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a b s t r a c t 

The aroma and taste of eight different phototrophic microalgae species were investigated and compared with five 

seaweeds to evaluate their potential as flavor ingredients in plant-based seafood alternatives. To assess their per- 

formance, commercial seafood flavoring products were used as a reference during the sensory evaluation and their 

chemical odor-active and taste-active profiles were compared with those of the algae. Stronger seafood odor and 

taste were observed in microalgae Rhodomonas salina, Tetraselmis chui and Phaeodactylum tricornutum compared 

to seaweeds which could be explained by the presence of important seafood aroma compounds (dimethylsulfide, 

fatty acids-derived compounds and trimethylamine) and taste compounds (glutamic acid, alanine, arginine and 

5 ′ -ribonucleotides). R. salina has potential as a plant-based seafood flavoring because of its crab aroma. P. tricor- 

nutum possess a high umami taste and shellfish flavor, however, its bitterness could be undesirable. T. chui is less 

bitter and characterized by high umami and seafood (crab, fishy) flavor, however, it possesses a slightly higher 

grassy odor. 
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. Introduction 

Plant-based alternatives for meat and dairy products have received

ncreased attention among consumers because of the raising awareness

or animal welfare, intrinsic health benefits of plant-based food and eco-

ogical impact of consuming animal-based food ( van Vliet et al., 2020 ).

hile numerous plant-based alternatives have entered the food market,

he development of plant-based seafood products is still in its infancy

 SPINS, 2020 ). Avoidance of seafood by consumers is based on sustain-

bility (overfishing) as well as animal welfare concerns (in aquaculture)

 FAO, 2020 ). A central issue in the development of plant-based seafood

s mimicking the flavor of animal-based seafood products. Flavor is de-

ned as the set of impressions perceived in the mouth and nose which
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ncludes aroma, taste (salty, sweet, sour, bitter and umami) and textural

outhfeel ( Auvray and Spence, 2008 ). A first step in the development of

lant-based seafood alternatives is understanding the key contributors

hat give rise to the seafood flavor. 

The characteristic aroma of fish and shellfish is derived from a com-

lex mixture of different odor-active volatile chemicals. A first class

f typical odor-active volatiles in seafood are oxidation products of

olyunsaturated fatty acids (PUFAs) which are formed by lipoxyge-

ase activity or autoxidation ( Josephson et al., 1991 ; Lindsay, 1990 ).

hese fatty acid-derived volatiles include aldehydes (e.g. hexanal, 4-

eptenal, 2-octenal and 2,6-nonadienal), alcohols (e.g. 3,5-octadien-2-

l and 1-octen-3-ol) and ketones (e.g. 1-octen-3-one and 3,5-octadien-2-

ne). A second class of important contributors to seafood aroma, espe-
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ially to shellfish aroma, are sulfuric compounds such as dimethyl sul-

de (DMS), dimethyl disulfide and methanethiol. These sulfuric com-

ounds are derived from the degradation of sulfur-containing com-

ounds such as dimethylsulfoniopropionate (DMSP), methionine and

aurine ( Varlet and Fernandez, 2010 ). The third class contributing

o the seafood aroma involve nitrogen-containing compounds such as

rimethylamine (TMA), which originate from the microbial reduction of

he osmolyte trimethylamine oxide (TMAO) ( Lindsay, 1990 ). In addi-

ion to these important volatiles, seafood is known for its umami taste.

mami is related to the presence of specific free amino acids (FAAs)

lutamate (Glu) and aspartate (Asp), as well as the presence of salt

nd 5’-ribonucleotides such as inosine monophosphate (IMP), guano-

ine monophosphate (GMP) and adenosine monophosphate (AMP)

 Fuke, 1994 ). Furthermore, FAAs glycine (Gly), alanine (Ala) and argi-

ine (Arg) contribute to the sweet taste of seafood ( Konosu et al.,

978 ; Finne, 1992 ). 

Algae, both microalgae and seaweeds (macroalgae), are consid-

red as a sustainable and healthy marine food source. Different

pecies of seaweeds have been recently used as flavor ingredients

n plant-based seafood alternatives (e.g. vegan shrimps, fish broth,

aviar) for its natural flavor of the sea ( Kazir and Livney, 2021 ).

ndeed, many seaweeds contain odor-active volatiles that also oc-

ur in seafood, such as carbonyls, alcohols and sulfur compounds

Garicano Vilar et al., 2020 ). In addition, particular brown seaweeds

rom the Fucales and Laminariales orders are rich in free glutamate

nd aspartate, eliciting umami taste ( Mouritsen et al., 2019 ). In con-

rast to seaweeds, relatively little is known about the flavor of mi-

roalgae, despite the fact that these have received ample attention in

he past decade as a novel source of food. Some studies have investi-

ated the addition of microalgae in food products such as bread, cook-

es, pasta, soup and yogurt and have reported fishy off-flavors, even at

ery low additions (0.25 - 2% w/w) ( Batista et al., 2019 ; Nunes et al.,

020 ; Lafarga et al., 2019 ; Babuskin et al., 2014 ; Fradique et al., 2013 ;

obertson et al., 2016 ). 

Whereas fishy flavors of microalgae may be unwanted in most

ood applications, they may be desirable for the imparting flavor

n plant-based seafood alternatives. To use microalgae as a fla-

or ingredient, it is important that seafood aroma and taste com-

ounds are present in sufficiently high concentrations and that off-

avors are limited. Phytochemical as well as ecological studies on mi-

roalgae have revealed the presence of volatile organic compounds

VOCs) that are shared with seafood aroma, such as fatty acid-

erived aldehydes, ketones and alcohols ( Pohnert and Boland, 2002 ;

ontana et al., 2007 ). Furthermore, when marine algae are damaged

y grazers, DMSP is broken down emitting sulfuric volatiles com-

ounds ( Fredrickson and Strom, 2009 ). Other VOCs in microalgae such

s carotenoids-derived compounds (e.g. ionones) have floral or fruity

romas which would probably be unwanted in plant-based seafood

 Achyuthan et al., 2017 ). To our knowledge, no studies so far have

xplored the taste of microalgae. However, the high protein content

28-71% dry weight) of microalgae ( Becker, 2007 ) could result in a

igh amount of free amino acids Glu and Asp, causing high umami

aste. 

The aim of this study was to assess the potential of phototrophic

icroalgae from different taxonomical origin to be used as flavor ingre-

ients in plant-based seafood alternatives and to compare their perfor-

ance with seaweeds. Therefore, eight species of microalgae and five

pecies of seaweeds were evaluated for taste and aroma using a com-

ination of sensory evaluation by a trained expert panel and chemical

rofiling. Commercial seafood flavoring products were used as taste and

dor reference during the sensory evaluations. The chemical profiling

ncluded an analysis of the odor-active volatile compounds as well as

aste-active chemicals (free amino acids, nucleotides and salts). Further-

ore, these chemical profiles were compared with those of commercial

eafood flavoring products to evaluate their potential in the develop-

ent of plant-based seafood alternatives. 
2 
. Materials and methods 

.1. Chemicals and reagents 

Internal standards 2-methyl-3-heptanone (103128-5G) and methyl

onanoate (76368-1ML), and alkane standard solution C8-C20

ANALYT&/04070-1ML) were used for aroma analysis, all purchased

rom Sigma-Aldrich. Methanol (CL00.1377.2500) was obtained from

hem-Lab Analytical bvba. 

For free amino acid analysis, internal standards were purchased from

ampro scientific: methionine-3,3,4,4-d4 (CS04-482_1380-250MG); his-

idine 13C615N3 (CS03-381_110); glutamine 13C5 (CS01-181_173); DL-

ysine-1,2-C13 (CS01-183_540); aspartic acid 15Nd3 (CS01-185_154); L-

spargine-15N2 (CS01-185_154); L-alanine-2,3,3,3-d4 (CS01-182_128-

G). Both N-methyl-L-valine (90119) and homoarginine (H1007) were

btained from Merck Life Science bv. All amino acids standards were

urchased from Merck Life Science bv: L-phenylalanine 78019; L-

yrosine T3754; L-leucine L8000; L-methionine M9625; L-isoleucine

2752; L-valine V0500; L-threonine T8625; L-serine 54500; L-alanine

7627; L-proline 81709; glycine G7126; L-glutamic acid G1251; aspar-

ic acid A9256; L-cystine 30200; L-histidine H8000; L-arginine A8094; L-

ysine L5501; glutamine G8540; asparagine A0884; tryptophan T0254. 

5-sulfosalicyclic acid dehydrate (S2130-100G) was obtained

rom Sigma-Aldrich, ammonium formate (84884.180) and formic

cid (1.00264.1000) from VWR international bv and acetonitrile

CL00.0194.2500) from Chem-Lab Analytical bvba. Cis-3-hexen-1-ol

H12900-10G) was obtained from Sigma-Aldrich and applied within

ensory evaluation. 

ICP-OES (Induced Coupled Plasma-Optical Emission Spectrometry)

alibration standards for salt analysis were prepared from a 100 mg/L

ulti-element stock solution from Analytika (Prague, Czech Republic).

ater used for making the dilutions was home produced doubly distilled

ater. Nitric acid (Suprapur, SpA 67–69%,) used in the salt analysis was

urchased from Romil (Cambridge, UK). 

.2. Microalgae, seaweeds and seafood 

Biomass of microalgae was obtained either as a frozen paste or

reeze-dried power. Tisochrysis lutea (Haptophyta), Skeletonema costa-

um (Ochrophyta), Tetraselmis chui (Chlorophyta), Phaeodactylum tri-

ornutum (Bacillariophyta) and Nannochloropsis oceanica (Ochrophyta)

ere obtained as a frozen paste (1kg) provided by Necton S.A. (Ol-

ão, Portugal). The frozen paste was freeze-dried within 2 months

f arrival. Dunaliella salina (Chlorophyta) was obtained from Monzón

iotech (Barcelona, Spain) and Chlorella vulgaris (Chlorophyta) from

io-Life bvba (Isnes, Belgium) as a freeze-dried powder. Freeze-dried

hodomonas salina (Cryptophyta), cultivated in an outdoor tubular pho-

obioreactor, was obtained from the HZ University of Applied Sciences

Vlissingen, Netherlands). Freeze-dried microalgae were packaged in

acuum-sealed plastic-lined aluminum foil bags until analyses. 

Biomass of seaweeds was obtained as dried thalli . Palmaria palmata

Rhodophyta), Laminaria ochroleuca (Phaeophyta) and Undaria pinnati-

da (Phaeophyta) originated from the coast in Galicia (Spain) and were

btained from Porto-Muiños (Cerceda, Spain). Ulva laetevirens/rigida

Chlorophyta) cultivated in outdoor system tanks was acquired from

IOZ (Texel, Netherlands). Saccharina latissima (Phaeophyta) cultivated

earshore (Eastern Scheldt) was obtained from Zeewaar B.V. (Amster-

am, Netherlands). 

