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A B S T R A C T

The relatively low protein content of Fucus vesiculosus and Palmaria palmata compared to other seaweeds, 
combined with their high carbohydrate content, makes these seaweeds particularly suitable as biorefinery 
feedstocks. This study explored the two algae F. vesiculosus and P. palmata to obtain hydrolysates and use them as 
substrates for Yarrowia lipolytica NCYC 2904 cultivation in stirred-tank bioreactors. Hydrolysates from 
F. vesiculosus (FH), non-washed P. palmata (PH), and washed P. palmata (WPH) were obtained after hydrothermal 
pretreatment (121 ◦C, 30 min) followed by enzymatic hydrolysis (Cellic CTec3). Y. lipolytica efficiently assimi
lated different carbon sources from PH and WPH (glucose, xylose, and formic acid), and from FH (fucose, 
mannitol, glucuronic acid, and acetic acid). To date, the consumption of fucose and glucuronic acid by 
Y. lipolytica has not been described. The yeast consumed high amounts of xylose (60 g⋅L− 1) and produced 
erythritol from PH and WPH, a feature not previously reported. The highest erythritol concentration (40 g⋅L− 1) 
and protein content in yeast biomass (29%, w/w, dry basis) were obtained in PH cultures, while the highest 
cellular lipids accumulation (15%, w/w, dry basis) was attained using WPH. Lipids produced under all conditions 
were enriched in mono- (71%–78%) and polyunsaturated (20%–22%) fatty acids, while the yeast biomass from 
PH, WPH, and FH exhibited a well-balanced amino acid profile, including essential amino acids. These findings 
have significant implications for the development of sustainable blue biorefineries based on Y. lipolytica as a 
microbial platform for valorizing seaweed biomass into bioproducts, such as protein-rich yeast biomass 
(approved for human consumption), lipids, and erythritol, supporting sustainable food and feed applications.

1. Introduction

The global exploitation of macroalgae has rapidly expanded over the 
last few years. The global market for seaweed farming is expected to 
reach USD 25.4 billion by 2025 and is projected to grow at a compound 
annual growth rate (CAGR) of 12.9% until 2029 [1]. This expansion is 
driven by the diverse applications of seaweeds and their biomolecules 
across multiple industries, including their use as nutrient-rich foods, 
dietary supplements, feed additives, agricultural biofertilizers, and soil 
conditioners [2,3]. Due to their carbohydrate and/or lipid content, 
macroalgae are also considered promising feedstocks for biofuels pro
duction via microbial fermentation or physicochemical conversion 
processes [4,5]. Furthermore, macroalgae cultivation plays a crucial role 
in sustainable aquaculture by assimilating carbon dioxide and metabo
lizing nitrogen and phosphorus excretions within integrated multi- 
trophic aquaculture systems [6]. Several advantages, such as high 

biomass yield, fast growth rates, minimal environmental requirements, 
positive carbon balance, and the absence of competition for freshwater 
and arable land with terrestrial plants, support the economical and 
sustainable use of seaweeds [7]. However, the rapid expansion of 
seaweed cultivation and accidental releases has led to the spread of 
invasive species, which threaten coastal ecosystems. The dual role of 
seaweeds, as a renewable source of bioactive compounds and as an 
ecological management challenge, underscores the need for strategies 
that both exploit and manage seaweed biomass [8]. Beyond their current 
applications, seaweeds (including invasive species) or by-products from 
bioactive compounds extraction can be valorized as feedstocks for mi
crobial bioprocesses within an integrated biorefinery framework. This 
approach promotes blue biorefineries within a circular economy 
concept, aiming to achieve zero waste and aligns with the objectives of 
the European Green Deal [9].

The absence of lignin in seaweeds enables the use of milder 
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pretreatment conditions compared to lignocellulosic biomass, thereby 
enhancing polysaccharides accessibility for enzymatic hydrolysis [10]. 
Seaweed hydrolysates obtained through pretreatment followed by 
enzymatic hydrolysis have been extensively studied as substrates for 
bacterial fermentation to produce bioethanol, biohydrogen, butyric 
acid, propionic acid, acetone/isopropanol, butanol, and lactic acid 
[4,11]. However, the use of seaweed hydrolysates in yeast-based bio
processes remains relatively underexplored and has been primarily 
limited to bioethanol production using S. cerevisiae [11–13], Brettano
myces custersii [14], and Wickerhamomyces anomalus [15]. The use of 
seaweed hydrolysates for yeast biomass and microbial protein synthesis 
was reported by Sharma et al. [16], who cultivated Candida utilis in 
Saccharina latissima hydrolysates. Furthermore, the production of yeast 
biomass and microbial lipids was only reported by Dobrowolski et al. 
[17], who cultivated the wild-type Yarrowia lipolytica A101 in Fucus 
vesiculosus and S. latissima hydrolysates. Yeast-based bioprocesses can 
transform seaweed hydrolysates into valuable compounds but also 
produce protein- and lipid-rich yeast biomass, thereby enhancing the 
nutritional value compared to raw macroalgae for food and feed appli
cations [16–18].

The non-conventional yeast Y. lipolytica has an exceptional ability to 
use a wide range of carbon sources, including compounds of lignocel
lulosic hydrolysates [19–21]. This yeast is also a rich source of lipids 
[19] and protein [18] and has been extensively studied to produce 
various biocompounds, such as organic acids [20,22], polyols [23,24], 
aroma compounds [25], among others. Furthermore, Y. lipolytica 
biomass and its metabolites have been granted Generally Recognized as 
Safe (GRAS) status by the Food and Drug Administration (FDA) in 2019, 
and the European Food Safety Authority (EFSA) has approved its 
biomass as an innovative novel food [18].

Palmaria palmata, commonly known as dulse or dillisk, is a red algae 
species belonging to the Rhodophyta group, typically found along the 
rocky coasts of the Northern Hemisphere [5]. This seaweed is composed 
primarily of xylan [26,27]. Protein content can vary significantly 
depending on factors such as geographic origin, season, and cultivation 
conditions [26]. Traditionally consumed due to its distinctive umami 
flavor, P. palmata is gaining renewed interest due to its content of vi
tamins, iron, essential minerals, dietary fibers, and phenolic compounds 
[5,26,27]. Fucus vesiculosus, traditionally known as bladder wrack, is 
one of the most prominent brown algae of the genus Fucus, commonly 
found in cold to temperate waters along the rocky shorelines of the 
Northern Hemisphere, typically in areas of high salinity [5]. Rich in 
macro- and micronutrients, Fucus species are consumed in various forms 
by populations across Asia, coastal Western Europe, and Alaska [5,28]. 
This seaweed contains several bioactive compounds, including fucoi
dans, phlorotannins, alginate, mannitol, laminarin, polyphenols, fuco
xanthin, and essential minerals, with potential applications in the food, 
animal feed, cosmetic, biofertilizer, and pharmaceutical industries 
[28,29]. Despite their richness in bioactive compounds, both P. palmata 
and F. vesiculosus generally present relatively low protein content 
compared to other seaweeds [18], opening new opportunities for valo
rization by yeasts.

