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Abstract

Cassava is a major starch crop in Africa, generating substantial amounts of solid (peels and
fibres) and liquid (process press water) residues that remain underutilised, particularly
in smallholder and semi-industrial processing units. In Mozambique, where cassava is
a staple and processed primarily by local farmer associations, these residues—readily
available and low-cost feedstocks—have significant potential for value-added applications.
This study evaluated the potential of enzymatically hydrolysed cassava residues—peel and
fibre hydrolysates—as substrates for independent yeast fermentations targeting microbial
lipid and ethanol production. Rhodotorula toruloides CBS 14 efficiently converted sugars
from both hydrolysates, producing up to 17.14 g L~! of cell dry weight (CDW) and 35%
intracellular lipid content from the peel hydrolysate, and 16.5 g L~1 CDW with 50% lipids
from the fibre hydrolysate. Supplementation with ammonium sulphate accelerated sugar
utilisation and reduced fermentation time but did not significantly increase the biomass
or lipid yields. Saccharomyces cerevisiae 672 fermented the available sugars anaerobically,
achieving ethanol yields of 0.45 + 0.03 g g~ ! glucose from peels and 0.37 & 0.06 g g~*
glucose from fibres. These findings highlight the regional relevance of valorising cassava
processing residues in Mozambique and demonstrate a dual-product valorisation strategy,
whereby the same feedstocks are converted into either microbial lipids or ethanol through
independent fermentations. This approach supports the sustainable, low-cost utilisation of
agro-industrial residues, contributing to circular bioeconomy principles and enhancing the
environmental and economic value of local cassava value chains.

Keywords: cassava residues; yeast fermentation; microbial lipids; ethanol; valorisation;
Rhodotorula toruloides; Saccharomyces cerevisine; Mozambique

1. Introduction

Cassava (Manihot esculenta Crantz) is a major staple crop in Africa, Asia, and South
America, where its starchy roots serve as a key source of dietary carbohydrates. Global
cassava production is estimated at approximately 303 million tons [1,2]. In Mozambique,

Fermentation 2026, 12, 56

https://doi.org/10.3390/fermentation12010056


https://crossmark.crossref.org/dialog?doi=10.3390/fermentation12010056&domain=pdf&date_stamp=2026-01-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0009-0002-5017-735X
https://orcid.org/0000-0002-6501-4636
https://orcid.org/0000-0003-0866-8710
https://orcid.org/0000-0003-4556-3811
https://orcid.org/0000-0002-0030-7710
https://orcid.org/0000-0002-2059-9044
https://orcid.org/0000-0002-0905-8829
https://orcid.org/0000-0002-5001-1758
https://orcid.org/0000-0002-2358-4534
https://doi.org/10.3390/fermentation12010056

Fermentation 2026, 12, 56

20f21

cassava plays a central role in food security and rural livelihoods, sustaining millions of
small-scale farmers [3]. It is the most widely cultivated root crop in the country, with
the cultivated area increasing from 556,094 ha to 873,953 ha, and the national production
reaching 7.61 million tons in 2023 [4]. Cassava roots are typically processed into food
products such as flour, starch, gari (rale), and chips, and are also used as a versatile raw
material for industrial applications, including ethanol (as a beverage, solvent, or biofuel),
sweeteners, and animal feed [5-9].

While cassava processing improves food safety by reducing naturally occurring
cyanogenic glycosides [10], it generates substantial solid and liquid residues, primarily
peels, fibres, and wastewater. These residues are often discarded untreated near processing
units, creating environmental and public health concerns [11-13]. For instance, processing
1 ton of fresh cassava roots into high-quality cassava flour yields approximately 250-300 kg
of peels, 50-100 kg of fibrous bagasse, and 250-300 kg of wastewater [14]. In starch fac-
tories, the same quantity of roots generates 20-50 kg of peels, about 600 kg of fibrous
pulp, and 12-20 m? of cyanide-rich wastewater [14]. Cassava peels typically represent
15-30% of the fresh root weight [15], while fibres account for approximately 10-15% [1,16].
The processing wastewater is rich in sugars, protein, starch, minerals (e.g., phosphorous,
calcium, magnesium), and vitamins (e.g., niacin), making it a promising low-cost substrate
for microbial cultivation processes [17].