Commercial seafood flavorings were obtained from Flandor Flavours

nternational (Zulte, Belgium). The flavors were made from (frozen)

eafood products without any additions of spices, vegetables or preser-

atives. The seafood flavorings tested included shrimp extract pow-

er ( Pandalus borealis ), coalfish powder ( Pollachius virens meat), cod-

sh powder ( Gadus morhua meat), lobster and lobster extract powder

 Homarus gammarus ), crab extract powder ( Cancer pagurus ) and mussel

owder ( Mytilus edulis ). 
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.3. Aroma analysis 

Volatile organic compounds (VOCs) were determined using au-

omated headspace solid-phase microextraction (HS-SPME) – gas

hromatography-mass spectrometry (GC-MS) using a Gerstel MPS sam-

ler coupled to an Agilent 7890A GC and 5975C inert XL mass spec-

rometer. Various extraction parameters, including extraction time (5,

0, 15, 20, 25, 30 min), extraction temperature (30, 40 and 60°C),

ample concentration (1, 10, 50, 100 and 200 mg dried sample/mL),

ample volume (1, 3, 6 and 12 ml) and SPME fiber (Polydimethyl-

iloxaan (PDMS) and Divinylbenzene/Carboxen/Polydimethylsiloxane

DVB/CAR/PDMS)) were studied carefully in order to obtain the highest

ensitivity. The best extraction conditions were selected as follows: 30

in of extraction time, 40°C extraction temperature, 100 mg DW/mL

nd 12 ml sample volume using Supelco 50/30μm DVB/CAR/PDMS

ber. 

To avoid photodegradation, 20ml amber colored headspace vials

ere filled with 1.2 g dried sample and 12 ml Millipore water (100

/L). To improve reproducibility, samples were kept refrigerated until

0 minutes before the start of the incubation to avoid oxidation and

icrobial activity prior to extraction. Within these 10 minutes, the re-

rigerated samples were spiked with 10μL internal standard (IS) mixture

f 8.16 ng/μL 2-methyl-3-heptanone and 87.5 ng/μL methyl nonanoate

n HPLC-grade methanol and hermetically sealed. Next, the vial was in-

ubated for 30 minutes at 40°C, followed by extraction at the same tem-

erature using agitation. The loaded SPME fiber was desorbed in split-

ess mode (250°C, 3 min) and compounds were separated on a DB-5MS

olumn (30m x 250 μm x 1 μm) using a helium flow rate of 1 mL/min.

he oven temperature program was set as follows: start at 35°C, hold for

 minutes, then raised to 220°C at a rate of 3.5°C/min. Mass spectra in

he electron impact ionization (EI) mode were generated at 70 eV, and

ecording was performed in full scan mode (35 – 250 m/z). 

To identify the aroma compounds, Unknown analysis of Masshunter

Agilent) was used. Identification of the aroma compounds was based

n (1) spectral match, compared to the NIST and an in-house database,

nd (2) retention index (RI), compared to the aroma office (Gers-

el) and an in-house database. RI calibration of the chromatogram

as done using an alkane standard solution (C8-C20). Aroma com-

ounds were identified if following conditions were met: (1) peak

eight is more than 10 3 (counts), (2) signal-to-noise ratio is higher

han 3, (3) spectrum match probability higher than 75%, and (4)

alculated experimental RI differs less than 15 from library RIs.

xperimental Kovats RI, library RI and match factor information

sed for identification can be found in Supplementary Information

SI). 

Semi-quantitative determination of the volatiles was done by spik-

ng 10μL of the internal standard mix to each sample prior to HS-

PME-GC-MS. A stock solution was prepared at 8.16 ng/μL 2-methyl-

-heptanone and 87.5 ng/μL methyl nonanoate in methanol. Similar to

sleten Hosoglu (2018) , the area of the chromatographic peak of each

dentified volatile was divided by the area corresponding to the internal

tandard 2-methyl-3-heptanone. Areas corresponding to identified es-

ers were divided by the area of internal standard methyl nonanoate. To

emi-quantitatively calculate the concentrations of each volatile, the ob-

ained responses were multiplied with the concentration of internal stan-

ard in the samples (6.8μg/L for 2-methyl-3-heptanone and 72.9μg/L for

ethyl nonanoate), assuming that all of the response factors were equal

o one. Subsequently, these concentrations were divided by their indi-

idual odor threshold value (OTV) determined in water to calculate the

dor activity values (OAVs) of each volatile. Since both concentration

n the sample and odor threshold are taken into account, OAVs provide

ore insight on which compounds play an role in the flavor. The used

dor threshold value (OTV) were obtained from literature and can be

ound in Supplementary Information (SI). This approach for calculat-

ng semi-quantitative results is comparable to the approach described

y Giri et al. (2010) . Three replicate analyses were performed on each
3 
ample analyzed on separate days. A blank sample with 12mL Millipore

ater was used to subtract background volatiles from the lab. 

.4. Free Amino acid analysis 

Free amino acids (FAAs) were extracted based on

æhre et al. (2014) , by dissolving 0.2g dried sample in 8.5 mL

HPLC-MS water using a vortex for 15s. Prior the extraction, 0.5ml

f the internal standard mixture was added containing 134.9 μg/ml

ethionine-3,3,4,4-d4; 34.1 μg/ml N-methyl-L-valine; 146.3 μg/ml

istidine 13C615N3; 282.7 μg/ml glutamine 13C5; 1259.2 μg/ml

-glutamic acid C13; 294.4μg/ml DL-Lysine-1,2-C13; 435.7 μg/ml

spartic acid 15Nd3; 634.1 μg/ml L-aspargine-15N2; 316.8 μg/ml

-alanine-2,3,3,3-d4 and 430.9 μg/ml homoarginine in UHPLC-MS

ater. FAAs were separated from proteins and peptides by precipitation

sing 1 mL 35% sulfosalicylic acid. After 15 min of extraction at room

emperature, samples were centrifuged (4000g for 10 min) and aliquots

f 500 μL of the supernatants were diluted with 100μL acidified (1%v/v

ormic acid) ammonium formate buffer (4M) and 400μL acetonitrile

ACN). Amino acids were separated according to van ’t Land (2019) by

ydrophilic interaction chromatography (HILIC) using a LC-MS system.

 μL of aqueous extract was injected onto an Intrada HILIC column

100mm x 3mm; 3μm) maintained at 37°C. A binary gradient at a flow

ate of 0.6 mL/min was used, consisting of acidified (0.3%v/v formic

cid) ACN and 80/20 (ACN ( ≥ 99.95%)/ammonium formate ( ≥ 99%)).

mino acids were detected using a Shimadzu triple quadrupole mass

pectrometer (LCMS-8040) equipped with an electrospray ionization

ource (ESI). Nitrogen was used as nebulizer and argon as collision

as. Most amino acids were ionized in positive ESI and measured in

ultiple reaction monitoring (MRM), except for glycine in selected-ion

onitoring (SIM). Aspartic acid was detected after negative ESI and

IM. Details on binary gradient, MRM and SIM can be found in SI.

he quantification was performed using calibration curves of 20 amino

cids at 6 concentrations close to their taste threshold. To obtain the

aste activity values (TAVs), the FAAs concentrations were divided by

heir individual taste threshold found in the literature (in SI) in which

 TAV above 1 was considered a contribution to the overall taste. 

.5. Free Nucleotides analysis 

Free nucleotides were extracted and analyzed according to Moerdijk-

oortvliet et al. (2022) . In brief, 50 mg dried sample and 5 mL Milli-Q

ere homogenized and extracted for 15 minutes at 35 ˚C followed by

entrifugation (3700 g, 20 min). The supernatant of the samples was

upplied with 125 μL concentrated H 2 SO 4 for acid precipitation fol-

owed by centrifugation (3700 g, 20 min). The supernatant was ana-

yzed by means of High Performance Liquid Chromatography (HPLC)

sing a DIONEX Ultimate 3000 HPLC system equipped with a SIELC

rimeSep D mixed-mode column (150 ×4.6 mm; 5 μm) with a corre-

ponding guard column (10 ×4.6 mm; 5 μm) and detected by Ultraviolet

UV) (DAD 3000). The injection volume was 10 μL and elution was per-

ormed isocratically at 0.8 mL/min, with 10 mM H 2 SO 4 (pH 1.95) as the

obile phase; the detection wavelength was 260 nm. Quantification of

ucleotides was achieved using a 7-point external calibration curve (5

o 1000 μM). 

.6. Equivalent umami concentration 

The intensity of the umami taste of microalgae can be estimated

y measuring the equivalent umami concentration (EUC) expressed as

onosodium glutamate (g MSG/100 g). The synergy effect between the

mami amino acids and 5’-nucleotides is represented by the following

quation ( Yamaguchi et al., 1971 ): 

 = Σ𝑎 𝑖 𝑏 𝑖 + 1218 
(
Σ𝑎 𝑖 𝑏 𝑖 

) (
Σ𝑎 𝑗 𝑏 𝑗 

)

here Y is the EUC of the mixture expressed in g MSG/100 g; 1218 is

 synergistic constant; a is the concentration (g/100 g) of each umami
i 



B. Coleman, C. Van Poucke, B. Dewitte et al. Future Foods 5 (2022) 100139 

Table 1 

Sensory attributes with descriptions and reference products for quantitative descriptive analysis 

Sensory attributes Description Reference product 

Grassy odor The odor associated with freshly cutted grass 0.2 g/L 1-hexen-3-ol solution 

Floral odor The odor associated with violet, sweet odor Violet aroma from Kit Le Nez du Vin a 

Earthy odor The odor associated with beetroot, stale/musty odor Pure beet root 

Hay odor The odor associated with old dried grass Hay aroma from Kit Le Nez du Vin a 

Rancid odor The odor associated with rancid/sour/oxidized butter odor No reference 

Fishy odor/taste The odor/taste of fish 10 g/L coalfish powder 

Crab odor/taste The odor/taste of crab 10 g/L crab extract powder 

Mussel odor/taste The odor/taste of mussel 10 g/L mussel powder 

Salt The taste on the tongue associated with salt 1.19 g/L NaCl 

Bitter The taste on the tongue associated with caffeine 0.195 g/L caffeine 

Umami The taste on the tongue associated with monosodium glutamate (MSG) 0.595 g/L MSG 

Sweet The taste on the tongue associated with sucrose 0.195 g/L sucrose 

a Set of 54 small scent phials created by Jean Lenoir 
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mino acid, Asp or Glu; a j is the concentration (g/100 g) of each umami

 ′ -nucleotide, IMP, GMP, or AMP; b i is the relative umami equivalent

oncentration (RUC) for each umami amino acid compared to MSG

1 for Glu and 0.077 for Asp) and b j is the RUC for each umami 5 ′ -

ucleotide compared to IMP (1 for IMP; 2.3 for GMP and 0.18 for AMP).

.7. Salt analysis 

Analysis of Na and K was performed by ICP-OES (Varian 720, Var-

an, Mulgrave, Australia) after acid mineralization with HNO 3 in a mi-

rowave oven (CEM MARS Xpress, Matthews, USA). Aliquots of 0.250 g

ry sample were weighed in triplicate in polytetrafluoroethene (PTFE)

icrowave vessels. After the addition of 4 ml nitric acid and 4 ml bidis-

illed water, the vessels were closed and placed into a microwave sys-

em. The samples were heated to 180°C in 15 min and maintained at that

emperature for 30 min. After cooling, samples were diluted on a weight

asis (2 g sample solution + 8 g bidistilled water) in analytical 15 ml

ubes. Quantification of the elements in the digests was performed using

n 8-point external calibration curve (calibration range: 0.01 ppm - 100

pm). Reported results are on 𝜆= 568.820 for Na, and on 𝜆= 766.491

or K. 