The use of P. palmata hydrolysates in yeast-based bioprocesses has 
only been explored by Mutripah et al. [30], and F. vesiculosus was only 
studied by Dobrowolski et al. [17]. Therefore, this work aimed to un
ravel the potential of P. palmata and F. vesiculosus hydrolysates (two 
distinct types of seaweeds with different biochemical compositions) as 
substrates for biocompounds production by Y. lipolytica NCYC 2904 in 
submerged fermentation. The seaweed hydrolysates, obtained through 
hydrothermal pretreatment followed by enzymatic hydrolysis, were 
used in STR bioreactors to explore the production of lipid- and protein- 
rich biomass and erythritol. The influence of washing P. palmata on 
hydrolysate composition and production of biomass and metabolites 
was also evaluated.

2. Materials and methods

2.1. Seaweeds characterization

The seaweeds were purchased at AlgaPlus (́Ilhavo, Portugal), an 
IMTA-producer of seaweeds company. Fucus vesiculosus, supplied whole 
and dried, was milled to sizes smaller than 5 mm, and Palmaria palmata 
was supplied dried and milled (flakes <5 mm). Seaweeds were stored in 
hermetic plastic bags and kept in the dark at room temperature until use.

Moisture and ash contents were determined by oven-drying at 105 ◦C 
and calcination in a muffle at 575 ◦C, respectively, until constant weight 
[31]. Total carbon and nitrogen content was quantified using a UNI
CUBE® elemental analyzer (Elementar, Langenselbold, Germany). A 
conversion factor of 5 was applied to the nitrogen content to estimate 
total protein. Total lipids were quantified using the method described by 
Ferreira et al. [32], after lipids extraction with a chloroform and 
methanol mixture. The carbohydrate composition was assessed through 
a two-step quantitative acid hydrolysis following the NREL/TP-510- 
42618 protocol [33]: (i) 72% H₂SO₄ at 30 ◦C for 60 min, and (ii) 4% 
H₂SO₄ at 121 ◦C for 60 min. The concentration of monomeric sugars, and 
glucuronic and galacturonic acids released during quantitative acid 
hydrolysis was quantified by high-performance liquid chromatography 
(HPLC), and the corresponding polymeric fractions ⎼ glucan, xylan, 
fucoidan, and uronic acids ⎼ were calculated using the standardized 
stoichiometric correction factors (0.88 for xylan, 0.90 for glucan and 
fucoidan, and 0.92 for uronic acids). Mannitol released during hydro
lysis was also quantified by HPLC. The insoluble phase obtained was 
oven-dried at 105 ◦C and expressed as acid-insoluble residue.

The mineral elements (sodium, potassium, magnesium, calcium, 
phosphorus, iron, manganese, lead, and zinc) were measured by 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, 
PerkinElmer, Waltham, MA, USA). Before analysis, seaweed samples 
were digested using a defined protocol for algae from the Berghof mi
crowave digestion system (Speedwave four DAP-60+, Berghof Products 
+ Instruments GmbH, Eningen, Germany). The digested samples were 
diluted with distilled water and analyzed under the following ICP-OES 
operating conditions: radio frequency power of 1350 W; 10 L⋅min− 1 

argon plasma flow; 0.2 L⋅min− 1 auxiliary gas flow; and 0.6 L⋅min− 1 

nebulizer gas flow. The emission wavelengths (nm) used for each 
element were: Na, 589.59; K, 766.49; Mg, 285.21; Ca, 317.93; P, 213.62; 
Fe, 238.20; Mn, 257.61; Pb, 283.31; Zn, 213.86.

2.2. Microorganisms

Yarrowia lipolytica NCYC 2904, grown in YPD medium (20 g⋅L− 1 

glucose, 20 g⋅L− 1 peptone, 10 g⋅L− 1 yeast extract) for 2 days, was stored 
in 20% (v/v) glycerol at − 80 ◦C until pre-inoculum preparation.

2.3. Hydrothermal pretreatment and enzymatic hydrolysis

Seaweeds were hydrothermally pretreated in an autoclave at 121 ◦C 
for 30 min using a 15% (w/w) dry solid loading in 50 mM citrate buffer 
(pH 4.8). The pretreatment was carried out in 1000-mL Erlenmeyer 
flasks with a working volume of 200 mL. The slurries obtained were 
subjected to enzymatic hydrolysis at 50 ◦C and 200 rpm of agitation 
using the commercial enzyme cocktail Cellic CTec3 (Novozymes, Bags
værd, Denmark) at a dosage of 15 filter paper units (FPU) per gram of 
dry solids. Hydrolysis was performed for 48 h for P. palmata and 96 h for 
F. vesiculosus. An additional condition was assessed for P. palmata, in 
which the seaweed was washed four times with distilled water and oven- 
dried at 60 ◦C for 16 h before pretreatment. The hydrolysates obtained 
were filtered, centrifuged, and analyzed by HPLC to quantify monomeric 
and oligomeric sugars.
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2.4. Bioreactor experiments

A 2-L DASGIP Parallel Bioreactor System (Eppendorf, Hamburg, 
Germany), with a working volume of 400 mL, was used to evaluate the 
effect of different seaweed hydrolysates (PH- P. palmata hydrolysate, 
WPH- washed P. palmata hydrolysate, and FH- F. vesiculosus hydrolysate) 
as substrates for Y. lipolytica growth, intracellular compounds accumu
lation, and metabolites production. Culture media were supplemented 
with 2 g⋅L− 1 corn steep liquor (CSL) and (NH₄)₂SO₄ for a C/N ratio of 20 
(2.2 g⋅L− 1 in PH, 2.8 g⋅L− 1 in WPH, and 0.6 g⋅L− 1 in FH). Yarrowia lip
olytica NCYC 2904 cells, grown overnight in YPD, were centrifuged and 
resuspended to an initial concentration of 0.5 g⋅L− 1 in P. palmata or 
F. vesiculosus hydrolysates medium.

Batch cultures were conducted at 27 ◦C, an agitation rate of 800 rpm, 
and an aeration rate of 3 vvm. The pH was automatically maintained at 
5.5 ± 0.5 using 4 M HCl or 4 M NaOH.

2.5. Analytical methods

Yarrowia lipolytica biomass concentration was quantified by cell 
counting with a Neubauer counting chamber in a binocular bright-field 
microscope and converted to cell dry weight (g⋅L− 1) by a conversion 
factor of 1.94 × 1010 cells⋅g− 1.

The concentration of glucose, xylose, fucose, glucuronic acid, gal
acturonic acid, formic acid, mannitol, and erythritol was quantified by 
high-performance liquid chromatography (LC 2060C, Shimadzu, Japan) 
using an Aminex HPX-87H column (300 mm × 7.8 mm, 8 μm particle 
size), equipped with refractive index (RI) and UV (λ = 210 nm) de
tectors. The column temperature was maintained at 60 ◦C, and 5 mM 
sulfuric acid was used as the mobile phase at a flow rate of 0.7 
mL⋅min− 1.

Cuvette test kit LCK 338 (Hach-Lange GmbH, Germany) was used for 
the spectrophotometric determination of total nitrogen in hydrolysates.

Intracellular lipids were quantified in lyophilized cells using the 
phospho-vanillin colorimetric method, and lipids composition was 
determined after extraction with chloroform and methylation with a 
sulfuric acid–methanol mixture (85:15, v/v), following the protocols of 
Lopes et al. [34].