Developing simple, cost-effective, and environmentally sustainable strategies for the
utilisation of cassava processing residues is therefore both urgent and promising. One effec-
tive valorisation route involves producing hydrolysates through the enzymatic, chemical,
or microbial breakdown of complex carbohydrates, resulting in aqueous solutions rich in
fermentable sugars, amino acids, and other nutrients [18,19]. Among these approaches,
enzymatic hydrolysis offers an efficient and environmentally friendly method to release
fermentable sugars and soluble proteins, while reducing toxicity and enhancing nutrient
availability [20,21]. The conversion of cassava residues into hydrolysates not only mit-
igates environmental impacts but also recovers valuable resources, supporting circular
bioeconomy principles [22,23].

Yeasts are particularly well-suited for growth on various types of lignocellulosic
hydrolysates [24,25]. Some well-documented yeasts for microbial lipid (single cell
oil; SCO) production include Lipomyces starkeyi, Rhodotorula toruloides, Yarrowia lipoly-
tica, Rhodotorula glutinis, and Cutaneotrichosporon curvatum [26-28]. Among these, R.
toruloides has emerged as a particularly promising platform for microbial lipid pro-
duction [29]. This basidiomycete yeast can accumulate intracellular lipids exceeding
20-70% of its cell dry weight [30-32] and exhibits notable tolerance to the inhibitory
compounds commonly present in lignocellulosic hydrolysates, such as furfural and 5-
hydroxymethylfurfural [33,34]. Additionally, R. toruloides can metabolise a wide range
of carbon sources, including glucose, xylose, and arabinose, enabling efficient growth
on mixed-sugar substrates derived from waste-based and sustainable biomass feed-
stocks [29,35]. While other oleaginous yeasts, such as Y. lipolytica and C. curvatum, are
also capable of high lipid accumulation, R. toruloides was selected in this study due to its
versatility and robustness, as well as its reported ability to efficiently convert low-cost
lignocellulose residues into microbial lipids [26,36,37], with recognised applications in the
production of biodiesel, oleochemicals, and nutraceuticals [32,38,39].

In parallel, Saccharomyces cerevisiae is the most widely used yeast in industrial ethanol
production and is generally recognised as safe (GRAS) [40,41]. It is highly robust and
supported by a long history of industrial use, with numerous strains capable of efficiently
fermenting hydrolysates derived from starchy and lignocellulosic into ethanol [42—44].
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Residual lignocellulosic biomass and other waste-derived substrates, such as sugar-
cane bagasse, corn stover, potato wastewater, cheese whey, and orange peel extracts, have
previously been explored for microbial lipid production, demonstrating that oleaginous
yeasts can efficiently convert diverse agro-industrial residues into lipids [45-47]. Cassava
residues, however, remain underutilised despite their abundance and high sugar content,
highlighting their potential as a locally available, low-cost substrate for lipid and ethanol
production in Mozambique.

The utilisation of cassava residues has been explored previously; however, this study
provides a novel contribution by simultaneously evaluating cassava peels and fibres from
small-scale and semi-industrial processing units in southern Mozambique as substrates
for independent yeast fermentations with R. toruloides CBS 14 and S. cerevisiae ]672. The
objective was to assess the potential of these locally available residues for microbial lipid
and ethanol production, respectively, under conditions relevant to cassava-producing
regions. By comparatively assessing two physiologically distinct yeast platforms and two
residue streams, this work offers new insights into the flexible valorisation of cassava
processing residues, supporting the development of sustainable, low-cost bioprocessing
strategies aligned with circular bioeconomy principles.