.8. Ethical approval 

All sensory research performed in this study was in accordance with

thical Standards of the Commission Flavour and Odour of ILVO (ECSG-

LVO). Prior to the taste sessions, samples were tested on microbial qual-

ty and safety (yeast and molds enumerations, coagulase positive S. au-

eus enumerations, E. coli enumerations, Salmonella detection, Listeria

pp. and Listeria monocytogenes detection), trace element analysis (Cd,

b, Hg, total As, inorganic As and I), polychlorinated biphenyls (PCBs)

nd polycyclic aromatic hydrocarbons (PAHs). Afterwards, a risk eval-

ation was made and evaluated by the ECSG-ILVO. Informed consent

as obtained from all participants of the sensory evaluation. 

.9. Sensory evaluation 

To evaluate seafood features and typical flavors in the algae samples,

n expert panel consisting of 16 assessors (5 males, 11 females, aged be-

ween 24 and 39 years) was selected and trained in a taste lab according

o the ISO8586:2012 standard. The taste lab is equipped according to

he ISO standard 8589:2007 including 9 cubicles provided with touch-

creens running Fizz (Fizz Biosystèmes) software, a table with faucet

nd sink and standardized LED lights, air-conditioning to standardize

he temperature and ventilation of the lab. Prior to the sensory eval-

ation, the assessors were introduced to the different microalgae and

eaweeds to identify sensory attributes. Afterwards, attributes were se-

ected based on a panel discussion and sensory vocabulary found in the

iterature. The selected attributes, listed in Table 1 , were familiarized
4 
sing seven odor references: (1) grassy; (2) floral; (3) earthy; (4) hay;

5) fishy; (6) mussel and (7) crab odor. For taste, following seven refer-

nces were used: (1) salt; (2) bitter; (3) umami; (4) sweet; (5) fishy; (6)

ussel and (7) crab taste. Finally, each panelist was trained to assess

he intensity of the attributes using a scale ranging from 0 (absent) to

0 (very strong). 

An acceptable concentration of 10 g dried sample/L was determined

or the sensory evaluation of all algae. Dried algae samples were ho-

ogenized with a Thermomix TM 31. Fresh solutions were prepared

or each algae using mineral water (Cristaline). Small amounts (10ml)

ere presented in randomly coded and closed 30 mL screw-capped am-

er colored glass vials. A different sensory session was organized with

he trained panel for seaweeds and microalgae, respectively. Afterwards,

 combined session was performed with those microalgae and seaweed

10 g dried sample/L) that have the highest scores on seafood attributes

fish, crab, mussel) to compare their potential for plant-based seafood

lternatives. 

.10. Statistical analysis 

Using R (version 4.0.5), sensory data were tested for homogene-

ty of variance (Levene’s test, “car ” package) and normal distribution

Shapiro-Wilk normality test, “dplyr ” package). To determine differ-

nces between samples, one-way ANOVA was conducted followed by

ost hoc Duncan test ( “DescTools ” package) for normal distributed sen-

ory attributes. For non-normal distributed attributes, Kruskal-Wallis

est and post hoc Wilcox test were performed. Pearson correlation test

as performed in R to find correlations between chemical data and sen-

ory attributes. Significant differences were established at an 𝛼 risk of

%. 

. Results and discussion 

Section 3.1 comprises (1) the odor evaluation of the different mi-

roalgae species, (2) a comparison between the microalgae and seaweed

coring the highest on the seafood attributes, using coalfish, crab and

ussel flavorings as references and (3) a comparison of the chemical

roma profiles of microalgae and seaweeds with those of seafood flavor-

ngs. Section 3.2 follows the same structure discussing the taste aspect

f algae. 

.1. Seafood aroma in algae 

.1.1. Odor evaluation of microalgae and seaweeds 

Figures 1 A and 1 B summarize all average odor scores obtained from

he odor evaluation of eight different microalgae by the expert panel.

eafood odor attributes such as fishy, mussel and crab are observed in

ifferent microalgae, especially in R .salina, P. tricornutum and T. chui .

nterestingly, R. salina (4.8) is characterized with the highest crab odor
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Figure 1. Spider diagrams of odor evaluation 

of 8 microalgae (A & B). Odor evaluation of 

microalgae T. chui , P. tricornutum and R. salina 

compared to seaweeds P. palmata and U. laete- 

virens/rigida (C). Average scores are shown af- 

ter quantitative descriptive sensory evaluation. 
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core, being significantly higher than all microalgae (p value < 0.05),

xcept for P. tricornutum (3.4) and T. chui (3.2). Furthermore, R. salina

5.2) is characterized with the highest fishy odor followed by P. tricor-

utum (4.5), T. chui (4.4), N. oceanica (4.2) and T. lutea (3.6). The scores

or mussel odor are highest in P. tricornutum (3.9) and T. chui (3.8). In

ontrast, microalgae C. vulgaris (2.0), S. costatum (1.9) and D. salina (0.9)

ave significant lower seafood odors (p value < 0.05), compared to the

ther microalgae, making them less useful for seafood alternatives. 

Beside the presence of seafood odor characteristics, it is important to

void overpowering off-flavors in plant-based seafood alternatives such

s grassy, floral, earthy or rancid odors. N. oceanica and T. lutea pos-

ess seafood odors, but are also characterized by a higher unpleasant

ancid odor. Furthermore, a significantly higher floral odor score was

bserved in D. salina (7.8) compared to all other microalgae (p value

 0.01). Earthy and grassy odors are commonly found in microalgae,

owever, overpowering grassy odors are observed in S. costatum (5.9)

nd N. oceanica (5.0). Finally, the earthy scores were found to be the

ighest in S. costatum (4.6) and C. vulgaris (4.7). Based on these odor

rofiles, microalgae R. salina, P. tricornutum and T.chui have the highest

otential for plant-based seafood flavoring because of their higher odor

core for seafood attributes, while having lower scores for floral, rancid,

rassy and earthy odors. Within odor evaluation of seaweeds, which can

e found in Supplementary Information (SI), U.laetevirens/rigida and P.

almata are characterized with the highest scores on seafood odor at-

ributes compared to brown seaweeds L. ochroleuca, U. pinnatifida and

. latissima . These brown seaweeds have generally lower odor scores and
5 
re characterized with hay-like odors. These findings on odor character-

stics of seaweeds are in line with the study of López-Pérez et al. (2017) .

Figure 1 C shows the combined odor evaluation of microalgae R.

alina, P. tricornutum and T. chui and seaweeds U. laetevirens/rigida and

. palmata . In general, stronger seafood odors were observed in the three

icroalgae R. salina, T. chui and P. tricornutum compared to the inves-

igated seaweeds. The crab odor is significantly higher in the three mi-

roalgae compared to seaweed P. palmata (p value < 0.05), whereas

nly R. salina has a significantly higher crab score compared to U. laete-

irens/rigida (p value < 0.05) . The fishy odor score is slightly higher in

. salina and T. chui compared to both seaweeds. The evaluated microal-

ae have higher grassy intensities compared to seaweeds, especially T.

hui (p value < 0.05). 

.1.2. Comparison of odor-active seafood compounds microalgae and 

eaweeds 

Within the volatile analysis, a total of 189 volatiles were identified

n the investigated microalgae, seaweeds and seafood flavor samples

elonging to several chemical classes. From these, 64 volatiles were

liminated for further evaluation due to their unknown odor description

nd high odor threshold, including halogenated and acyclic hydrocar-

ons such as alkanes and alkenes ( Nawar et al., 1977 ; Le Guen et al.,

000 ). Table 2 shows the summation of the odor activity values (OAVs)

f volatiles within a specific group to reveal similarities and differences

etween the aroma profiles of microalgae, seaweeds and seafood fla-

ors. Concentrations of each volatile were divided by their individual
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Table 2 

Summation of the odor activity values (OAV) of volatiles within a specific groups. Aroma profiles of 8 microalgae, 5 commercial seaweed and 8 seafood powders were examined (n = 3) 

Odor-active compounds Microalgae species Seaweeds species Seafood flavorings 

Chl Dun Tis Nan Pha Rho Ske Tet Pal Lam Sac Ulv Und Cod fish CrabExtr Shrimp Extr Lobster Lobster Extr Mussel Coal fish 

Sulfur-containing compounds 

Sulfur compounds 47 17 4432 30 7181 117 3602 3149 3.0 1.1 17 671 2.3 212 142 109 229 155 1955 384 

Dimethyl sulfide 0 0 4320 6.9 7131 17.5 3523 3089 1.2 0.7 13 666 0 1.0 102 18 3.6 30 1656 0.7 

Nitrogen-containing compounds 

Trimethylamine 0 148 0 0 44 67 0 64 0 0 0 0 0 38 33 2545 532 88 47 137 

Pyridines 1.8 14 0.6 0.5 0.8 0.1 5.4 0.3 0 0 0 0 0 0 0 0.3 0.1 0 0.6 0 

Pyrazines 4.5 0.5 0.2 0 0 0 0.7 0.9 0 0 0 0 0 0 0.2 1.5 6.3 0.8 4.6 0.5 

Fatty acid-derived compounds 

Linear saturated aldehydes 62 190 67 200 39 35 494 36 43 18 7.7 20 6.4 19 9.5 20 32 5.0 83 13 

Unsaturated aldehydes 73 729 224 1421 11 42 810 68 59 0.3 6.7 8.4 22 6.7 6.3 7.5 12 4.9 28 3.0 

Unsaturated ketones 245 115 288 484 119 204 2329 173 77 3.7 8.0 1.8 4.3 207 32 4.8 326 14 238 16 

Unsaturated alcohols 29 0.1 53 176 16 17 92 32 0 4.0 4.7 3.5 7.0 23 4.5 7.9 39 0.6 35 4.1 

Furans 13 93 12 49 9.7 3.8 133 15 4.8 2.5 7.8 0.9 0.2 12 2.1 2.2 17 3.9 8.6 2.7 

Saturated ketones 19 39 11 8.3 1.9 1.3 17 4.0 0.6 0.5 2.1 0 0.4 8.9 2.4 13 22 5.2 17 2.3 

Carotenoids-derived compounds 193 2466 88 112 20 58 361 67 36 3.5 4.7 1.2 2.2 0.1 0 0 0.2 0 0.3 0 

Others 

Alkyl aldehydes 86 19 223 5.2 55 5.3 318 6.9 5.9 0 4.3 0 0.6 10 5.5 43 22 6.0 20 32 

Benzaldehydes 55 35 62 19 11 12 229 12 8.6 1.0 1.1 0.3 0.5 23 6.1 12 23 6.2 28 21 

Fatty acid alkyl esters 8.0 0.1 8.5 11 0.6 0 127 0.2 0 0 0 0 0 0.3 0 0.9 1.0 0 0.4 0.8 

Diketones 23 11 26 9.2 27 24 15 1.4 0.2 0 0 0.1 0.1 0.2 0.3 0.4 0.6 0.1 0.6 0.1 

Monoterpenes 23 9.2 2.0 1.0 0.3 0.4 4.2 0.6 0.8 0.2 0.1 0 0.1 5.0 2.8 47 38 1.3 24 27 

Alkyl benzenes 3.2 1.2 0.5 1.2 1.0 0.6 1.4 0.3 0.1 0.1 0 0 0 1.9 0.9 13 11 0.7 7.8 7.7 

a Odor threshold value, standard deviations and identification methods of the individual compounds can be found in SI. 
b Chl = Chlorella vulgaris ; Dun = Dunaliella salina ; Tis = Tisochrysis lutea ; Nan = Nannochloropsis oceanica ; Pha = Phaeodactylum tricornutum ; Rho = Rhodomonas salina ; Ske = Skeletonema costatum ; 

Tet = Tetraselmis chui ; Pal = Palmaria palmata ; Lam = Laminaria ochroleuca ; Sac = Saccharina latissima ; Ulv = Ulva laetevirens/rigida ; Und = Undaria pinnatifida 

6
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h  
dor threshold value (OTV) determined in water, which can be found

n Supplementary Information (SI), to calculate their individual OAVs.

icroalgae share important odor-active volatile groups with the investi-

ated seafood flavorings, including fatty acid-derived compounds, sulfu-

ic and nitrogen-containing compounds, alkyl aldehydes and benzalde-

ydes. 