The total protein of lyophilized yeast cells was estimated by applying 
a conversion factor of 6.25 to the nitrogen content, determined using a 
UNICUBE® elemental analyzer (Elementar, Langenselbold, Germany).

The amino acid composition of biomass was determined after acid 
hydrolysis of cells and analysis by ultra-high performance liquid chro
matography (UHPLC, SCL-40, Shimadzu, Japan) equipped with an 
automated pre-column derivatization module (RF-20AXS, Shimadzu). 
Lyophilized cells were hydrolyzed with 2 mL of 6 N HCl at 100 ◦C for 24 
h. The hydrolysate was diluted in ultrapure water (1:100, v/v) and 
mixed (1:1, v/v) with an internal standard solution of homoserine (5 
mg⋅L− 1). Pre-column derivatization was performed automatically using 
the autosampler's integrated pretreatment function with a mixture of 
mercaptopropionic acid/ortho-phthalaldehyde (MPA/OPA), 9-fluore
nylmethyl chloroformate (FMOC), and aqueous phosphoric acid, 
following the protocol provided by Hakyakawa [35]. The amino acids 
were analyzed on a Shim-pack XR-ODS II maintained at 40 ◦C. The 
mobile phases consisted of 20 mmol⋅L− 1 sodium acetate buffer (pH 6.0), 
water:acetonitrile (1:9, v/v), and 20 mmol⋅L− 1 sodium acetate buffer 
(pH 5.0) containing 0.5 mmol⋅L− 1 EDTA-2Na. The elution was carried 
out at a flow rate of 0.8 mL⋅min− 1 using a gradient method. Fluorescence 
detection was employed, with excitation/emission wavelengths set for 
OPA and FMOC derivatives as per the manufacturer's protocol. Amino 
acids standards solutions at several concentrations in HCl 0.1 M were 
prepared and submitted to the same derivatization and analysis pro
cedures as the samples, to establish the calibration curves. Amino acids 
were identified by comparing retention times with those of standard 
amino acid mixtures.

2.6. Statistical analysis

One-way analysis of variance (ANOVA) and Tukey's test were per
formed using GraphPad Prism 7 software (Dotmatics, California, USA) to 
identify significant differences among means (p < 0.05).

3. Results and discussion

3.1. Seaweeds composition

The ash content, an indicator of the mineral concentration of 
seaweed, was similar in F. vesiculosus and P. palmata (Table 1). The red 
seaweed P. palmata had a 1.9-fold higher protein content than 
F. vesiculosus. The reliability of protein quantification in seaweeds is 
substantially affected by the choice of nitrogen-to-protein conversion 
factor, introducing significant uncertainty into the interpretation of re
sults. The commonly used factor of 6.25 assumes that protein is the only 
source of nitrogen, which may lead to overestimation, as seaweeds 
contain significant non-protein nitrogen sources such as free amino 
acids, chlorophyll, nucleic acids, and inorganic nitrogen [36]. 
Mæhreet al. [37] proposed an average factor of 4.92 for seaweeds, while 
Maribu et al. [27] reported values ranging from 3.61 to 5.13 specifically 
for P. palmata samples. Given the lack of consensus, this study adopted 
the factor of 5 recommended by Angell et al. [36] as a more reliable 
universal conversion factor for seaweeds. The protein content in 
P. palmata can reach up to 42% of dry mass [38]; however, it varies 
significantly depending on geographic origin, season, and cultivation 
conditions, and values can be substantially lower than this maximum, as 
observed in the present study. As expected, lipids content was low in 
both species, consistent with the typical biochemical profile of seaweeds 
[39]. Regarding carbohydrate profiles, the brown seaweed F. vesiculosus 
was composed of glucan (10%), fucoidan (10%), mannitol (8%), uronic 
acids (6%), and xylan (5%). In contrast, the red seaweed P. palmata was 
rich in xylan (47%) and had a low amount of glucan (5%). These dif
ferences reflect the distinct polysaccharide composition associated with 
seaweed taxonomy. Brown seaweeds typically contain laminarin, 
mannitol, alginate (a polymer of uronic acids), and fucoidans (complex 
fucose-rich polysaccharides that may also include galactose, mannose, 
xylose, glucose, and glucuronic acid) [40]. In contrast, most red sea
weeds are composed primarily of floridean, cellulose, mannans, and 
agar (which consists of galactopyranose and galactose) [40]. However, 
an evolutionary innovation in the family Palmariaceae led to the pro
duction of xylans as the major structural polysaccharides in the cell wall 
of species such as P. palmata [41]. Despite the known variability in 
seaweed composition influenced by seasonality, environmental condi
tions, geographical origin, and other factors, the ash, protein, lipids, and 
carbohydrate values in this study align with the reported ranges for 
F. vesiculosus [29,37,40] and P. palmata [26,27,37]. Nova et al. [42]

Table 1 
Composition of Fucus vesiculosus and Palmaria palmata. Data are the average ±
standard deviation of three independent analyses. Values followed by the same 
letter in each line do not present statistically significant differences (p ≥ 0.05).

Component (g/100g dry 
seaweed)

Fucus 
vesiculosus

Palmaria 
palmata

Washed Palmaria 
palmata

Ash 25.3 ± 0.7a 21.0 ± 1.4a 3.6 ± 0.4b

N 1.5 ± 0.3a 2.8 ± 0.2b 3.4 ± 0.3b

C 32.2 ± 1.2a 28.0 ± 2.7a 37.7 ± 1.3b

Total protein 7.5 ± 1.3a 13.8 ± 0.9b 17.2 ± 0.3c

Total lipids 1.2 ± 0.2a 1.8 ± 0.3a 1.7 ± 0.4a

Glucans 10.1 ± 0.4a 4.6 ± 0.5b 6.0 ± 0.6b

Xylans 5.1 ± 0.2a 46.5 ± 1.3b 42.9 ± 1.5b

Fucanoids 10.1 ± 0.5 n.d. n.d.
Mannitol 8.2 ± 0.3 n.d. n.d.

Uronic acids 6.0 ± 0.2 n.d. n.d.
Acid-insoluble residue 9.7 ± 0.5a 2.2 ± 0.5b 3.0 ± 0.7b

n.d.: not detected.

B. Dias et al.                                                                                                                                                                                                                                     Algal Research 95 (2026) 104610 

3 



reported values of 27% ash, 42% protein, and 0.3% lipids for P. palmata, 
and 30%, 12%, and 3%, respectively, for F. vesiculosus. Values closer to 
those obtained in the present study were reported by Dussan et al. [26], 
who found protein contents of 10% –16% and ash contents of 13%–27% 
in P. palmata.