2. Materials and Methods
2.1. Cassava Processing Residues Sampling

Cassava peels (50 kg) and fibres (50 kg) were collected from a cassava starch factory,
while cassava process press water (wastewater) (50 L) was collected from a cassava process-
ing association during the pressing stage [7]. Both sites were located in Inhambane province,
Mozambique (24°47'34" S; 35°02'50” E). The starch factory process roots were supplied by
local small-scale farmers. After collection, cassava peels and fibres were pressed using a
hydraulic press to remove excess water, sun-dried for 48-72 h and oven-dried at 105 °C
for 2448 h. The process press water was immediately frozen and stored at —20 °C in
5 L containers (Figure 1). All samples were transported from Mozambique to Sweden for
further processing and analysis.

Cassava processing residues

Microbial fermentations
24 n 1;‘:

Microbial lipid
— production

&

R. toruloides CBS 14

=

[ Hydrolysate + PPW filtration ] CDW '+ Lipid extraction

Process press water (PPW)

= | Ethanol production

B S. cereviseae J672

Figure 1. Schematic illustration of the experimental design, from generation of cassava processing
residues to the production of value-added side streams. STEX: stem expansion of dried biomass;
EH: enzymatic hydrolysis; CDW: cell dry weight.
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2.1.1. Cassava Process Press Water Preparation

Process press water was centrifuged (4000 x g, 30 min) to remove suspended solids
and impurities, starch granules, and coarse fibres that could interfere with downstream
fermentation. The supernatant was subsequently filtered through 0.45 um membranes
to eliminate residual fine particulates and microbial contaminants. The final sterile fil-
trates were stored at —20 °C until use. Prior to fermentation, the filtered press water
was examined microscopically to confirm the absence of particles and to ensure that no
bacterial contamination was present. This step ensured that only the target yeast would be
introduced during fermentations.

2.1.2. Cassava Hydrolysates Preparation

Dried cassava peels and fibres were pretreated and enzymatically hydrolysed at the
Department of Chemical Engineering, Lund University (Lund, Sweden), following the
procedures described by [48,49] with some modifications. Briefly, each material was soaked
in 1% acetic acid for 10 min prior to steam expansion (STEX) at 190 °C in a 10 L reactor
(Lightnin Mixers and Agitators, Cheswise, England, UK). After the steam expansion, the
liquid fraction was separated by phase filtration.

Enzymatic hydrolysis (EH) was performed using the Cellic CTec2 enzyme cock-
tail (Novozymes A/S, Bagsveerd, Denmark) at a loading of 15 FPU g~! dry matter
and pH 4.8. For fibre hydrolysate, additional enzymes were applied: Amyloglucosidase
(from Aspergillus niger, Sigma Aldrich, St. Louis, MO, USA) (0.2 mL per 200 mg sam-
ple; activity > 260 UmL"!) and a-Amylase (from Bacillus licheniformis, Sigma Aldrich)
(1 mL kg1, activity: >500 U mg~! biuret). After hydrolysis, suspensions were centrifuged
(4000 g, 30 min) to remove residual solids and unconverted fibres or peels. Supernatants
were sequentially filtered, and final sterile vacuum filtration was performed with 0.2 pm
membranes (for peel) and 0.45 um (for fibre). All hydrolysate stocks were checked mi-
croscopically to ensure the absence of bacterial contamination before storage at —20 °C.
Throughout the fermentation experiments, liquid suspensions were periodically examined
to ensure that only the inoculated yeast strains were present. Routine contamination control
procedures included sterile sampling, visual inspection for turbidity or unexpected growth,
microscopic observation, and plating on selective media when required to confirm absence
of contaminating microorganisms (Figure 1).