.1.2.1. Fatty acid-derived volatiles. Similar to seafood, a wide variety

f aldehydes, ketones and alcohols detected in microalgae arise from

he transformation of unsaturated fatty acids by nonselective oxida-

ion (autoxidation) and selective lipoxygenase enzymes ( Pohnert and

oland, 2002 ; Achyuthan et al., 2017 ). As Table 2 shows, the fatty acid-

erived aroma compounds are divided into 6 subgroups: linear saturated

ldehydes, unsaturated aldehydes, unsaturated ketones, unsaturated al-

ohols, furans and saturated ketones. The OAVs of the different chemical

ubgroups in microalgae R. salina, P. tricornutum and T. chui are com-

arable with those of the seafood flavorings, sharing important odor-

ctive compounds such as saturated aldehydes pentanal, hexanal, hep-

anal, octanal and decanal, unsaturated aldehydes 4-heptenal (Z) and

,6-nonadienal (E,E), unsaturated alcohol 1-octen-3-ol and unsaturated

etone 3,5-octadien-2-one. The latter contributes to the seafood odors

bserved in R. salina, P. tricornutum and T. chui during the sensory eval-

ation. 

In contrast to those three microalgae, the amount of fatty acid-

erived compounds observed in the other microalgae, especially in S.

ostatum and N. oceanica , are several factors higher (up to 500 times

ore) compared to the seafood flavors. The strong grassy, fishy and ran-

id odor of N. oceanica can be explained by the high amounts of grassy

melling (hexanal, heptanal and 2,6-nonadienal), fatty/fishy smelling

2,4-decadienal and 4-heptenal) and fishy/grassy smelling (1-octen-3-

l) volatiles. These volatiles could originate from the high eicosapen-

aenoic acid (EPA) and arachidonic acid (AA) content in N. oceanica

 Lindsay, 1990 ; Huerlimann et al., 2010 ). Likewise, high EPA content

nd active lipoxygenase against PUFAs in S. costatum ( Zhukova and

izdaicher, 1995 ; Fontana et al., 2007 ) could result in the overpow-

ring grassy smelling (heptanal, 1-hexen-3-ol and 2,6-nonadienal) and

arthy/mushroom smelling (3,5-octadien-2-one) volatiles, explaining its

trong grassy and earthy odor. Notably, fatty/cucumber smelling 2,4-

ecadienal and 2-nonenal are observed in all microalgae, especially of

. oceanica, D. salina, S. costatum and T. lutea , however, not observed in

he seafood flavorings. 

The fatty acid-derived compounds are generally lower in seaweed

ompared to the microalgae. From all investigated seaweeds, red sea-

eed P. palmata shares the most fatty acid-derived compounds with

eafood flavorings. However, compared to microalgae R. salina, P. tri-

ornutum and T. chui, both seaweeds P. palmate and U.laetevirens/rigid

ontain lower amounts of fatty acid-derived compounds important for

eafood aroma such as 3,5-octadien-2-one, 1-octen-3-ol, hexanal and

eptanal, which could explain the lower seafood odor scores. Further-

ore, the lower amount of grassy smelling volatiles (in specific hex-

nal, heptanal and 1-octen-3-ol) observed in those seaweeds explains the

ower observed grassy odor. Finally, all seaweeds possess earthy/musty

melling 1-octen-3-one, which is not detected in seafood and R. salina,

. tricornutum and T. chui. 

.1.2.2. Sulfur-containing volatiles. The OAVs of the sulfuric volatiles

anges from 109 – 1955 in the seafood flavorings and from 17-7181

n microalgae. From all sulfuric volatile compounds, dimethyl sulfide

DMS), dimethyl disulfide and methanethiol have the highest OAV in mi-

roalgae and seafood. These volatiles are characterized by very low odor

hresholds and their odor description varies from cabbage/onion to un-

leasant rotten/putrid according to their concentration and the product

atrix ( Rowe et al., 1998 ). Similar to seafood, sulfuric volatiles in mi-

roalgae originate from microbial and thermal degradation of DMSP and

ulfur-containing compounds ( Fredrickson and Strom, 2009 ). Addition-

lly for seafood, dimethyl trisulfide is detected, which has similar odor
7 
eatures as the other sulfuric volatiles. Preceding heat treatment (e.g.

ooking and high temperature drying) of the seafood could explain this

ifference, as dimethyl trisulfide can originate from sulfur-containing

ompounds during thermal processes ( Varlet and Fernandez, 2010 ).

MS is observed in all seafood flavorings, with OAV ranging from 0.7-

 in fish, 3.6-102 in crustaceans and 1656 in mollusks. Some marine

rganisms, such as mussels, (filter) feed on protein and DMSP rich phy-

oplankton, accumulating high amounts of sulfuric volatile precursors.

s a result, the feeding habit of marine organisms could explain the di-

ersification of sulfuric aroma compounds within the seafood group. Ac-

ording to literature, DMS has an important contribution to the aroma of

ivalves (oyster, mussel, scallops), crustaceans (lobster, crab, shrimp),

nd to a lower extent of fish ( Le Guen et al., 2000 ; Piveteau et al., 2000 ).

onsequently, the presence of DMS in R. salina, T. chui and P. tricornutum

ontribute to their observed crab and mussel odor . This result is in line

ith the study of Van Durme et al (2013) who also linked seafood-like

haracteristics in microalgae to high levels of sulfuric compounds. 

No DMS was found in D. salina and C. vulgaris which could ex-

lain their relatively low seafood scores. Despite the high amount of

MS detected in T. lutea and S. costatum , lower mussel and crab odor

cores are observed compared to R. salina, T. chui and P. tricornu-

um . The latter could be due to the high amounts of fatty acid-derived

dor-active compounds (grassy/earthy/rancid odors), alkyl aldehydes

malty/nutty/coffee odors) and benzaldehydes (nutty/almond odors),

asking these sulfuric compounds. 

Compared to microalgae and seafood, seaweeds contain less sulfuric

olatiles, except for green seaweed U. laetevirens/rigida . Similar to the

tudy of Lopez-Perez et al., (2017), the DMS found in green seaweed

lva is 2–3 orders higher compared to other seaweeds. The latter can

e attributed to degradation of DMSP present in the green algae Ulva ,

hile brown algae contain little DMSP ( Groene, 1995 ). The crab and

ussel odor scores in U. laetevirens/rigida could be attributed to DMS.

ikewise, the lower crab scores in P.palmata compared to microalgae

.salina, P.tricornutum and T.chui could be due to the lower amount of

ulfuric compounds such as DMS. 

.1.2.3. Nitrogen-containing volatiles. Nitrogen containing volatiles are

ivided into trimethylamine, pyridines and pyrazines. Trimethylamine

TMA) has a fishy/ammoniacal characteristic odor with a low odor

hreshold value which is generally present in marine seafood, adding

leasant crustacean-like odors at low concentrations ( Cadwallader et al.,

995 ). However, TMA is also known as an important indicator

f seafood spoilage generated by microbial reduction of trimethy-

amine N-oxide (TMAO) ( Seibel and Walsh, 2002 ). Derived from

algaard et al (1993) , TMA gives an unpleasant odor when above 0.42g

MA/kg codfish. In our seafood samples, TMA ranges between 0.1-

.6mg TMA/kg, indicating that the seafood samples were not spoiled.

he presence of fishy smelling TMA in microalgae R. salina, T. chui and

. tricornutum could play a role in their observed seafood odors, while in

he seaweeds no TMA is observed. Pyridines and pyrazines are present in

oth seafood and microalgae, but have less impact on the overall aroma

f the samples based on the OAVs. 

.1.2.4. Alkyl aldehydes and Benzaldehydes. Finally, both the OAVs of

lkyl aldehydes and benzaldehydes in microalgae R. salina, P. tricornu-

um and T. chui are comparable with those of the seafood flavorings.

lkyl aldehydes (e.g. 3-methyl-1-butanal and 2-methyl-1-butanal) are

icrobially formed from amino acids and categorized as spoilage odors

n seafood ( Aro et al., 2003 ; Jaffrès et al., 2011 ). Benzaldehydes are

ormed by enzymatic and thermal degradation of the amino acid such

s phenylalanine ( Nierop Groot and De Bont, 1998 ). 

In microalgae C. vulgaris, T. lutea and S. costatum, higher OAVs of

lkyl aldehydes and benzaldehydes are found compared to the other mi-

roalgae and seafood, giving malty/nutty/coffee and nutty/almond off-

avors, respectively. In seaweeds, both alkyl aldehydes and benzalde-

ydes are lower compared to microalgae and seafood flavorings, except



B. Coleman, C. Van Poucke, B. Dewitte et al. Future Foods 5 (2022) 100139 

f  

o  

s

3

 

t  

fl  

f  

n  

a  

o

3  

i  

h  

l  

b  

e  

m  

c  

b  

h  

(  

f  

c

 

i  

c  

fl  

𝛽  

m  

o  

t  

c

3  

p  

h  

d  

t  

S

 

a  

o  

c  

t

3

3

 

s

 

(  

t  

(  

u  

c  

p  

c  

t  

t  

m  

f  

s

 

m  

P  

c  

P  

t  

c  

s  

a

 

a  

t  

v  

c  

g  

P  

t  

h  

v  

t  

c  

i  

3

 

a  

N  

a  

F

 

l  

(  

l  

t  

t  

c  

a  

(  

s  

t  

w  

e  

h  

1

 

o  

a  

v  

t  

p  

t  

u  

G  

G  

D  

o  

i  

G  

I  

i  

t  

i  

t  

t  

t  

i  
or P.palmata . This latter could be an additional reason for the lower

bserved seafood odors in U.laetevirens/rigid compared to microalgae R.

alina, P. tricornutum and T. chui. 

.1.3. Odor-active off-flavors in microalgae and seaweeds 

Microalgae contain odor-active groups which do not contribute

o the aroma of seafood and therefore could be considered as off-

avors when used in plant-based seafood alternatives. Next to the

atty/cucumber smelling unsaturated aldehydes 2,4-decadienal and 2-

onenal, also breakdown products of carotenoids, diketones and fatty

cid alkyl esters are detected in microalgae, which do not exceed the

dor threshold in seafood. 