Both unwashed seaweeds were rich in key macro-elements, partic
ularly sodium and potassium (Table 2). Palmaria palmata had higher 
sodium content, while F. vesiculosus was richer in potassium and cal
cium. Among the micro-elements, iron and manganese were more 
abundant in F. vesiculosus, while lead and zinc were found in comparable 
amounts in both species. Dussan et al. [26] identified potassium (49 
g⋅kg− 1) and sodium (33 g⋅kg− 1) as the two most abundant macro- 
elements in P. palmata. Lafeuille et al. [43] reported variations 
ranging from 1.6-fold to 12.6-fold in the mineral composition (I, K, Na, 
Ca, Mg, and Fe) of P. palmata, depending on the harvest period, but 
potassium (34–92 g⋅kg− 1) and sodium (13–26 g⋅kg− 1) remained the 
dominant elements. For F. vesiculosus, potassium and sodium contents 
were not quantified in studies by Obluchinskaya et al. [28] and Mæhre 
et al. [37]; however, comparable concentrations of calcium (9.8–18 
g⋅kg− 1) and magnesium (7.4–11.5 g⋅kg− 1) were reported. According to 
Obluchinskaya et al. [28], elemental concentrations in F. vesiculosus 
exhibit significant variability depending on geographical location and 
reproductive phase.

The high salt content in unwashed seaweeds, owing to the seawater 
salinity and the preferential uptake of K+ and Na+ ions through the cell 
walls, can interfere with microbial fermentation processes [26]. Osmotic 
stress, particularly that induced by NaCl, has been shown to affect 
Y. lipolytica morphology, typically resulting in smaller and more 
rounded cells [44]. Tzirita et al. [45] reported that NaCl addition to the 
medium negatively affected Y. lipolytica biomass production, substrate 
assimilation, and lipids accumulation. Considering the influence of NaCl 
on Y. lipolytica metabolism, P. palmata was also washed to reduce its 
sodium content and evaluate the effect of lower salinity of seaweed 
hydrolysate on the production of Y. lipolytica biomass and bioproducts. 
This washing step was effective in reducing ash content (Table 1) and 
macro- and micro-element concentrations (Table 2). The higher protein 
and carbon content observed in washed P. palmata reflects a relative 
concentration effect, as the removal of ash increases the proportion of 
the remaining constituents. Fernandes et al. [46] washed Ulva rigida, 
achieving a 4.6-fold and 1.2-fold reduction in salt and ash content, 
respectively, to investigate the effect of salt removal on the growth of 
Aspergillus ibericus and enzyme production. Moreover, protein, carbon, 
and glucan content also increased after the washing step. Novoa-Garrido 
et al. [47] also reported that, after washing, the ash content of Porphyra 
umbilicalis decreased 1.4-fold, whereas the nitrogen content slightly 
increased. Nanofiltration of P. palmata hydrolysates successfully 
removed 64%–78% of K+ and Na+, and 44%–59% of Ca2+, mitigating 
the inhibitory effects on Clostridium beijerinckii fermentation [26].

3.2. Hydrothermal pretreatment and enzymatic hydrolysis

Due to the absence of lignin, seaweed biomass can be pretreated 
under milder conditions than lignocellulosic materials, resulting in 
lower energy requirements [10]. The autoclave hydrothermal pretreat
ment of F. vesiculosus (unwashed) and P. palmata (unwashed and 
washed) was carried out at 121 ◦C for 30 min, corresponding to a 
severity factor of 2.26.

After enzymatic hydrolysis of the pretreated seaweeds with Cellic 
CTec3, the P. palmata hydrolysate (PH) was composed of 83 g⋅L− 1 of 
total sugars (with xylose and glucose accounting for 84% and 16%, 
respectively), and formic acid (Table 3). This composition corresponds 
to saccharification yields of 100% for glucan and 76% for xylan. The 
enzymatic hydrolysis of the pretreated washed P. palmata produced a 
hydrolysate (WPH) with similar glucose and xylose concentrations, but 
with low formic acid concentration (Table 3). No glucooligosaccharides 
and xylooligosaccharides were detected in PH and WPH. Since 
F. vesiculosus has a more complex carbohydrate profile, its hydrolysate 
(FH) had a higher diversity of components: 28 g⋅L− 1 of sugars and sugars 
alcohols (including besides glucose and xylose, 0.8 g⋅L− 1 fucose, and 15 
g⋅L− 1 mannitol), 13 g⋅L− 1 of uronic acids (glucuronic acid), and 2 g⋅L− 1 

of organic acids (formic acid and 0.5 g⋅L− 1 acetic acid) (Table 3). As 
expected, the total sugar concentration in FH was lower than in PH, due 
to the lower carbohydrate content of F. vesiculosus. Despite the longer 
enzymatic hydrolysis applied to F. vesiculosus (96 h) compared to 
P. palmata (48 h), due to its more complex carbohydrate profile, FH had 
a higher concentration of oligosaccharides than PH (2 g⋅L− 1 glucooli
gosaccharides, 4 g⋅L− 1 xylooligosaccharides, and 14 g⋅L− 1 fucooligo
saccharides), suggesting incomplete hydrolysis of pretreated 
F. vesiculosus. All the mannitol and glucuronic acid from the crude 
F. vesiculosus were recovered in the hydrolysate. However, saccharifi
cation of glucan, xylan, and fucoidan was incomplete, with conversion 
yields reaching only 48%, 28%, and 4%, respectively. This low hydro
lysis efficiency may be attributed to the presence of enzyme inhibitors in 
the hydrolysate, such as sugars, acids, soluble proteins, or the high 
sulfate content of fucoidans, which can impair enzymatic activity by 
competing with target polysaccharides or by binding directly to the 
enzymes [26]. Moreover, Cellic CTec3, an enzymatic cocktail rich in 
cellulases, hemicellulases, and β-glucosidases, may lack the specificity 
needed to effectively hydrolyze the various polysaccharides in 
F. vesiculosus, such as fucoidans, due to the absence of fucoidanase 
activity.

The nitrogen concentration in hydrolysates indicates that part of the 
nitrogen content of the seaweed was solubilized during the hydrother
mal pretreatment and enzymatic hydrolysis steps (Table 3). As observed 
in the mineral composition of washed P. palmata, the mineral content of 
WPH confirmed that the washing step reduced sodium and potassium 
concentrations compared to PH. In all hydrolysates, magnesium, cal
cium, and phosphorus were below 1 g⋅L− 1, and micronutrients con
centration (Fe, Mn, Pb, and Zn) were less than 0.08 g⋅L− 1.

Table 2 
Mineral composition of Fucus vesiculosus and Palmaria palmata. Data are the 
average ± standard deviation of three independent analyses. Values followed by 
the same letter in line do not present statistically significant differences (p ≥
0.05).

Element (g⋅kg− 1 dry 
seaweed)

Fucus 
vesiculosus

Palmaria 
palmata

Washed Palmaria 
palmata

Na 35.3 ± 1.2a 71.5 ± 0.8b 2.3 ± 0.1c

K 40.3 ± 1.5a 13.3 ± 1.1b 0.5 ± 0.1c

Mg 8.0 ± 0.1a 7.1 ± 0.3a 1.8 ± 0.1b

Ca 9.5 ± 0.2a 3.6 ± 0.1b 2.4 ± 0.1c

P 2.7 ± 0.2a 2.6 ± 0.3a 2.6 ± 0.2a

Fe 0.41 ± 0.01a 0.31 ± 0.01b 0.27 ± 0.01b

Mn 0.47 ± 0.03a 0.13 ± 0.02b 0.08 ± 0.01b

Pb 0.11 ± 0.01a 0.10 ± 0.01a 0.03 ± 0.01b

Zn 0.05 ± 0.01a 0.02 ± 0.01a 0.02 ± 0.01a

Table 3 
Main composition of Palmaria palmata and Fucus vesiculosus hydrolysates ob
tained by autoclave hydrothermal pretreatment followed by enzymatic hydro
lysis. Data are the average ± standard deviation of two independent analyses. 
Values followed by the same letter in each line do not present statistically sig
nificant differences (p ≥ 0.05).