2.2. Yeast Strains and Culture Media

The yeast strains used in this study were Rhodotorula toruloides CBS 14 (Westerdjik Fun-
gal Biodiversity Institute, Utrecht, The Netherlands) and Saccharomyces cerevisiae ]672 [50],
both stored in the strain collection at the Department of Molecular Sciences, SLU-Uppsala.
Strains were stored in glycerol stocks (—80 °C) containing 50% YPD broth (10 g L~! yeast
extract, 20 g L~! peptone, 20 g L~! glucose) and 50% glycerol. Pre-cultures were maintained
on YM agar (20 g L™! glucose, 5 g L~ ! peptone, 3 g L™! yeast extract, 3 g L~! malt extract,
16 g L~! agar) at 25 °C (R. toruloides) and 30 °C (S. cerevisiae), with monthly transfers to
new plates. For liquid pre-cultures, single colonies were inoculated into 400 mL YM broth
(20 g L~! glucose, 5 g L1 peptone, 3 g L~ yeast extract, 3 g L~! malt extract) in 3 L baffled
Erlenmeyer flasks and incubated for 48-72 h at 150 rpm. Cells were harvested by centrifu-
gation (4000x g, for 10 min), washed twice with sterile 9 g L~! NaCl, and resuspended in
the same solution before inoculation.
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2.3. Yeasts Cultivation
2.3.1. Screening in Shake Flasks

Shake flask cultivations were performed in triplicate using 500 mL baffled flasks
containing 100 mL of cassava hydrolysates diluted with sterile deionised water to 25%,
50%, 75%, and 90% (v/v) of original hydrolysate concentration. Each cultivation media was
supplemented with 2 g L~! ammonium sulphate, and glucose and xylose concentrations
were adjusted to match those in undiluted hydrolysates (100%). The media were buffered
with 0.1 M sodium phosphate buffer (pH 6.0). Cultures were inoculated at an initial optical
density (ODggp) of 5 and incubated for 48-72 h at 150 rpm on an orbital shaker, at 25 °C for
R. toruloides CBS 14 and 30 °C for S. cerevisiae J672.

Additional trials were performed to evaluate the effect of cassava process press water
supplementation at 5%, 15%, and 25% v/v in cultivation media containing 75% (v/v) hy-
drolysate and 2 g L~! ammonium sulphate. All cultivations were carried out in triplicate,
and samples were collected every 24 h for ODy, cell dry weight (CDW), and residual
sugars quantifications. These preliminary screenings aimed to identify suitable hydrolysate
dilutions and supplementation levels for subsequent bioreactor fermentations. Based on
these exploratory trials, the 75% (v/v) hydrolysate supplemented with 5% (v/v) cassava press
water was selected as the optimal medium composition for fermentation experiments in
bioreactors. As the shake flask screenings were exploratory and not designed for statistical
comparisons across all treatments, their detailed results are not presented in this study.

2.3.2. Fermentation Experiments in Bioreactors

Bioreactor fermentations were carried out in triplicates using 2 L Minifors 2 bench-top
reactors (INFORS HT, Bottmingen, Switzerland) with a 1.5 L working volume. Hydrolysates
at 75% (v/v) of original concentration were supplemented with 5% (v/v) cassava process
press water. R. toruloides CBS 14 was cultivated under aerobic conditions to evaluate lipid
production, while S. cerevisiae J672 was cultivated under oxygen limited conditions for
evaluation of ethanol production. For R. foruloides, conditions were as follows: pO; 20%
(controlled by stirring speed, initial 200 rpm, airflow 0.7-1 L min~!), temperature 25 °C,
and pH 6.0 (pH was controlled by addition of 5 M NaOH or 3 M H3POy,). Polypropylene
glycol 2000 (1 mL) was added as antifoam agent [51]. Hydrolysate mixture included
1.7 g L1 YNB (yeast nitrogen base without ammonium sulphate and amino acids; Difco™,
Becton Dickinson and Company, Franklin Lakes, NJ, USA) supplemented or not with
2 g L~ ammonium sulphate [48]. Samples (100 mL) were collected every 24 h, centrifuged
(4000% g, 10 min), after which the pellet was washed twice with MiliQ water, freeze-dried in
vacuum for 72 h with condenser set to —100 °C (CoolSafe ScanVac, LaboGene ApS, Allered,
Denmark) [52], and stored at —20 °C for lipid extractions. For S. cerevisiae, oxygen limited
conditions were achieved by flushing fermenters with N; for 30 min before inoculation,
and then the air flow was set to 0 L min~! [53]. Cultivation temperature was maintained at
30 °C and pH at 6.0. Samples (50 mL) were collected during fermentation for analysis of
sugars, ethanol, and by-products (Figure 1)

