 75 % NE 100 % NE 200 % NE Ambient



 

174 

 

(iii) Nitrite – NO2
- 

 
Figure S4.3: Average nitrite concentration (NO2

- [μmol/L]) monitored over 10 days of trials. D= day. 

 

 

S4.2: Environmental parameters 
 

Please note: As per the Declaration pg. i of this thesis, environmental parameters (temperature, 

salinity, dissolved oxygen and pH) were collected by Mr. Dhiren Vanmari of the Department 

of Biodiversity and Conservation Biology, University of the Western Cape, South Africa. 

Charts shown in Figures S4.4, S4.5, S4.6 and S4.7 the averages (n=3) of environmental 

parameters recorded during the nutrient culture experiment provided by Mr. Dhiren Vanmari. 

 
(i) Temperature 

 
Figure S4.4: Average temperature (°C) recorded over 10 days of trials. D= day. 
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(ii) Salinity 

 
Figure S4.5: Average salinity (PSU) recorded over 10 days of trials. D= day. 

 
(iii) Dissolved oxygen  

 
Figure S4.6: Average dissolved oxygen level (mg/L) recorded over 10 days trials. D= day 
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(iv) pH 

 
Figure S4.7: Average pH level recorded over 10 days trials. D= day. 

 

S4.3: 1H NMR Total lipid (TL) of Ulva lacinulata 
 

 

Figure S4.8: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid from Ulva lacinulata. 
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Table S4.1: Assignment of total lipid (TL) metabolites resonances (ppm) in 1H NMR spectra of Ulva 

lacinulata (FA – Fatty Acids; PUFA – Polyunsaturated Fatty Acids; TAG – Triglycerides; PL – 

Phospholipid). 

 

Spectral region 

No. 
Chemical shift 

bins (ppm) 

Lipid metabolites assigned 

1 0.65 – 0.70 (–CH3) attached to C13 1 2 4 

2 0.82 – 0.91 All FA (–CH3) except ω–3 FA 1 2 3 

3 0.92 – 1.03 PUFA (–CH3; ω–3) 1 2 3 

4 1.16 – 1.39 All FA –(CH2)n
 1 2 3 

5 1.52 – 1.72 β-methylene (–OCO−CH2−CH2–) 1 2 3 

6 1.92 – 2.14 Mono-allylic methylene (–CH2−CH=CH–) 1 2 3 

7 2.25 – 2.45 α-methylene (–OCO−CH2–) 1 2 3 

8 2.73 – 2.90 Di-allylic methylene (–CH=CH–(CH2–CH=CH)n–) 1 2 3 

9 3.05 – 3.10 PL (–CH2–N–) 2 4 

10 3.21 – 3.29 PL (–CH2–N+(CH3)3–) 2 4 

11 4.09 – 4.31 TAG sn–1 (–C1H2) and sn–3 (–C3H2) 1 2 3 

12 5.06 – 5.16 TAG sn–2 (–C2H) 1 

13 5.31 – 5.46 Fatty acyl chain (–CH=CH–; unsaturated FA) 1 2 3 

1Vidal et al. (2012); 2Del Coco et al. (2018); 3Siudem et al. (2022); 4Subramanian et al. (2008) 

 

 

(i) 0 % NE [control] treatment 

 
Figure S4.9: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid for Ulva lacinulata cultured at 0% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(ii) 25 % NE treatment 

 
Figure S4.10: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid for Ulva lacinulata cultured at 25% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

(iii) 50 % NE treatment 

 
Figure S4.11: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid for Ulva lacinulata cultured at 50% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(iv) 75 % NE treatment 

 
Figure S4.12: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid for Ulva lacinulata cultured at 75% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

(v) 100 % NE treatment 

 
Figure S4.13: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid for Ulva lacinulata cultured at 100% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(vi) 200 % NE treatment 

 
Figure S4.14: 1H NMR spectrum (CDCl3, 400 MHz) of total lipid for Ulva lacinulata cultured at 200% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

S4.4: 1H NMR Neutral lipids (NL) of Ulva lacinulata 
 

 

Figure S4.15: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid (NL) sample from Ulva lacinulata. 
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Table S4.2: Assignment of neutral lipid (NL) metabolites resonances (ppm) in 1H NMR spectra of Ulva 

lacinulata (TAG – Triglycerides; FA – Fatty Acids). 

 

Spectral region 

No. 