Concentration 
(g⋅L− 1)

Palmaria 
palmata

Washed Palmaria 
palmata

Fucus 
vesiculosus

Glucose 13.0 ± 0.6a 15.3 ± 0.9a 9.4 ± 0.6b

Xylose 70.3 ± 1.3a 72.7 ± 1.0a 2.9 ± 0.2b

Formic acid 4.7 ± 0.3a 0.9 ± 0.2b 1.7 ± 0.1c

Nitrogen 1.4 ± 0.2a 1.0 ± 0.2ab 0.9 ± 0.1b

Sodium 10.2 ± 0.7a 1.9 ± 0.3b 6.1 ± 0.5c

Potassium 5.2 ± 0.5a 0.4 ± 0.1b 6.0 ± 0.3a
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3.3. Stirred tank bioreactor experiments

The ability of Y. lipolytica NCYC 2904 to grow in undiluted PH, WPH, 
and FH was evaluated in stirred-tank bioreactor experiments (Fig. 1). 
Considering the diversity and varying concentrations of carbon sources 
in the three hydrolysates, the C/N ratio was adjusted to approximately 
20 in all of them by adding ammonium sulfate. This relatively low C/N 
ratio was selected to potentially enhance yeast growth [48] when using 
these less-explored and non-preferred carbon sources for Yarrowia lip
olytica. After ammonium sulfate addition, the nitrogen concentrations in 
PH, WPH, and FH were 1.9 g⋅L− 1, 1.6 g⋅L− 1, and 1.1 g⋅L− 1, respectively.

Yarrowia lipolytica is commonly classified as a non-xylose-utilizing 
yeast, despite naturally possessing a cryptic xylose utilization pathway 
with xylose-degrading enzymes, including D-xylose reductase (XR), 
xylitol dehydrogenase (XDH), and xylulokinase (XK), which have weak 
activity [49]. Approaches such as adaptation of the native xylose 
pathway, overexpression of native enzymes, or introduction of heter
ologous xylose pathways (e.g., isomerase pathways) have been 
employed in Y. lipolytica strains to enhance xylose assimilation [50,51]. 
Overexpression of XDH and XK is reported as sufficient to enable effi
cient xylose assimilation [52]. However, there are a few studies 
regarding sequential glucose-xylose consumption by Y. lipolytica wild- 
type strains in lignocellulosic biomass hydrolysates [19–21,53,54]. 
Dias et al. [19] observed that the wild-type Y. lipolytica NCYC 2904, 
when grown in olive tree prunings hydrolysate with a high glucose-to- 
xylose ratio (6.5), started xylose consumption only after the glucose 
concentration fell below 30 g⋅L− 1. A similar behavior was observed for 
Y. lipolytica W29 cultivated in eucalyptus bark hydrolysate with a 
glucose-to-xylose ratio of 6.3 [20]. Contrary to those reports, in this 
study, xylose was simultaneously assimilated with glucose by 
Y. lipolytica NCYC 2904 in PH and WPH (Fig. 1A), where the glucose-to- 
xylose ratio was much lower (0.18 or 0.21). These findings suggest that 
xylose assimilation ability may be influenced by the glucose-to-xylose 
concentration ratio. A high glucose-to-xylose ratio appears to favor the 

preferential consumption of glucose. Simultaneous assimilation of both 
sugars is observed only after a decrease in glucose concentration, and 
consequently, in the glucose-to-xylose ratio. Glucose and xylose uptake 
rates were comparable in both the PH and WPH experiments. Remark
ably, the uptake rate of xylose was approximately 3-fold higher than that 
of glucose (Table 4), a finding that, to the best of our knowledge, has not 
been previously reported. The assimilation of xylose by the wild-type 
strain NCYC 2904 suggests that the high xylose-to-glucose ratio in 
P. palmata hydrolysates may have favored activation of the cryptic 
xylose pathway. A control experiment performed in a synthetic medium 
mimicking washed P. palmata hydrolysate showed a similar xylose 
consumption profile (Supplementary Fig. S1), indicating that this 
behavior is independent of the medium's complexity and is influenced 
by the glucose-to-xylose ratio and the strain's metabolic capacity. This 
novel observation challenges the conventional understanding of xylose 
utilization by wild-type Y. lipolytica strains, particularly the NCYC 2094 
strain that has an efficient xylose metabolic pathway and may have 
significant implications for the optimization of bioprocesses involving 
xylose-rich substrates. Thus, this fact opens new perspectives for studies 
on the expression of the genes encoding the key enzymes of the pathway 
in this strain [51]. In both experiments, glucose (13 g⋅L− 1 - 15 g⋅L− 1) was 
consumed within 72 h, and formic acid (0.9 g⋅L− 1–4.7 g⋅L− 1) in 24 h. An 
impressive amount of xylose (56 g⋅L− 1 in PH and 59 g⋅L− 1 in WPH ex
periments) was assimilated within 120 h. Despite similar carbon source 
consumption patterns, biomass production in WPH was 1.3-fold higher 
than in PH, leading to a higher biomass yield (Table 4). The removal of 
salts and minerals by P. palmata washing seems to favor Y. lipolytica 
biomass production.

Y. lipolytica synthesized erythritol from P. palmata hydrolysates, a 
feature never reported before. Erythritol is a low-calorie polyol widely 
used as a sugar substitute in food formulations, with an estimated 
market value of approximately USD 449.6 billion by 2033 [55]. Eryth
ritol synthesis was a growth-coupled process, achieving the maximum 
value at 96 h in both PH and WPH experiments (Fig. 1B). The polyol 

Fig. 1. Variation through time of the concentration of biomass (●, ○), glucose (■, □), xylose (▴, △), fucose (✕), mannitol (★), glucuronic acid (⊗) and erythritol 
(◆, ⋄) in Y. lipolytica NCYC 2904 batch cultures carried out in STR operating at atmospheric pressure with P. palmata hydrolysate (A, B, closed symbols), washed 
P. palmata hydrolysate (A, B, open symbols), and F. vesiculosus hydrolysate (C). Data represent the mean of two independent biological replicates, with triplicate 
measurements performed at each time point. Error bars indicate standard deviation.
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production and yield in PH were 1.7-fold higher than in WPH, a result 
linked to the higher sodium concentration in PH. Erythritol synthesis in 
Y. lipolytica is typically induced by osmotic stress, functioning as an 
adaptive response to maintain cellular osmotic balance [56,57]. Several 
studies have reported that high NaCl concentrations in a medium con
taining glucose [55], glycerol [58], or waste cooking oils [24] signifi
cantly enhance erythritol production by Y. lipolytica strains. Rzechonek 
et al. [59] reported that an increase in osmotic pressure enhances 
erythritol production while reducing side product formation. Accord
ingly, our results demonstrated that PH (with high sodium concentra
tion) favored erythritol synthesis, whereas WPH (with low sodium 
concentration) promoted the highest biomass production.