2.4. Analytical Methods
2.4.1. Cell Growth, Hydrolysate Composition, and Cassava Raw Material Composition

Cell growth during fermentation was monitored at a wavelength of 600 nm (ODggg)
every 24 h for R. toruloides CBS 14 and every 2 h or 4 h for S. cerevisiae 672 using a
spectrophotometer/cell density meter (Biochrom WPA CO8000, Cambridge, UK), with
distilled water as a blank. Microbial biomass accumulation was determined as cell dry
weight (CDW), by collecting 2 mL of culture (in triplicates), centrifuging at 17,000 g for
2 min, washing three times with deionised water, and drying at 105 °C for 24 h, prior to
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weight determination [48,51]. Hydrolysate composition determination—including sugars,
acetic acid, ethanol, and glycerol produced during fermentations—was quantified by
high-performance liquid chromatography (HPLC, Shimadzu 2050 Series, Kyoto, Japan).
Analytes were separated on an ion-exclusion column (Rezex ROA—Organic Acid H”,
300 x 7.80 mm, Phenomenex, Torrance, CA, USA) and detected with a refractive index
detector (RID). The mobile phase was 5 mM H3SO; at a flow rate of 0.6 mL min~!. For
HPLC sample preparation, 700 puL of culture supernatant was mixed with 70 uL of 5 M
H,SOy, centrifuged at 14,000 x g for 15 min, and the supernatant was filtered through a
0.2 um syringe filter into HPLC glass vials.

Raw cassava material composition (peels and fibres prior to steam expansion), total
nitrogen, and total cyanide (HCN) in cassava hydrolysates and cassava process press water
were quantified by Eurofins Food and Feed Testing (Link&ping, Sweden). Nitrogen was
determined by Kjeldahl analysis [54], and total HCN by an internal method validated by
Eurofins Chemical Control S.r.1. (Cuneo, Italy).

Lipid and ethanol yields were calculated as grams of lipids or ethanol produced per
gram of carbon source consumed (g g~ !).

2.4.2. Lipid Extraction

The lipids from R. toruloides CBS 14 were extracted using a method adapted from [55].
Freeze-dried biomass (100 mg) was treated with 1 M HCI for 15 min and then heated at
75 °C for 1 h. The suspension was transferred to a separation funnel, and 2 mL of 0.8% KCl
was added, together with 6 mL of Folch solution (chloroform: methanol; 2:1 v/v). After
vigorous mixing and phase separation, the lower lipid phase was repeatedly collected
by successive additions of chloroform (4 mL each) until a clear lipid phase was observed.
Chloroform was evaporated under N; flow, and total lipid content was determined gravi-
metrically. Dried lipid extracts were resuspended in 1 mL hexane and stored at —20 °C
until methylation of the samples [51].

2.4.3. Fatty Acid Profile

Fatty acid methyl esters (FAMEs) were prepared according to [56]. Briefly, 0.5 mL
of extracted lipids (2 mg mL~! in hexane) were mixed with 2 mL of dry methanol and
heated at 60 °C for 10 min. Boron trifluoride (3 mL, BF; reagent) was added, and samples
were mixed and incubated for an additional 10 min at 60 °C. After cooling, 2 mL of 20%
NaCl and 2 mL hexane were added, vortexed, and left for phase separation. The upper
hexane phase containing FAMEs was collected, and derivatisation was verified by thin-layer
chromatography (TLC) on silica-coated plates.