Chemical shift bins 

(ppm) 

Lipid metabolites assigned 

14 2.76 – 2.88 Di-allylic (=CH–CH2–CH=) 1 3 

15 3.53, 3.57 C-3 proton1 

16 4.06 – 4.30 TAG glycerol 1 3 

17 5.36, 5.40 Fatty acyl chain (–CH=CH; unsaturated 

FA) 2 3 4 
1 Tugnoli et al. 2003; 2 Fernando et al. 2010; 3 Fernando et al 2012; 4 Del Coco et al 2018 

 
 

(i) 0 % NE [control] treatment 

 
Figure S4.16: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid for Ulva lacinulata cultured at 0% 

nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium (K) 

g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(ii) 25 % NE treatment 

 
Figure S4.17: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid for Ulva lacinulata cultured at 

25% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium 

(K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

(iii) 50 % NE treatment 

 
Figure S4.18: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid for Ulva lacinulata cultured at 

50% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium 

(K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(iv) 75 % NE treatment 

 
Figure S4.19: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid for Ulva lacinulata cultured at 

75% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium 

(K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

(v) 100 % NE treatment 

 
Figure S4.20: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid for Ulva lacinulata cultured at 

100% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium 

(K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(vi) 200 % NE treatment 

 
Figure S4.21: 1H NMR spectrum (CDCl3, 400 MHz) of neutral lipid for Ulva lacinulata cultured at 

200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 potassium 

(K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

 

S4.5: 1H NMR Glycolipids (GL) of Ulva lacinulata 
 

 
Figure S4.22: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid (GL) sample from Ulva 

lacinulata.  
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Table S4.3: Assignment of glycolipid (GL) metabolites resonances (ppm) in 1H NMR spectra of Ulva 

lacinulata (GL – Glycolipid). 
 

Spectral region No. Chemical shift bins 

(ppm) 

Lipid metabolites assigned 

21 3.36, 3.40 

3.77 

GL sugars (–CH) with phosphatidylinositol 1 

22 3.44 GL sugars (–CH) with C3 proton1 

23 3.49 – 3.57 GL sugars (–CH) with phosphatidylcholine 1 

24 3.61 – 3.73 GL sugars (–CH) 1 

25 3.81 GL sugars (–CH) with glycerophospholipids 1 

26 4.91 – 5.08 Anomeric –CH 1 2 
1 Subramanian et al. 2008; 2 Nuzzo et al. 2013 

 

 
(i) 0 % NE [control] treatment 

 
Figure S4.23: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid for Ulva lacinulata 

cultured at 0% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(ii) 25 % NE treatment 

 
Figure S4.24: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid for Ulva lacinulata 

cultured at 25% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

(iii) 50 % NE treatment 

 
Figure S4.25: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid for Ulva lacinulata 

cultured at 50% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(iv) 75 % NE treatment 

 
Figure S4.26: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid for Ulva lacinulata 

cultured at 75% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

(v) 100 % NE treatment 

 
Figure S4.27: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid for Ulva lacinulata 

cultured at 100% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 

1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(vi) 200 % NE treatment 

 
Figure S4.28: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of glycolipid for Ulva lacinulata 

cultured at 200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 

1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

S4.6: 1H NMR Phospholipids (PL) of Ulva lacinulata 
 

 
Figure S4.29: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid (PL) sample from 

Ulva lacinulata.  
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Table S4.4: Assignment of phospholipid (PL) metabolites resonances (ppm) in 1H NMR spectra of 

Ulva lacinulata. 

 

Spectral 

region No. 

Chemical shift 

bins (ppm) 

PL metabolites assigned 

27 3.00, 3.04 Phosphatidylethanolamine (–CH2–N) 1 2 4  

28 3.17 Lysophosphatidylcholine (–CH2−N+(CH3)3
 3 4 

29 3.21 

3.57, 3.61 

Phosphatidylcholine (–CH2–N+(CH3)3) 1 2 3 4 

30 3.41, 3.45 

4.10, 4.14 

Phosphatidylinositol (–CH) 1 

31 4.22–4.47 Glycerophospholipidsa (CH2OR1–CHOR2–CH2–) 1 3 

32 5.20, 5.24 Glycerophospholipidsb (CH2OR1–CHOR2–CH2–) 1 3  
1 Subramanian et al. 2008; 2 Del Coco et al. 2018; 3 Barrilero et al. 2018; 4 Amiel et al. 2020 

 
(i) 0 % NE [control] treatment 

 
Figure S4.30: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid for Ulva lacinulata 

cultured at 0% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(ii) 25 % NE treatment 

 
Figure S4.31: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid for Ulva lacinulata 

cultured at 25% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 
(iii) 50 % NE treatment 

 
Figure S4.32: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid for Ulva lacinulata 

cultured at 50% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(iv) 75 % NE treatment

Figure S4.33: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid for Ulva lacinulata 

cultured at 75% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

(v) 100 % NE treatment

Figure S4.34: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid for Ulva lacinulata 

cultured at 100% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 

1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 
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(vi) 200 % NE treatment 

 
Figure S4.35: 1H NMR spectrum (1:1 CDCl3:CD3OD, 400 MHz) of phospholipid for Ulva lacinulata 

cultured at 200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 

1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. A, B and C are replicates. 