In the experiments with F. vesiculosus hydrolysates, Y. lipolytica also 
assimilated all sugars and other compounds of FH (Fig. 1C). Mannitol 
and glucose were faster assimilated, with uptake rates of 0.34 g⋅L− 1⋅h− 1 

and 0.32 g⋅L− 1⋅h− 1, respectively, followed by glucuronic acid at 0.19 
g⋅L− 1⋅h− 1. Glucose and mannitol are readily assimilable carbon sources 
that can be directly channeled into central carbon metabolism through 
glycolysis [60]. Xylose and fucose were consumed more slowly, at 0.06 
g⋅L− 1⋅h− 1 and 0.02 g⋅L− 1⋅h− 1, respectively. The uptake rate of xylose 
observed in FH experiments supports the results found in the P. palmata 
hydrolysates, which indicate that xylose assimilation depends on the 
glucose-to-xylose ratio. Indeed, in the FH experiments, where the 
glucose-to-xylose ratio was 3.2, significantly higher than in the PH ex
periments, glucose was preferentially consumed. Xylose assimilation 
began after a decrease in glucose concentration, indicating a clear 
preference for glucose utilization under these conditions. Besides these 
compounds, the yeast assimilated all acetic and formic acids after 24 h 
and 48 h, respectively. The experiments with FH were completed earlier 
compared to PH and WPH experiments (56 h vs. 120 h), as the stationary 
phase was reached at 24 h and carbon sources in the medium dropped 
below 3 g⋅L− 1. Indeed, at the end of the experiments, residual concen
trations of 2.3 g⋅L− 1 glucuronic acid, 1.2 g⋅L− 1 glucose, and 1.3 g⋅L− 1 

xylose remained in the FH medium. Since Y. lipolytica possesses the 
ability to assimilate mannitol from the medium, although the process is 
relatively inefficient, several studies have engineered Y. lipolytica strains 
to improve mannitol utilization [61]. However, the assimilation of 
mannitol by wild-type Y. lipolytica strains remains a less explored topic 
in the literature. Similarly, the use of glucuronic acid and fucose as 
carbon sources by Y. lipolytica, particularly in wild-type strains, has also 
been less explored. Therefore, the results obtained with F. vesiculosus 
hydrolysate offer valuable insights into the potential of Y. lipolytica to 
utilize alternative substrates.

Biomass concentration in FH was lower than in WPH but similar to 
that obtained in PH. However, the biomass yield in FH was the highest 
among the seaweed hydrolysates, indicating that the assimilated carbon 
source was directed toward biomass production, as no other metabo
lites, such as erythritol, were produced. The absence of erythritol pro
duction in FH could not be attributed to insufficient osmotic stress, as 

the concentration of sodium and potassium was higher than in WPH, 
where erythritol was produced. Instead, the presence of mannitol in the 
FH may explain this outcome. Polyols such as erythritol, mannitol, and 
arabitol, synthesized by Y. lipolytica under high salinity, act as osmo
protectants to help maintain cellular osmotic balance [61]. The 
mannitol already present in the FH may have fulfilled the cell's osmotic 
needs, potentially downregulating the metabolic machinery required for 
de novo erythritol synthesis. Additionally, the assimilation of mannitol 
may introduce metabolic competition for key precursors (intermediates 
of glycolysis or the pentose phosphate pathway) and cofactors (NADPH), 
which are essential for both mannitol metabolism and erythritol 
biosynthesis [60].

3.4. Characterization of Y. lipolytica biomass

The lipids content of the final Y. lipolytica biomass obtained in both 
PH and WPH was low (Table 5) and remained similar throughout the 
cultivation in both cases. Although the NCYC 2904 strain is recognized 
as a high lipid producer, achieving contents ranging from 25% to 42% 
[19,23,62], these values were not reached in this study, likely due to the 
high concentrations of xylose in the hydrolysates and the selected C/N 
ratio, which favored yeast growth but limited lipids accumulation. High 
nitrogen concentrations, and consequently a low C/N ratio, are typically 
associated with enhanced growth rather than lipids accumulation in 
Y. lipolytica [48]. The lipids content reached in PH and WPH was 6- and 
9-fold higher, respectively, than the content in P. palmata seaweed (2%), 
demonstrating the potential of Y. lipolytica NCYC 2904 for seaweed 
valorization through lipids enrichment, even at relatively low levels. 
The slightly higher lipids content observed in WPH compared to PH may 
be attributed to a lower metabolic flux toward erythritol synthesis in the 
final stages of cultivation, which may have redirected carbon toward 
lipids accumulation. Indeed, under nitrogen-limited conditions, 
Y. lipolytica is known to prioritize lipids biosynthesis but can also shift 
metabolism toward the secretion of polyols, mainly erythritol and 
mannitol [63]. Since both lipids and polyols are synthesized under 
similar nutrient conditions, which commonly occur in the late stages of 
the experiments, lipids production can shift metabolism away from 
erythritol synthesis and vice versa. In FH experiments, lipids content 
was even lower than that observed in PH and WPH medium. Never
theless, as with P. palmata, the lipids content accumulated by Y. lipolytica 
in FH was 7-fold higher than that found in the crude F. vesiculosus (1%). 
Y. lipolytica A101 cultivated on F. vesiculosus hydrolysate also produced 
low amounts of lipids, approximately 5% [17].

The fatty acid profile of lipids produced in WPH and FH was similar, 
being mostly composed of oleic acid (C18:1), followed by palmitoleic 
acid (C16:1) and linoleic acid (C18:2), with the lowest contents of 
heptadecenoic acid (C17:1) and myristic acid (C14:0) (Table 5). In 
contrast, lipids obtained from Y. lipolytica cultivated in PH had a lower 
content of oleic acid than in the other cases, and close to the content of 
palmitoleic and linoleic acids. Heptadecenoic and myristic acids content 
were highest in PH-derived lipids. These variations indicate that the 
composition of the hydrolysate, mainly salt composition, can signifi
cantly influence lipids composition. Indeed, osmotic stress is known to 
affect membrane fluidity and, depending on the yeast, can trigger 
various adaptive responses, such as increased or decreased fatty acid 
unsaturation, changes in acyl chain length, reductions in phospholipid 
and sterol content, and alterations in the sterol-to-phospholipid ratio 
[64]. Similar to the results observed in this study, an increase in myristic 
acid and a reduction in oleic acid have also been reported in Y. lipolytica 
[65] and R. glutinis [66] under high salinity conditions. Despite these 
variations in fatty acid profile, the overall content of monounsaturated 
fatty acids (MUFA, 71%–78%) and polyunsaturated fatty acids (PUFA, 
20%–22%) was similar across PH, WPH, and FH experiments.

Protein synthesis in microorganisms requires assimilable nitrogen 
sources [67]. The protein content of yeast biomass was significantly 
higher when grown in PH compared to WPH and FH (Table 6), which 

Table 4 
Values of biomass yield, glucose and xylose uptake rates, and erythritol yield 
obtained in batch cultures using P. palmata and F. vesiculosus hydrolysates in STR 
experiments. Data are the average ± standard deviation of two independent 
biological replicates, with triplicate measurements performed at each sample. 
Values followed by the same letter in each column do not present statistically 
significant differences (p ≥ 0.05).