FAMEs were analysed and quantified by gas chromatography (GC) on a CP-3800
GC system (CTC Analytics AG, Zwingen, Switzerland) equipped with a flame ionisation
detector and split injector, using a BPX 70 fused-silica capillary column (50 m x 22 mm
i.d., 0.25 um film thickness). The GC was programmed with a temperature gradient from
158 °C to 220 °C, ramping at 2 °C min~!, and with a final constant temperature of 220 °C
for 13 min [51].

2.5. Statistical Analysis

Statistical analyses were performed in R (R Core Team, Vienna, Austria) using the
RStudio interface (version 2024.09.1; Posit Team; Boston, MA, USA) and associated pack-
ages. Differences in growth of R. toruloides CBS 14 in 75% (v/v) cassava fibre hydrolysate
with and without ammonium sulphate supplementation were assessed using t-test. The
same test was applied to compare growth of S. cerevisiae J672 in 75% (v/v) peel versus 75%
(v/v) fibre hydrolysate.
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Kruskal-Wallis’s test was used to evaluate differences in the growth of R. toruloides
CBS 14 in 75% (v/v) and 20% (v/v) fibre hydrolysate with and without ammonium sulphate
supplementation. When significant effects were detected, Dunn’s test was applied for
multiple pairwise comparisons, and Bonferroni correction was used to adjust p-values
for multiple testing. Statistical significance was assessed using p-values, with the applied
significance thresholds indicated in the corresponding tables.

3. Results and Discussion
3.1. Composition of Cassava Residues and Hydrolysates

The cassava residues tested in this study (dried peels and dried fibres) were analysed
for proximate composition. The compositional analysis confirmed that cassava peels and
fibres are rich in carbohydrates but low in protein content. On a dry matter basis, peels
contained 81.4% carbohydrates, 3.6% protein (N~0.58%), 1.5% lipids, and 13.5% ash. Fibres
consisted mainly of carbohydrates (95.7%), with low levels of protein (1.8%; N~0.29%),
lipids (0.5%), and ash (2.0%). Based on this composition, the carbon-to-nitrogen (C/N)
ratio was estimated using organic matter-derived carbon proximations, yielding values of
approximately 66 for peels and 149 for fibres, reflecting the pronounced nitrogen deficiency
of these materials. This is consistent with previous reports showing that cassava residues
are dominated by structural carbohydrates (cellulose and hemicellulose) and ash, with very
low protein and lipid contents [1,16,57]. Compared to cassava storage roots, which usually
contain 70-75% starch, 2-3% protein, and <1% lipids on a dry basis [1,16], the cassava
residues represent a more extreme nutrient imbalance. This scenario explains why nitrogen
supplementation, and, in some cases, detoxification, are necessary to overcome inhibitory
compounds and support efficient microbial lipid and ethanol production [58].

Cassava enzymatic hydrolysis at 12% water insoluble solids (WIS) generated hy-
drolysates with varying sugar compositions. The cassava peel hydrolysate contained
~50 g L1 glucose, 5.26 g L~ xylose, and 2.88 g L~! acetic acid. In contrast, the cassava
fibre hydrolysate contained nearly three times more glucose (~150 g L™ 1), 6.26 g L1 xylose,
and 3.7 g L ™! acetic acid. Both hydrolysate types had very low nitrogen content (<0.05 g
100 g !) and similar cyanide levels (<1 mg L~! total cyanide). The substantially higher
glucose concentration observed in the cassava fibre hydrolysate compared to the peel
hydrolysate can be attributed to differences in biomass origin, composition, and processing
history. Cassava fibres are generated mainly during starch extraction [57] and are therefore
enriched in residual starch and cellulose fractions that are readily hydrolysable to glucose.
In contrast, cassava peels contain a higher proportion of lignified tissues, structural polysac-
charides, ash, and inhibitory compounds [59,60], which can limit enzymatic accessibility
and sugar release.