.1.3.1. Carotenoids-derived volatiles. Carotenoids are powerful antiox-

dants, exclusively synthesized by plants and microorganisms, that

elp in eliminating reactive oxygen species (ROS) and harvesting

ight ( Di Lena et al., 2019 ). Due to the unstable conjugated double-

ound structure in carotenoids, both xanthophylls and carotenes could

asily degrade into a variety of nor-carotenoids (e.g. 𝛽-ionone) and

ethyl ketones (e.g. 6-methyl-5-hepten-2-one) by enzymatic carotenoid

leavage dioxygenases (CCDs) and non-enzymatic reactions stimulated

y light, oxygen and temperature ( Jüttner, 1995 ). Nor-carotenoids

ave low OTVs and are characterized with floral and woody features

 Oliveira et al., 2006 ). The lowest amount of carotenoids-derived are

ound in the microalgae P. tricornutum, T. chui and R. salina , which are

haracterized with the highest seafood odor scores. 

Extremely high amounts of nor-carotenoids (e.g. 𝛽-ionone,

sophorone and 𝛽-cyclocitral) are found in D. salina (OAV of 2466)

ompared to the other microalgae, explaining its significantly higher

oral sensory score. This observation is possibly linked to the high

-carotene content (up to 10% DW) in D. salina , which provides this

icroalgae its orange color ( Xu and Harvey, 2019 ). Microalgae are one

f the richest producers of carotenoids ( Di Lena et al., 2019 ), explaining

he higher OAVs (ranging from 20-2466) for carotenoids-derived aroma

ompounds compared to seaweeds (ranging from 1.2-36). 

.1.3.2. Diketones and Esters. Spoilage bacteria are responsible for the

roduction of odor-active diketones (e.g. 2,3-butanedione and 2,3-

eptanedione) in shrimps ( Jaffrès et al., 2011 ). The higher amount of

iketones in microalgae compared to seaweeds and seafood is attributed

o the presence of buttery smelling 2,3-butanedione ( Prost et al., 2004 ;

enger-Emonnot et al., 2006 ). 

Fatty acid alkyl esters can be formed by esterification of carboxylic

cids and lipid-derived alcohols or microbial fermentation, giving fruity

dors ( Peterson and Chang, 1982 ; Jüttner, 1995 ). In microalgae P. tri-

ornutum, T. chui and R. salina and seaweeds this group does not exceed

he OTVs, while for the other microalgae higher amounts are found. 

.2. Seafood taste in algae 

.2.1. Taste evaluation of microalgae and seaweed 

Additionally to the odor evaluation, Fig. 2 A and 2 B reveal the taste

cores of the eight different microalgae evaluated by the expert panel. 

Interestingly, the highest umami score is observed in P. tricornutum

5.3) followed by T. chui (4.7) and R. salina (4.2), while compared to

hese microalgae, significantly lower umami taste is found in D. salina

0.9), T. lutea (2.2) and N. oceanica (2.5) (p value < 0.05). Similar to the

mami score, the highest salty score is observed for R. salina (3.6), T.

hui (3.4) and P. tricornutum (3.1). High bitterness is generally not ap-

reciated in food and could be an off-flavor in plant-based seafood. Mi-

roalgae S. costatum (5.7) has a significant higher bitter score compared

o the others (p value < 0.05), except for T. lutea (4.4). The bitter score is

he lowest in N. oceanica (1.3) and T. chui (1.4), which could give these

icroalgae an advantage for food-applications. The sweet score ranges

rom 0.8-2.5, with S. costatum (0.8) having the lowest sweet score, pos-

ibly due to its high bitterness. 
8 
In line with the odor evaluation, a fishy taste is found in several

icroalgae such as T. chui (2.9), N. oceanica (2.8), R. salina (2.2) and

. tricornutum (2.2), while almost nonexistent in D. salina (0.9) and S.

ostatum (0.7). Furthermore, notes of crab and mussel taste are found in

. tricornutum, T. chui and R. salina . Within the seaweed group, see SI,

he highest umami taste is observed in U. laetevirens/rigida. The observed

rab taste in U. laetevirens/rigida is significantly higher than the other

eaweeds (p value < 0.05) and P. palmata has scored the highest on fishy

nd mussel taste. 

Figure 2 C compares the taste of microalgae R. salina, P. tricornutum

nd T. chui and seaweeds U. laetevirens/rigida and P. palmata . The umami

aste of the microalgae is significantly higher compared to P. palmata (p

alue < 0.05). In addition, both T. chui and P. tricornutum score signifi-

antly higher on umami taste compared to U. laetevirens/rigida . Microal-

ae P. tricornutum is significantly more bitter compared to both seaweeds

. palmata , while microalgae R. salina is also significantly more bitter

han P. palmata (p value < 0.05). Microalgae T. chui and P. tricornutum

ave significantly higher mussel taste compared to both seaweeds (p

alue < 0.05), while the mussel taste in R. salina is significantly higher

han U. laetevirens/rigida . Significantly higher crab taste is observed in T.

hui compared to P. palmata (p value < 0.05). No significant differences

n fishy taste are found between the evaluated seaweeds and microalgae.

.2.2. Comparison of seafood taste markers in microalgae and seaweed 

Table 3 shows the taste activity values (TAVs) of the free amino

cids (FAAs) important for seafood, 5’ribonucleotides and salts (K 

+ and

a + ) as well as the calculated equivalent umami concentration (EUC) in

ll microalgae, commercial seaweeds and seafood flavorings. Complete

AA profiles can be found in SI. 

In line with the studies of Konosu et al. (1978) and Finne (1992) ,

ower taste contribution of FAAs is observed in the examined fish species

coal and codfish) in comparison with the shellfish species (crab, shrimp,

obster and mussel). Within the investigated microalgae, the taste con-

ribution of the FAAs in both D. salina and N. oceanica is low. In contrast

o those two microalgae, the FAA profiles of the other investigated mi-

roalgae show similarities with those of the shellfish as their profiles

re both dominated by glutamic acid (Glu), alanine (Ala) and arginine

Arg). However, glycine (Gly), which is important for the sweet taste of

hellfish, is absent in all microalgae. Konosu et al. (1978) demonstrated

hat Glu, Gly, Arg and Ala constitute the core of the taste of boiled crab

ith the taste synergism between 5 ′ -ribonucleotides (AMP and GMP)

levating overall preference. For mussel, it was found that Glu and Asp

ad the highest impact on taste followed by Arg, Gly and Ala ( Cha et al.,

998 ). 

Compared to shellfish and microalgae (except for D. salina and N.

ceanica ), generally lower amounts of FAAs are detected in seaweeds,

s only a few FAAs exceed their taste threshold. Green seaweed U. laete-

irens/rigida is dominated by Glu and serine (Ser), while missing impor-

ant seafood FAAs such as Gly, Arg and Ala. Red seaweed P. palmata

ossess a high amount of Arg, Glu and isoleucine (Ile), however, con-

aining lower amounts of Ala and Gly. Remarkably, lower amounts of

mami tasting Glu are found in seaweeds (ranging from 0.02-1.39 mg

lu/g DW) compared to microalgae such as P. tricornutum (11.4 mg

lu/g DW) , S. costatum (7.18 mg Glu/g DW) and T. chui (5.66 mg Glu/g

W). Similar Glu concentrations in seaweeds were found in the study

f Mouritsen et al. (2019) , where low amounts of Glu were observed

n S. latissima (0.06-0.43 mg Glu/g DW), U. pinnatifida (0.0075-1.85 mg

lu/g DW) and various Laminaria -species (0.155-0.75 mg Glu/g DW).

n contrast, Mouritsen et al. (2019) measured high amounts of free Glu

n Saccharina japonica (2.15-15.5 mg Glu/g DW), indicating that the

otal FAA composition of seaweeds is very species-specific. As shown

n Table 3 , most microalgae, except for D. salina and N. oceanica , con-

ain AMP and/or GMP exceeding their taste threshold. In contrast, no

aste threshold of 5’ribonucleotides was exceeded in seaweeds. Besides

he seafood aroma of R. salina, P. tricornutum and T. chui , the similar-

ty and higher amount of seafood taste markers (FAAs, nucleotides) in
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Table 3 

Taste activity values of the free amino acids important for seafood, 5’ribonucleotides and salts measured in all microalgae, commercial seaweeds and seafood flavorings (n = 3) as well as the equivalent 

umami concentration (EUC) values calculated according the equation by Yamaguchi et al. (1971) . 

Taste compounds 

Taste 

at- 

tribute 

Taste 

threshold 

(mg/ml) Microalgae species Seaweed species Seafood flavorings 

Free amino acids Chl Dun Tis Nan Pha Rho Ske Tet Pal Lam Sac Ulv Und Cod 

fish 

Crab 

Extr 

Shrimp 

Extr 

Lobster Lobster 

Extr 

Mussel Coal 

fish 

Arginine Bitter/sweet ( + ) 0.5 1.1 15.1 7.5 2.6 7.4 25.2 6.5 9.2 20.8 6.6 5.6 6.1 0.5 

Alanine Sweet ( + ) 0.6 5.8 13.3 14.6 2.3 12.7 3.5 0.9 6.9 0.6 4.2 1.3 2.7 3.3 3.5 2.5 3.4 1.3 

Glycine Sweet ( + ) 1.3 0.7 0.7 0.5 0.6 1.2 22.4 1.7 1.2 22.7 

Glutamic acid Umami ( + ) 0.3 8.1 0.1 8.6 1.6 38.1 3.0 23.9 18.9 1.8 0.1 4.6 3.4 4.1 1.6 1.6 3.0 2.5 2.8 7.0 1.2 

Aspartic acid Umami ( + ) 1 0.7 2.8 0.9 0.5 1.2 1.1 0.1 0.2 0.1 0.2 0.2 0.2 0.3 0.3 0.3 1.7 0.1 

Nucleotides 

GMP Umami ( + ) 0.125 2.8 0.1 5.4 0.1 0.5 4.7 3.8 3.3 0.1 0.6 0.7 2.0 6.4 0.7 0.2 3.0 1.0 

IMP Umami ( + ) 0.25 0.1 0.5 0.1 2.4 2.5 0.3 0.2 0.2 0.1 0.4 0.2 0.2 0.1 0.3 

AMP Sweet/umami ( + ) 0.50 0.2 0.8 4.8 5.3 0.6 0.3 0.5 0.1 0.4 10.5 1.4 24.2 

Equivalent Umami Concentration 

g MSG/100g DW 8.0 0.0 30 0.4 285 5.0 219 21 0.1 0.0 3.3 1.9 3.0 0.9 2.9 21 1.8 1.4 14 15 

Salts 

Na + Salt ( + ) 1.8 4 7 16 21 11 26 12 27 14 13 18 15 39 6 62 66 19 70 12 4 

K + Salt ( + ) 1.3 9 1 11 5 26 9 22 15 44 47 27 26 31 8 3 3 5 2 8 11 

Sum salts 13 8 27 26 37 35 34 42 58 60 45 41 70 14 65 69 24 72 20 15 

a Taste thresholds (mg/ml) and taste of free amino acids in water according to Nishimura & Kato (1988) and Shallenberger (1993) 
b Taste thresholds of nucleotides (mg/ml) in water according to Fuke and Ueda (1996) and Yamaguchi et al. (1971) 
c Taste thresholds of salts (mg/ml) in water according to Rotzoll et al. (2006) 

9
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Figure 2. Spider diagrams of taste evaluation 

of 8 microalgae (A & B). Taste evaluation of 

microalgae T. chui , P. tricornutum and R. salina 

compared to seaweeds P. palmata and U. laete- 

virens/rigida (C). Average scores are shown af- 

ter quantitative descriptive sensory evaluation. 
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hose three microalgae compared to seaweeds P. palmata and U. laete-

irens/rigida could explain the higher observed mussel and crab taste in

hose microalgae. 