Culture 
medium

Biomass 
yield 

(g⋅g− 1)

Glucose uptake 
rate (g⋅L− 1⋅h− 1)

Xylose uptake 
rate (g⋅L− 1⋅h− 1)

Erythritol 
yield (g⋅g− 1)

PH 0.44 ±
0.03a

0.17 ± 0.01a 0.56 ± 0.02a 0.54 ± 0.03a

WPH 0.58 ±
0.02b

0.17 ± 0.01a 0.57 ± 0.01a 0.31 ± 0.02b

FH 0.67 ±
0.02b

0.32 ± 0.02b 0.06 ± 0.01b –
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positively correlates with the nitrogen concentration in the culture 
medium. Indeed, the nitrogen content at the beginning of the experi
ments decreased from PH to WPH and then to FH, and protein content in 
Y. lipolytica biomass followed the same trend. Additionally, the higher 
salt content in PH may have contributed to the observed differences in 
protein synthesis. Indeed, potassium plays a critical role in maintaining 
ribosomal stability and function, and its presence is essential for efficient 
protein synthesis [68,69]. The protein content of Y. lipolytica biomass in 
PH experiments was 2.1-fold higher than that of unwashed P. palmata. 
However, a mass balance based on 100 g of unwashed P. palmata 
demonstrated that the total protein recovered in the final yeast biomass 
was similar to the protein originally present in the seaweed. Although 
the similar potential for protein-enriched food supplements, the yeast 
biomass represents a more suitable alternative for food supplements, as 
it contains significantly higher lipids content and its production process 
also enables the co-production of erythritol, increasing the overall value 
of the process. By contrast, the total protein recovered in the final yeast 

biomass grown in WPH and FH was slightly lower than the protein of 
washed P. palmata and unwashed F. vesiculosus, respectively.

The amino acid profile of Y. lipolytica biomass was well balanced, 
including essential amino acids such as valine, tryptophan, phenylala
nine, isoleucine, leucine, threonine, and methionine (Table 6). Similar 
amino acid profiles were observed in PH and WPH. The cells' protein 
obtained in FH had a different amino acid profile from those found in PH 
and WPH. The amino acid threonine was not part of the protein 
composition in this condition. The amount of valine, phenylalanine, 
glutamic acid, serine, and arginine was lower than that observed in PH 
and WPH. However, leucine, methionine, and asparagine contents were 
higher. These results demonstrate that the amino acid composition of 
Y. lipolytica biomass is highly dependent on the specific nutrient profile 
of the seaweed hydrolysate, highlighting the potential to tailor biomass 
quality through substrate selection. Despite the variability among hy
drolysates, the amino acid contents identified were within the range 
previously reported for Y. lipolytica biomass [18].

3.5. Global discussion

The results demonstrate that P. palmata and F. vesiculosus hydroly
sates are suitable substrates for biomass production by Y. lipolytica NCYC 
2904. This is the first study reporting the consumption of glucuronic acid 
and fucose by a wild-type Y. lipolytica strain. Furthermore, it was 
observed that Y. lipolytica NCYC 2904 has a considerable ability to 
consume significant amounts of xylose (≈ 60 g⋅L− 1) with an uptake rate 
higher than that of glucose, which was never reported. These findings 
represent a significant advance in the understanding of Y. lipolytica's 
metabolic versatility and its potential for biotechnological applications 
using seaweed-derived substrates.

The composition of each hydrolysate significantly influenced the 
metabolites produced by Y. lipolytica. P. palmata hydrolysate favored 
erythritol production. The substrates commonly used for erythritol 
production by Y. lipolytica include glucose, fructose, and glycerol, and 
the use of xylose remains unexplored [55]. However, the Y. lipolytica 
genome contains genes encoding the three key enzymes required for 
xylose metabolism: xylose reductase (converts D-xylose into xylitol 
using NADPH), xylitol dehydrogenase (converts xylitol into D-xylulose 
with NADH generation), and xylulose kinase (converts D-xylulose into 
D-xylulose-5-phosphate using ATP) [49,70]. D-xylulose-5-phosphate is a 
crucial intermediate of the pentose phosphate pathway (PPP), the cen
tral metabolic route for erythritol biosynthesis in Y. lipolytica [57]. In the 
wild-type strain Y. lipolytica NCYC 2904, the observed assimilation of 
xylose suggests that these enzymes are expressed with appropriate ac
tivity, particularly XDH, which has previously been reported as the rate- 
limiting step in xylose utilization [51]. Thus, xylose may serve as a 
carbon source for growth and erythritol synthesis (Fig. 2), a significant 
insight for the utilization of xylose-rich seaweed hydrolysates. Further
more, co-consumption of glucose may help supply essential cofactors, 
supporting XR, XDH, and XK activity and increasing flux through the 
PPP. The maximum erythritol concentrations obtained in this work (40 
g⋅L− 1) were comparable to those reported in studies using wild-type 
Y. lipolytica strains in glycerol-based medium [71] and waste cooking 
oil-based medium [24]. To the best of our knowledge, this is the first 

Table 5 
Lipids content, respective fatty acids composition, and contents of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids 
(PUFA) in Y. lipolytica NCYC 2904 final biomass obtained in batch cultures using P. palmata and F. vesiculosus hydrolysates. Data are the average ± standard deviation 
of two independent biological replicates, with triplicate measurements performed at each sample. Values followed by the same letter in each column do not present 
statistically significant differences (p ≥ 0.05).

Culture medium Lipids content (%, w/w) Relative fatty acid content (%)

C14:0 C16:1 C17:1 C18:1 C18:2 SFA MUFA PUFA

PH 10.8 ± 0.3a 7.0 ± 1.4a 30.2 ± 0.9a 14.9 ± 0.2a 25.9 ± 0.6a 22.0 ± 1.5a 7.0 ± 1.4a 71.0 ± 1.2a 22.0 ± 1.5a

WPH 14.9 ± 0.6b 1.8 ± 0.4b 26.6 ± 1.1a 5.8 ± 1.3b 46.0 ± 0.7b 19.7 ± 2.5a 1.8 ± 0.4b 78.4 ± 1.0b 19.7 ± 2.5a

FH 7.1 ± 1.3c 2.8 ± 0.6b 24.9 ± 2.3a 8.9 ± 0.4b 44.0 ± 1.5b 20.4 ± 1.8a 2.8 ± 0.6b 78.0 ± 1.6b 20.4 ± 1.8a

Table 6 
Values of protein content and respective amino acid profile of Y. lipolytica NCYC 
2904 final biomass obtained in batch cultures using P. palmata and F. vesiculosus 
hydrolysates. Data are the average ± standard deviation of two independent 
biological replicates, with triplicate measurements performed at each sample. 
Values followed by the same letter in each line do not present statistically sig
nificant differences (p ≥ 0.05).