 

S4.7: 1H NMR integration for ω-3 content (%), double bond 

equivalent and saturated fatty acid (SFA) 

 

 
Figure S4.36: Example of 1H NMR spectrum (CDCl3, 400 MHz) integration (δH 0.50 – 5.60). 
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ω-3 content = 45.08% 

Unsaturated fatty acid (UFA) content = 90.75% 

Polyunsaturated fatty acid (PUFA) content = 39.67% 

Saturated fatty acid (SFA) content = 9.25% 

Monounsaturated fatty acid (MUFA) content = 51.08% 

Double bond equivalent = 2.09 

S4.8: Fatty acids (FA) of Ulva lacinulata 
(i) 0 % NE [control] treatment

Figure S4.37: Chromatogram of fatty acid methyl esters (FAMEs) obtained from Ulva lacinulata 

cultured at 0% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. C1, C 2 and C 3 are replicates. 
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(ii) 25 % NE treatment

Figure S4.38: Chromatogram of fatty acid methyl esters (FAMEs) obtained from Ulva lacinulata 

cultured at 25% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. 25_1, 25_2 and 25_3 are replicates. 

(iii) 50 % NE treatment

Figure S4.39: Chromatogram of fatty acid methyl esters (FAMEs) obtained from Ulva lacinulata 

cultured at 50% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. 50_1, 50_2 and 50_3 are replicates. 
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(iv) 75 % NE treatment

Figure S4.40: Chromatogram of fatty acid methyl esters (FAMEs) obtained from Ulva lacinulata 

cultured at 75% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 1.08 

potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. 75_1, 75_2 and 75_3 are replicates. 

(v) 100 % NE treatment

Figure S4.41: Chromatogram of fatty acid methyl esters (FAMEs) obtained from Ulva lacinulata 

cultured at 100% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 

1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. 100_1, 100_2 and 100_3 are replicates. 
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(vi) 200 % NE treatment

Figure S4.42: Chromatogram of fatty acid methyl esters (FAMEs) obtained from Ulva lacinulata 

cultured at 200% nutrient enrichment (NE) [100% NE = 8.05 nitrogen (N), 3.78 phosphorus (P) and 

1.08 potassium (K) g.kg-1 Ulva at a ratio of 7:3:1]. 200_1, 200_2 and 200_3 are replicates. 

S 4.9: FA loading data 

Figure S4.43: Principal component analysis (PCA) loading plot for fatty acid content of Ulva 

lacinulata.  
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Table S4.5: Loading features for principal component analysis (PCA) of the top 10 fatty acids from 

Ulva lacinulata. 

FA Loading 1 Loading 2 

C16:3 0.3050 0.0233 

C20:4ω6 0.3016 0.2548 

C17:3ω3 0.3012 0.4273 

C20:5ω3 0.2853 0.1520 

C22:5ω3 0.2828 0.0240 

C16:2ω6 0.2690 -0.4219

C18:3ω3 0.2681 -0.1171

C16:4ω3 0.2400 -0.1514

C20:4ω3 0.2318 0.0683 

C18:2ω6 0.2130 -0.1386

Figure S4.44: Box and whiskers plots of the 8 major contributors for PC1 using the relative abundance 

after log normalization of fatty acids identified in Ulva lacinulata. Notches indicate 95 % confidence 

interval around the median of each treatment. Yellow diamonds indicate the mean content of fatty acid 

of each treatment. 
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Supplementary Information 5 (Chapter 5)

S5.1: GC-MS of solvent extracts (SE) from Ulva lacinulata 

Figure S5.1: Total ion chromatograms (TIC) of volatile organic compound (VOC) detected from the solvent extraction [SE; n=3] samples of Ulva lacinulata 

(R1-black, R2-red, R3-blue are replicates). 
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S5.2: GC-MS of steam distillation–liquid/liquid (SD-LLE) extract from Ulva lacinulata 

Figure S5.2: Total ion chromatograms (TIC) of volatile organic compound (VOC) detected from the steam distillation–liquid/liquid extraction [SD-LLE; 

n=3] samples of Ulva lacinulata (R1-black, R2-red, R3-blue are replicates). 
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S5.3: GC-MS of headspace extracts (HS–SPME) from Ulva lacinulata 

Figure S5.3: Total ion chromatograms (TIC) of volatile organic compound (VOC) detected from headspace solid–phase microextraction [HS-SPME; n=5] 

samples of Ulva lacinulata (R1-black, R2-red, R3-blue, R4-cyan and R5-green are replicates; n=5; * are signal peaks from the 

Divinylbenzene/Carboxen/Polydimethylsiloxane fiber). 