Finally, both potassium (K 

+ ) and sodium (Na + ) play a role in the

erception of salty and umami taste. A positive correlation was found

etween salt score and umami score (r: + 0.86; p-value < 0.01), showing

he importance of salt in the umami perception and vice versa. Most

eafood, except codfish and coalfish, contains higher Na + compared to

 

+ , whereas in seaweeds the TAV of K 

+ is higher than Na + . This latter

s in line with the data of Mouritsen et al. (2019) , where K 

+ salts outbal-

nce Na + salts often with a factor 2–3 in concentration in seaweeds. The

otal taste contribution of the salts is similar for microalgae R. salina, P.

ricornutum and T. chui and seaweeds P. palmata and U. laetevirens/rigida.

.2.3. Umami taste of microalgae and seaweed 
The equivalent umami concentration (EUC) was determined us-

ng the amount of FAAs Glu and Asp in combination with 5’ribonu-

leotides (IMP, GMP and AMP). The EUC value in seafood varies from

.9 to 21 g MSG/100g DW. Low EUC value were calculated for D.

alina (0 g MSG/100g DW) and N. oceanica (0.4 g MSG/100g DW),

hile the highest EUC values were attributed to P. tricornutum (285

 MSG/100g DW), S. costatum (219 g MSG/100g DW), followed by

. lutea (30 g MSG/100g DW) and T. chui (21 g MSG/100g DW).

igure 3 reveals the relation between the perceived umami intensity

btained from sensory evaluation and the calculated EUC values in mi-

roalgae. No significant positive correlation was found (r = + 0.57; p-

alue = 0.14 > 0.05), as bitter tasting microalgae such as T. lutea and

. costatum have high EUC values, but lower umami scores, indicat-
10 
ng that strong bitterness could mask the umami taste. This masking

ffect might be explained by the particularly complex relationship be-

ween bitter and umami, as bitter-tasting chiral isomers of sweet com-

ounds can bind to the umami receptor, eliciting the bitter sensation

 Temussi, 2009 ). In contrast, it has been suggested that umami sub-
tances (Glu and AMP) and sodium salts could suppress the tastes of vari-

us bitter compounds by binding to the bitter-taste receptor ( Shim et al.,

015 ; Kemp and Beauchamp, 1994 ; Keast and Breslin, 2003 ). EUC

alue is a quantitative and objective measurement for the umami po-

ential of food, which has shown a good correlation with umami in-

ensity in several food such mushrooms ( Phat et al., 2016 ) meat,

eafood, dairy and vegetable products ( Zhu et al., 2022 ). However,

UC does not take into account the contribution of salts and the pos-

ible taste suppression by other taste-active compounds (e.g. bitter tast-

ng compounds) in the umami perception of complex matrixes such as

icroalgae. 
Bitter tasting microalgae S. costatum and T. lutea score low on seafood

aste attributes regardless of their overlap in taste markers with shell-

sh. Bitterness itself could not be explained by bitter tasting FAAs (e.g.

henylalanine, tyrosine, isoleucine and histidine) in microalgae, as no

ignificant correlation was found (r = + 0.47; p-value = 0.24 > 0.05).

ossibly other compounds such as oxidized free fatty acids ( Gläser et al.,

021 ), which were not measured in this study, contribute to the over-

helming bitter taste in some microalgae (e.g. T. lutea and S. costatum ).

hereas umami taste receptors respond only to several chemical sub-

tances (Glu, Asp, IMP,…), multiple chemical substances for the sweet

eceptors and an enormous variety of compounds with diverse chem-

cal structures can elicit the bitter taste receptors ( Roper and Chaud-
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Figure 3. The relation between the perceived 

umami intensity and the calculated logarithmic 

EUC values in microalgae 
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ari, 2017 ), which makes it hard to chemically quantify bitterness and

weetness in complex food matrixes. 

In addition to the higher amount of seafood taste markers (FAAs, nu-

leotides) in microalgae R .salina, P. tricornutum and T. chui compared

o seaweeds P. palmata and U. laetevirens/rigida, the higher observed

hellfish taste in the microalgae could also be explained by their higher

mami taste, as umami is important for the perception of seafood taste.

alculated EUC values in P. palmata (0.1 g MSG/100g DW) and U. laete-

irens/rigida (1.9 g MSG/100g DW) are lower compared to R. salina (5.0

 MSG/100g DW), P. tricornutum (285 g MSG/100g DW) and T. chui (21

 MSG/100g DW), explaining the higher umami taste in the microalgae.

atsos et al. (2021) reported higher EUC values (23.4 g MSG/100 g DW)

n R. salina at a salinity of 40 and pH 8.5 indicative of the fact that EUC

an be influenced by cultivation conditions and processing method (Lat-

os et al., unpublished results). Interestingly, positive correlations were

ound between mussel taste and umami score (r = + 0.77; p-value < 0.05)

nd crab taste and umami score (r = + 0.88; p-value < 0.05) observed by

he expert panel, indicating the importance of umami in the perception

f seafood taste. 

. Conclusion 

Based on the taste and odor evaluation, the most promising microal-

ae from the examined species for plant-based seafood alternatives are

. salina, T. chui and P. tricornutum. These microalgae share important

dor-active compounds and taste-active compounds with the seafood

avorings. More importantly, essential seafood aroma compounds such

s dimethyl sulfide (DMS), trimethylamine (TMA) and lipid-derived

oly-unsaturated aldehydes, alcohols and ketones are present in the

ame range as in the seafood flavorings. In the other investigated

icroalgae these seafood compounds are absent or high amount of

ipid-derived compounds are present, resulting in earthy, rancid and

rassy odors. However, all microalgae contain typical aroma compounds

hich are not present in seafood, such as nor-carotenoids, diketone 2,3-

utanedione and fatty acid-derived compounds 2,4-decadienal and 2-

onenal (E) which can be seen as off-flavors when used in plant-based

eafood alternatives. These compounds give some microalgae their char-

cteristic aroma such as floral notes of 𝛽-ionone in D. salina . Positively,

he microalgae R. salina , and P. tricornutum contain low concentra-

ions of these off-flavors. Furthermore, the taste-active compounds in R.

alina, T. chui and P. tricornutum show similarities with the FAAs and 5 ′ -

ibonucleotides profile of shellfish, however, the sweet tasting glycine is

issing in all microalgae. As important aroma and taste compounds are

ormed via oxidation and microbial degradation of biological molecules

uch as fatty acid and carotenoids, the cultivation and pre-processing
11 
uch as drying and storage conditions of the commercially acquired mi-

roalgae could be important for their flavor. 

Microalgae R. salina, T. chui and P. tricornutum possess stronger

eafood odor and taste features compared to the evaluated seaweeds.

. salina and T. chui have higher crab and fishy odor compared to sea-

eed which can be linked to higher amounts of odor-active seafood com-

ounds such as sulfur containing compounds, fatty acid-derived com-

ounds and TMA. Furthermore, seaweeds contain also off-flavors for

lant-based seafood such as nor-carotenoids and fatty acids-derived 1-

cten-3-one and 2-nonenal. Additional to the seafood aromas, higher

eafood taste compounds such as 5’ ribonucleotides and FAAs are de-

ected in microalgae compared to the seaweeds, which could enhance

he higher observed mussel and crab taste in microalgae. However,

igher bitterness of R. salina and especially in P. tricornutum could be un-

anted in plant-based seafood alternatives. Interestingly, based on the

UC values and taste evaluation, microalgae T. chui and P. tricornutum

ave higher umami potential than the evaluated commercial seaweeds,

aking these microalgae an useful umami source next to their seafood

avoring capacity. 

unding 

This work was supported by the ValgOrize project, and is subsidized

y the Interreg 2 seas programme 2014-2020 and co-financed by the

uropean Regional Development Fund under subsidy contract Nr. 2S05-

7 . 

eclaration of competing interest 

The authors declare that they have no known competing financial

nterests or personal relationships that could have appeared to influence

he work reported in this paper. 

RediT authorship contribution statement 

Bert Coleman: Conceptualization, Formal analysis, Investigation,

oftware, Methodology, Visualization, Data curation, Writing – original

raft. Christof Van Poucke: Conceptualization, Investigation, Method-

logy, Data curation, Validation, Visualization, Software, Supervision,

riting – review & editing. Bavo Dewitte: Conceptualization, Investi-

ation, Methodology, Data curation, Software, Supervision, Validation,

isualization, Writing – review & editing. Ann Ruttens: Formal anal-

sis, Writing – review & editing. Tanja Moerdijk-Poortvliet: Formal

nalysis, Writing – review & editing. Christos Latsos: Conceptualiza-

ion, Writing – review & editing. Koen De Reu: Formal analysis, Writing

review & editing. Lander Blommaert: Conceptualization, Writing –



B. Coleman, C. Van Poucke, B. Dewitte et al. Future Foods 5 (2022) 100139 

r  

–

r  

v  

M  

J  

P  

i

A

 

s  

g  

S

S

 

t

R

A  

 

A  

 

A  

 

B  

 

B  

 

B  

C  

C  

D  

D  

 

F  

F  

F
 

 

F  

 

 

F  

 

F  

F  

 

G  

 

G  

 

 

G  

 

 

G  

 

H  

 

I  

 

 

J  

 

 

J  

J  

 

K  

K  

 

K  

 

K  

 

L  

 

 

L  

 

 

L  

 

L  

L  

 

M  

 

M  

 

 

M  

 

N  

N  

 

N  

N  

 

O  

 

 

P  

 

 

P  

 

P  

 

P  

P  

 

eview & editing. Barbara Duquenne: Methodology, Software, Writing

review & editing. Klaas Timmermans: Funding acquisition, Writing –

eview & editing. Jasper van Houcke: Conceptualization, Writing – re-

iew & editing. Koenraad Muylaert: Conceptualization, Investigation,

ethodology, Supervision, Visualization, Writing – review & editing.

ohan Robbens: Conceptualization, Funding acquisition, Methodology,

roject administration, Resources, Supervision, Writing – review & edit-

ng. 

cknowledgments 

The authors would like to thank Kathleen Van De Walle, Liesbet Col-

on, Geert Van Royen and Valentina Casciaro for their assistance in or-

anizing the sensory evaluations. Thanks to Zeewaar B.V. for cultivating

accharina latissima. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi:10.1016/j.fufo.2022.100139 . 