Culture medium

PH WPH FH

Protein content (%, w/w) 29.1 ±
1.4a

20.5 ±
0.9b

12.7 ±
1.2c

Amino acid 
(mg⋅g− 1 of 
protein)

Essential amino 
acid

Val 14.4 ±
2.3a

11.8 ±
1.9a

2.6 ±
0.7b

Trp 11.3 ±
0.9ab

15.7 ±
1.6a

8.9 ±
0.7b

Phe 16.9 ±
1.7a

15.2 ±
1.0a

3.5 ±
0.4b

Ile 1.7 ±
0.9a

3.4 ±
0.8ab

6.3 ±
0.7b

Leu 15.2 ±
1.5a

19.3 ±
3.0a

40.8 ±
4.6b

Thr 49.4 ±
1.8a

40.1 ±
4.6a

n.d.

Met 17.0 ±
1.7a

22.7 ±
1.5a

38.4 ±
2.7b

Non-essential 
amino acid

Glu 31.9 ±
2.1a

38.3 ±
4.2a

3.2 ±
0.5b

Asn 3.1 ±
0.8a

4.8 ±
1.0a

10.6 ±
0.7b

Ser 23.8 ±
3.3a

20.6 ±
3.0a

8.1 ±
0.5b

Gln 1.1 ±
0.5a

1.4 ±
0.6a

2.7 ±
0.5a

Gly 18.5 ±
1.8a

20.6 ±
2.7a

25.0 ±
1.8a

Cys 4.4 ±
1.1a

7.5 ±
2.0a

3.8 ±
1.0a

Arg 24.0 ±
3.6a

27.1 ±
2.0a

9.6 ±
0.9b

n.d. – not detected.
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report of erythritol production from seaweed hydrolysates. Notably, 
since the osmotic conditions were not optimized, these results represent 
a significant advancement in the valorization of seaweed biomass for 
sustainable polyol production and are particularly promising for future 
scale-up and process optimization efforts.

The P. palmata hydrolysate also supported the highest production of 
protein-rich biomass in this study. Y. lipolytica biomass and its metab
olites have been granted Generally Recognized as Safe (GRAS) status by 
the Food and Drug Administration (FDA) in 2019, and the European 
Food Safety Authority (EFSA) has approved its biomass as an innovative 
novel food. Given its protein content and its well-balanced amino acid 
profile, including essential amino acids, the Y. lipolytica biomass pro
duced in this study represents a suitable alternative for food and feed 
applications [18]. The washed P. palmata hydrolysate yielded the 
highest lipids accumulation by Y. lipolytica, representing an 8.3-fold 
increase compared to the lipids content in crude seaweed. Due to its 
rich composition in mono- and polyunsaturated fatty acids such as oleic, 
linoleic, and palmitoleic acids, these lipids have promising applications 
in the food, feed, and nutraceutical sectors, as functional ingredients or 
alternatives to conventional oils [72].

This study underscores the biotechnological potential of seaweed 
hydrolysates, demonstrating a viable process for the sustainable pro
duction of biomass, protein, lipids, and erythritol by Y. lipolytica, with 
strong potential for industrial scale-up. Notably, the two seaweed spe
cies explored offer distinct valorization opportunities: P. palmata hy
drolysates were an efficient substrate for erythritol production by 
Y. lipolytica, whereas F. vesiculosus was naturally enriched in another 
polyol, mannitol, which was fully recovered in the hydrolysates. Similar 
to erythritol, mannitol is a valuable polyol widely employed as a low- 
calorie sweetener and as an excipient in pharmaceutical formulations 
[63]. These differentiated product profiles highlight the importance of 
strategic seaweed selection within blue biorefinery frameworks, allow
ing tailored approaches to meet specific market demands while maxi
mizing resource efficiency.

4. Conclusion

F. vesiculosus and P. palmata hydrolysates are suitable substrates for 
biomass production by Y. lipolytica NCYC 2904. The yeast assimilates a 
variety of sugars, including glucose, xylose, and fucose, as well as other 
compounds found in hydrolysates, such as mannitol, glucuronic acid, 
formic acid, and acetic acid. Notably, the consumption of fucose and 
glucuronic acid by Y. lipolytica has not yet been thoroughly investigated 
in the literature. Furthermore, it was demonstrated the high ability of 
yeast to consume significant amounts of xylose in conditions of low 
glucose-to-xylose ratio. Unwashed P. palmata hydrolysate favored 
erythritol and protein synthesis, while the highest lipids content was 
obtained in washed P. palmata hydrolysate. To the best of our knowl
edge, this is the first report on erythritol production from seaweed hy
drolysates. In addition, the pretreatment and hydrolysis steps enabled 
the liberation of all mannitol present in the crude F. vesiculosus biomass, 
further expanding its valorization potential. This study highlights the 
versatility of Y. lipolytica as a microbial platform for the valorization of 
seaweed biomass into several high-value products, including protein- 
rich biomass (approved by EFSA for human consumption), erythritol, 
and lipids, supporting the food and feed industry. Yet, differences in the 
seaweeds composition may lead to hydrolysates with slightly different 
concentrations of sugars and other compounds, that consequently may 
cause differences in the yeast performance. The targeted selection of 
hydrolysate can optimize compound production within the biorefinery 
context. By aligning marine biomass valorization with advanced 
fermentation technologies, these findings contribute significantly to the 
expansion of the blue bioeconomy and support the global transition 
toward circular economy strategies.
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J. Örlygsson, E.N. Karlsson, Ó.H. Friðjónsson, G.Ó. Hreggviðsson, Evaluation of 
Laminaria digitata hydrolysate for the production of bioethanol and butanol by 
fermentation, Fermentation 9 (2023), https://doi.org/10.3390/ 
fermentation9010059.

[12] V. Alfonsín, R. Maceiras, C. Gutiérrez, Bioethanol production from industrial algae 
waste, Waste Manag. 87 (2019) 791–797, https://doi.org/10.1016/j. 
wasman.2019.03.019.

[13] T.H. Nguyen, I.Y. Sunwoo, G.T. Jeong, S.K. Kim, Detoxification of hydrolysates of 
the red seaweed Gelidium amansii for improved bioethanol production, Appl. 
Biochem. Biotechnol. 188 (2019) 977–990, https://doi.org/10.1007/s12010-019- 
02970-x.

[14] J.H. Park, J.Y. Hong, H.C. Jang, S.G. Oh, S.H. Kim, J.J. Yoon, Y.J. Kim, Use of 
Gelidium amansii as a promising resource for bioethanol: a practical approach for 
continuous dilute-acid hydrolysis and fermentation, Bioresour. Technol. 108 
(2012) 83–88, https://doi.org/10.1016/j.biortech.2011.12.065.

[15] D. Greetham, J.M. Adams, C. Du, The utilization of seawater for the hydrolysis of 
macroalgae and subsequent bioethanol fermentation, Sci. Rep. 10 (2020), https:// 
doi.org/10.1038/s41598-020-66610-9.

[16] S. Sharma, L.D. Hansen, J.O. Hansen, L.T. Mydland, S.J. Horn, M. Øverland, V.G. 
H. Eijsink, K.S. Vuoristo, Microbial protein produced from brown seaweed and 
spruce wood as a feed ingredient, J. Agric. Food Chem. 66 (2018) 8328–8335, 
https://doi.org/10.1021/acs.jafc.8b01835.

[17] A. Dobrowolski, W. Nawijn, A.M. Mirończuk, Brown seaweed hydrolysate as a 
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