eferences 

chyuthan, K.E., Harper, J.C., Manginell, R.P., Moorman, M.W., 2017. Volatile metabo-
lites emission by in vivo microalgae an overlooked opportunity? Metabolites 7 (3).
doi: 10.3390/metabo7030039 . 

ro, T., Tahvonen, R., Koskinen, L., Kallio, H., 2003. Volatile compounds of Baltic herring
analysed by dynamic headspace sampling-gas chromatography-mass spectrometry.
Eur. Food Res. Technol. 216 (6), 483–488. doi: 10.1007/s00217-003-0678-3 . 

uvray, M., Spence, C., 2008. The multisensory perception of flavor. Con-
scious. Cogn. 17 (3), 1016–1031. doi: 10.1016/j.concog.2007.06.005 ,
https://doi.org/https://doi.org/ . 

abuskin, S. , Krishnan, K.R. , Azhagu, P. , Babu, S. , Sivarajan, M. , Sukumar, M. , 2014.
Functional foods enriched with marine microalga Nannochloropsis oculata as a source
of w-3 fatty acids. Food Technol. . 

atista, A.P., Niccolai, A., Bursic, I., Sousa, I., Raymundo, A., Rodolfi, L., … Tredici, M.R.,
2019. Microalgae as functional ingredients in savory food products: application to
wheat crackers. Foods 8 (12). doi: 10.3390/foods8120611 . 

ecker, E.W., 2007. Micro-algae as a source of protein. Biotechnol. Adv. 25 (2), 207–210.
doi: 10.1016/j.biotechadv.2006.11.002 . 

adwallader, K.R. , Tan, Q. , Chen, F. , 1995. Evaluation of the aroma of cooked spiny lobster
tail meat by aroma extract dilution analysis. J. Agric. Food Chem. 43, 2432–2437 . 

ha, Y. , Kim, H.-K. , Jang, S.-M. , 1998. Flavor and taste - active compounds in blue mussel
hydrolysate produced by protease. J. Food Sci. Nutr. 3, 15–21 . 

algaard, P. , Gram, L. , Huss, H.H. , 1993. Spoilage and shelf-life of cod fillets packed in
vacuum or modified atmospheres. Int. J. Food Microbiol. 19, 283–294 . 

i Lena, G., Casini, I., Lucarini, M., Lombardi-Boccia, G., 2019. Carotenoid profiling of
five microalgae species from large-scale production. Food Res. Int. 120, 810–818.
doi: 10.1016/j.foodres.2018.11.043 . 

AO, 2020. Food and Agriculture Organization: The 2020 edition of The State of World
Fisheries and Aquaculture. Nature Resour. 35 (3), 4–13 . 

inne, G. , 1992. Non-protein nitrogen compounds in fish and shellfish. Adv. Seafood
Biochem. 393–401 . 

ontana, A., D’Ippolito, G., Cutignano, A., Romano, G., Lamari, N., Gallucci, A.M., …
Lanora, A., 2007. LOX-induced lipid peroxidation mechanism responsible for the
detrimental effect of marine diatoms on zooplankton grazers. ChemBioChem 8 (15),
1810–1818. doi: 10.1002/cbic.200700269 . 

radique, M., Batista, A.P., Nunes, M.C., Gouveia, L., Bandarra, N.M., Raymundo, A.,
2013. Isochrysis galbana and Diacronema vlkianum biomass incorporation in
pasta products as PUFA’s source. LWT - Food Sci. Technol. 50 (1), 312–319.
doi: 10.1016/j.lwt.2012.05.006 . 

redrickson, K.A., Strom, S.L., 2009. The algal osmolyte DMSP as a microzooplankton
grazing deterrent in laboratory and field studies. J. Plankton Res. 31 (2), 135–152.
doi: 10.1093/plankt/fbn112 , VolumeIssueFebruary 2009Pageshttps://doi.org/ . 

uke, S. , 1994. Taste-active components of seafoods with special reference to umami sub-
stances. Seafoods Chem. Process. Technol. Qual. 115–139 . 

uke, S., Ueda, Y., 1996. Interactions between umami and other flavor characteristics.
Trends Food Sci. Technol. 7 (12), 407–411. doi: 10.1016/S0924-2244(96)10042-X ,
https://doi.org/https://doi.org/ . 

aricano Vilar, E., O’Sullivan, M.G., Kerry, J.P., Kilcawley, K.N, 2020. Volatile com-
pounds of six species of edible seaweed: a review. Algal Res. 45, 101740.
doi: 10.1016/j.algal.2019.101740 , (November 2019https://doi.org/ . 

iri, A., Osako, K., Ohshima, T., 2010. Identification and characterisation of headspace
volatiles of fish miso, a Japanese fish meat based fermented paste, with special em-
phasis on effect of fish species and meat washing. Food Chem. 120 (2), 621–631.
doi: 10.1016/j.foodchem.2009.10.036 , https://doi.org/https://doi.org/ . 

läser, P., Mittermeier-Kleßinger, V.K., Spaccasassi, A., Hofmann, T., Dawid, C., 2021.
Quantification and bitter taste contribution of lipids and their oxidation products in
pea-protein isolates (Pisum sativum L.). J. Agric. Food Chem. 69 (31), 8768–8776.
doi: 10.1021/acs.jafc.1c02889 . 
12 
roene, T., 1995. Biogenic production and consumption of dimethylsulfide (DMS) and
dimethylsulfoniopropionate (DMSP) in the marine epipelagic zone: a review. J. Mar.
Syst. 6 (3), 191–209. doi: 10.1016/0924-7963(94)00023-5 . 

uerlimann, R., de Nys, R., Heimann, K., 2010. Growth, lipid content, productivity, and
fatty acid composition of tropical microalgae for scale-up production. Biotechnol. Bio-
eng. 107 (2), 245–257. doi: 10.1002/bit.22809 . 

sleten Hosoglu, M., 2018. Aroma characterization of five microalgae species using solid-
phase microextraction and gas chromatography–mass spectrometry/olfactometry.
Food Chem. 240, 1210–1218. doi: 10.1016/j.foodchem.2017.08.052 , June
2017https://doi.org/ . 

affrès, E., Lalanne, V., Macé, S., Cornet, J., Cardinal, M., Sérot, T., … Joffraud, J.J., 2011.
Sensory characteristics of spoilage and volatile compounds associated with bacteria
isolated from cooked and peeled tropical shrimps using SPME-GC-MS analysis. Int. J.
Food Microbiol. 147 (3), 195–202. doi: 10.1016/j.ijfoodmicro.2011.04.008 . 

osephson, D.B. , 1991. Seafood. In: Maarse, H. (Ed.), Volatile compounds in foods and
beverages. Marcel Dekker Inc, New York, pp. 179–202 . 

üttner, F., 1995. Physiology and biochemistry of odorous compounds from
freshwater cyanobacteria and algae. Water Sci. Technol. 31 (11), 69–78.
doi: 10.1016/0273-1223(95)00458-Y , https://doi.org/https://doi.org/ . 

azir, M., Livney, Y.D., 2021. Plant-based seafood analogs. Molecules 26 (6).
doi: 10.3390/molecules26061559 . 

east, R.S.J., Breslin, P.A.S., 2003. An overview of binary taste–taste interactions.
Food Qual. Preference 14 (2), 111–124. doi: 10.1016/S0950-3293(02)00110-6 ,
https://doi.org/https://doi.org/ . 

emp, S.E., Beauchamp, G.K., 1994. Flavor modification by sodium chlo-
ride and monosodium glutamate. J. Food Sci. 59 (3), 682–686.
doi: 10.1111/j.1365-2621.1994.tb05592.x , https://doi.org/https://doi.org/ . 

onosu, S. , Yamaguchi, K. , Hayashi, T. , 1978. Studies on flavor components in boiled
crabs. Amino acids and related compounds in the extracts. Nippon Suisan Gakkaishi
44, 505–510 . 

afarga, T., Acién-Fernández, F.G., Castellari, M., Villaró, S., Bobo, G., Aguiló-Aguayo, I.,
2019. Effect of microalgae incorporation on the physicochemical, nutritional,
and sensorial properties of an innovative broccoli soup. LWT 111, 167–174.
doi: 10.1016/j.lwt.2019.05.037 , Mayhttps://doi.org/ . 

atsos, C., Bakratsas, G., Moerdijk, T., van Houcke, J., Timmermans, K.R., 2021. Effect of
salinity and pH on growth, phycoerythrin and non-volatile umami taste active com-
pound concentration of Rhodomonas salina using a D-optimal design approach. J. Appl.
Phycol doi: 10.1007/s10811-021-02547-4 . 

e Guen, S., Prost, C., Demaimay, M., 2000. Characterization of odorant compounds
of mussels (Mytilus edulis) according to their origin using gas chromatography-
olfactometry and gas chromatography-mass spectrometry. J. Chromatogr. A 896 (1–
2), 361–371. doi: 10.1016/S0021-9673(00)00729-9 . 

indsay, R.C., 1990. Fish flavors. Food Rev. Internat. 6 (4), 437–455.
doi: 10.1080/87559129009540886 . 

ópez-Pérez, O., Picon, A., Nuñez, M., 2017. Volatile compounds and odour characteris-
tics of seven species of dehydrated edible seaweeds. Food Res. Int. 99, 1002–1010.
doi: 10.1016/j.foodres.2016.12.013 . 

æhre, H.K., Malde, M.K., Eilertsen, K., Elvevoll, E.O., 2014. Characterization of protein,
lipid and mineral contents in common Norwegian seaweeds and evaluation of their
potential as food and feed. J. Sci. Food Agric. doi: 10.1002/jsfa.6681 . 

oerdijk-Poortvliet, T.C.W., de Jong, D.L.C., Fremouw, R., de Reu, S., de Winter, J.M.,
Timmermans, K., … Derksen, G.C.H., 2022. Extraction and analysis of free amino acids
and 5 ′ -nucleotides, the key contributors to the umami taste of seaweed. Food Chem.
370, 131352. doi: 10.1016/j.foodchem.2021.131352 , (March 2021)https://doi.org/ . 

ouritsen, O.G., Duelund, L., Petersen, M.A., Hartmann, A.L., Frøst, M.B., 2019. Umami
taste, free amino acid composition, and volatile compounds of brown seaweeds. J.
Appl. Phycol. 31 (2), 1213–1232. doi: 10.1007/s10811-018-1632-x . 

awar, W.W. , Bradley, S.J. , Lomanno, S.S. , Richardson, c.c. , 1977. Lipids as a Source of
Flavor. American Chern. Soc, Washington, pp. 42–55 . 

ierop Groot, M.N., De Bont, J.A.M., 1998. Conversion of phenylalanine to benzaldehyde
initiated by an aminotransferase in Lactobacillus plantarum. Appl. Environ. Microbiol.
64 (8), 3009–3013. doi: 10.1128/aem.64.8.3009-3013.1998 . 

ishimura, T., Kato, H., 1988. Taste of free amino acids and peptides. Food Rev. Int. 4
(2), 175–194. doi: 10.1080/87559128809540828 . 

unes, M.C., Fernandes, I., Vasco, I., Sousa, I., Raymundo, A., 2020. Tetraselmis chuii as a
sustainable and healthy ingredient to produce gluten-free bread: Impact on structure,
colour and bioactivity. Foods 9 (5), 1–15. doi: 10.3390/foods9050579 . 

liveira, C., Barbosa, A., Ferreira, A.C.S., Guerra, J., DE Pinho, Guedes, 2006.
Carotenoid profile in grapes related to aromatic compounds in wines from
douro region. J. Food Sci. 71 (1), S1–S7. doi: 10.1111/j.1365-2621.2006.tb12398.x ,
https://doi.org/https://doi.org/ . 

eterson, R.J., Chang, S.S., 1982. Identification of volatile flavor compounds of
fresh, frozen beef stew and a comparison of these with those of canned beef
stew. J. Food Sci. 47 (5), 1444–1448. doi: 10.1111/j.1365-2621.1982.tb04957.x ,
https://doi.org/https://doi.org/ . 

hat, C., Moon, B., Lee, C., 2016. Evaluation of umami taste in mushroom extracts by
chemical analysis, sensory evaluation, and an electronic tongue system. Food Chem.
192, 1068–1077. doi: 10.1016/j.foodchem.2015.07.113 . 

iveteau, F., Le Guen, S., Gandemer, G., Baud, J.P., Prost, C., Demaimay, M., 2000. Aroma
of fresh oysters Crassostrea gigas: composition and aroma notes. J. Agric. Food Chem.
48 (10), 4851–4857. doi: 10.1021/jf991394k . 

ohnert, G., Boland, W., 2002. The oxylipin chemistry of attraction and defense in brown
algae and diatoms. Nat. Prod. Rep. 19 (1), 108–122. doi: 10.1039/a806888g . 

rost, C., Hallier, A., Cardinal, M., Serot, T., Courcoux, P., 2004. Effect of storage time
on raw sardine (Sardina pilchardus) flavor and aroma quality. J. Food Sci. 69 (5).
doi: 10.1111/j.1365-2621.2004.tb10732.x . 

https://doi.org/10.1016/j.fufo.2022.100139
https://doi.org/10.3390/metabo7030039
https://doi.org/10.1007/s00217-003-0678-3
https://doi.org/10.1016/j.concog.2007.06.005
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0004
https://doi.org/10.3390/foods8120611
https://doi.org/10.1016/j.biotechadv.2006.11.002
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0007
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0007
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0007
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0007
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0008
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0008
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0008
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0008
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0011
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0011
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0011
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0011
https://doi.org/10.1016/j.foodres.2018.11.043
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0013
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0014
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0014
https://doi.org/10.1002/cbic.200700269
https://doi.org/10.1016/j.lwt.2012.05.006
https://doi.org/10.1093/plankt/fbn112
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0018
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0018
https://doi.org/10.1016/S0924-2244(96)10042-X
https://doi.org/10.1016/j.algal.2019.101740
https://doi.org/10.1016/j.foodchem.2009.10.036
https://doi.org/10.1021/acs.jafc.1c02889
https://doi.org/10.1016/0924-7963(94)00023-5
https://doi.org/10.1002/bit.22809
https://doi.org/10.1016/j.foodchem.2017.08.052
https://doi.org/10.1016/j.ijfoodmicro.2011.04.008
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0027
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0027
https://doi.org/10.1016/0273-1223(95)00458-Y
https://doi.org/10.3390/molecules26061559
https://doi.org/10.1016/S0950-3293(02)00110-6
https://doi.org/10.1111/j.1365-2621.1994.tb05592.x
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0032
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0032
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0032
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0032
https://doi.org/10.1016/j.lwt.2019.05.037
https://doi.org/10.1007/s10811-021-02547-4
https://doi.org/10.1016/S0021-9673(00)00729-9
https://doi.org/10.1080/87559129009540886
https://doi.org/10.1016/j.foodres.2016.12.013
https://doi.org/10.1002/jsfa.6681
https://doi.org/10.1016/j.foodchem.2021.131352
https://doi.org/10.1007/s10811-018-1632-x
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0044
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0044
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0044
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0044
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0044
https://doi.org/10.1128/aem.64.8.3009-3013.1998
https://doi.org/10.1080/87559128809540828
https://doi.org/10.3390/foods9050579
https://doi.org/10.1111/j.1365-2621.2006.tb12398.x
https://doi.org/10.1111/j.1365-2621.1982.tb04957.x
https://doi.org/10.1016/j.foodchem.2015.07.113
https://doi.org/10.1021/jf991394k
https://doi.org/10.1039/a806888g
https://doi.org/10.1111/j.1365-2621.2004.tb10732.x


B. Coleman, C. Van Poucke, B. Dewitte et al. Future Foods 5 (2022) 100139 

R  

 

 

R  

R  

 

R  

S  

 

S  

 

 

S
S  

 

S  

T  

v  

 

V  

 

v  

 

V  

 

X  

Y  

Z  

 

 

Z  
obertson, R.C., Gracia Mateo, M.R., O’Grady, M.N., Guihéneuf, F., Stengel, D.B.,
Ross, R.P., … Stanton, C., 2016. An assessment of the techno-functional and sensory
properties of yoghurt fortified with a lipid extract from the microalga Pavlova lutheri.
Innovat. Food Sci. Emerg. Technol. 37, 237–246. doi: 10.1016/j.ifset.2016.03.017 . 

oper, S.D., Chaudhari, N., 2017. Taste buds: cells, signals and synapses. Nat. Rev. Neu-
rosci. 18 (8), 485–497. doi: 10.1038/nrn.2017.68 . 

otzoll, N., Dunkel, A., Hofmann, T., 2006. Quantitative studies, taste reconstitution, and
omission experiments on the key taste compounds in morel mushrooms (Morchella
deliciosa Fr. J. Agric. Food Chem. 54 (7), 2705–2711. doi: 10.1021/jf053131y . 

owe, B. D. J., Chemicals, O., Gare, N., & Carew, S. (1998). Aroma Chemicals for Savory

Flavors‘N . 
eibel, B.A., Walsh, P.J., 2002. Trimethylamine oxide accumulation in marine

animals: relationship to acylglycerol storage. J. Exp. Biol. 205, 297–306.
doi: 10.1242/jeb.205.3.297 . 

enger-Emonnot, P., Rochard, S., Pellegrin, F., George, G., Fernandez, X., Lizzani-
Cuvelier, L., 2006. Odour active aroma compounds of sea fig (Microcosmus
sulcatus). Food Chem. 97 (3), 465–471. doi: 10.1016/j.foodchem.2005.05.026 ,
https://doi.org/https://doi.org/ . 

hallenberger, R.S. , 1993. Taste of amino acids. Taste Chem., London Bl, 226–233 . 
him, J., Son, H.J., Kim, Y., Kim, K.H., Kim, J.T., Moon, H., … Rhyu, M.-R., 2015. Mod-

ulation of sweet taste by umami compounds via sweet taste receptor subunit hT1R2.
PLoS One 10 (4), e0124030. doi: 10.1371/journal.pone.0124030 . 

PINS. (2020). Overall plant-based food market. Retrieved from
https://gfi.org/marketresearch/ . Accessed December 15, 2021. 
13 
emussi, P.A., 2009. Sweet, bitter and umami receptors: a complex relationship. Trends
Biochem. Sci 34 (6), 296–302. doi: 10.1016/j.tibs.2009.02.005 . 

an ’t Land, M. , 2019. Fish Silage as Protein Ingredient in Animal Feeds : The Pioneering
of Fishery Byproduct Utilisation in Belgium. Ghent University Faculty of Bioscience
Engineering . 

an Durme, J., Goiris, K., De Winne, A., De Cooman, L., Muylaert, K., 2013. Evaluation of
the volatile composition and sensory properties of five species of microalgae. J. Agric.
Food Chem. 61 (46), 10881–10890. doi: 10.1021/jf403112k . 

an Vliet, S., Kronberg, S.L., Provenza, F.D., 2020. Plant-based meats, human health, and
climate change. Front. Sustain. Food Syst. 4. doi: 10.3389/fsufs.2020.00128 , (Octo-
ber)https://doi.org/ . 

arlet, V., Fernandez, X., 2010. Review. sulfur-containing volatile compounds in seafood:
Occurrence, odorant properties and mechanisms of formation. Food Sci. Technol. Int.
16 (6), 463–503. doi: 10.1177/1082013210379688 . 

u, Y., Harvey, P.J., 2019. Carotenoid production by dunaliella salina under red light.
Antioxidants 8 (5). doi: 10.3390/antiox8050123 . 

amaguchi, S., Yoshikawa, T., Ikeda, S., Ninomiya, T., 1971. Measurement of the relative
taste intensity of some L- 𝛼- amino acids and 5 ′ -nucleotides. J. Food Sci. 36 (6), 846–
849. doi: 10.1111/j.1365-2621.1971.tb15541.x , https://doi.org/https://doi.org/ . 

hu, Y., Zhou, X., Chen, Y.P., Liu, Z., Jiang, S., Chen, G., Liu, Y., 2022. Explor-
ing the relationships between perceived umami intensity, umami components
and electronic tongue responses in food matrices. Food Chem. 368, 130849.
doi: 10.1016/j.foodchem.2021.130849 , https://doi.org/https://doi.org/ . 

hukova, N.V., Aizdaicher, N.A., 1995. Fatty acid composition of 15 species of marine
microalgae. Phytochemistry 39 (2), 351–356. doi: 10.1016/0031-9422(94)00913-E . 

https://doi.org/10.1016/j.ifset.2016.03.017
https://doi.org/10.1038/nrn.2017.68
https://doi.org/10.1021/jf053131y
https://doi.org/10.1242/jeb.205.3.297
https://doi.org/10.1016/j.foodchem.2005.05.026
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0060
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0060
https://doi.org/10.1371/journal.pone.0124030
https://gfi.org/marketresearch/
https://doi.org/10.1016/j.tibs.2009.02.005
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0065
http://refhub.elsevier.com/S2666-8335(22)00027-2/sbref0065
https://doi.org/10.1021/jf403112k
https://doi.org/10.3389/fsufs.2020.00128
https://doi.org/10.1177/1082013210379688
https://doi.org/10.3390/antiox8050123
https://doi.org/10.1111/j.1365-2621.1971.tb15541.x
https://doi.org/10.1016/j.foodchem.2021.130849
https://doi.org/10.1016/0031-9422(94)00913-E

	Potential of microalgae as flavoring agents for plant-based seafood alternatives
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Microalgae, seaweeds and seafood
	2.3 Aroma analysis
	2.4 Free Amino acid analysis
	2.5 Free Nucleotides analysis
	2.6 Equivalent umami concentration
	2.7 Salt analysis
	2.8 Ethical approval
	2.9 Sensory evaluation
	2.10 Statistical analysis

	3 Results and discussion
	3.1 Seafood aroma in algae
	3.1.1 Odor evaluation of microalgae and seaweeds
	3.1.2 Comparison of odor-active seafood compounds microalgae and seaweeds
	3.1.3 Odor-active off-flavors in microalgae and seaweeds

	3.2 Seafood taste in algae
	3.2.1 Taste evaluation of microalgae and seaweed
	3.2.2 Comparison of seafood taste markers in microalgae and seaweed
	3.2.3 Umami taste of microalgae and seaweed


	4 Conclusion
	Funding
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