Diluted hydrolysates 75% (v/v) were supplemented with 5% (v/v) process cassava
press water. This press water contained trace nitrogen (<0.05 g 100 g~!) and 80.43 mg L~}
total cyanide. The use of cassava wastewater as part of the cultivation media can contribute
to lowering the overall production costs by incorporating the discarded process stream
into the fermentation process [17]. Ammonium sulphate (2 g L~!) was supplemented as
an assimilable nitrogen source. On the last day of fermentation, the cyanide content and
biomass in the cell suspension were measured and no traces of cyanide were found.

3.2. Growth and Lipid Production of R. toruloides CBS 14 in Cassava Peel Hydrolysate

In cassava peel hydrolysate, R. toruloides CBS 14 was cultivated with and without
nitrogen supplementation (Figure 2, Table 1). The maximum ODggg reached 54 without
nitrogen and 117 with nitrogen supplementation. Without nitrogen supplementation, the
biomass increased gradually throughout the cultivation time, showing slow and steady
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linear growth, whereas with nitrogen supplementation, a faster increase in cell biomass
was observed after approximately 24 h, reaching the stationary phase by 96 h. Glucose
consumption followed a similar trend: depletion occurred after 168 h in non-supplemented
cultures but was completed within 96 h when nitrogen was added to the cultivation media.
The final CDW was 17.14-19.28, lipid concentration reached about 6 g L1, lipid content
accounted for 30-35% of CDW, and lipid yield was 0.13-0.15 g g~ ! glucose, with no
significant differences (p > 0.05) between treatments. These results indicate that nitrogen
supplementation promoted faster cell propagation rather than stimulating lipogenesis.
The influence of nitrogen on carbon allocation has been widely reported, with high C/N
ratios favouring lipid storage, and nitrogen supplementation promoting biomass formation
rather than lipogenesis [61,62]. The C/N ratio is a key determinant of lipid accumulation
in oleaginous yeasts. Under high C/N ratios, carbon flux is directed towards acetyl
coenzyme-A, and subsequently to fatty acids biosynthesis. In contrast, at low C/N ratios,
carbon is primarily channelled into protein synthesis and biomass formation rather than
lipid storage [63-65]. Overall, the peel hydrolysate proved to be a reliable substrate for
lipid production.

501 ¢ 50 50 r50
45 _ * 45 _
=401 40 E = 40 40 E
= * e 350 ~ * 135 O
= M o & o 08 2 l30 S
_5 301 ® . R g 30 ® *
= 25 = E=| r25 =
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= [} [ ] o} =] o
g 207 ¢ 20 ¢ £ 20 . 120 £
: e g :
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0 24 48 72 96 120 144 168 0 24 48 72 96
Time [h] Time [h]
= Acetic acid = CDW @ Glucose ® Lipid Xylose

(a) Cultivation without nitrogen supplementation

(b) Cultivation with nitrogen supplementation

Figure 2. Growth, lipid accumulation, and sugar consumption by R. toruloides CBS 14 cultivated in
75% (v/v) diluted cassava peel hydrolysate supplemented with 5% (v/v) cassava process press water;
(a) cultivation without nitrogen supplementation; (b) cultivation with nitrogen supplementation
(2 gL~ ammonium sulphate). CDW: cell dry weight. Lipid content expressed as % of CDW,
determined by Folch extraction.

Table 1. Growth and lipid production by R. toruloides CBS 14 in 75% cassava peel hydrolysate, with
or without ammonium sulphate supplementation.

Hydrolysate Parameter 75% Peel Hydrolysate 75% Peel Hydrolysate + AS p-Value
Cultivation Time (h) 168 h 9% h
Residual glucose [g L1 7.27 £5.38 0.86 = 1.22 0.17
CDW [gL™] 17.14 4 0.06 19.28 +1.3 0.25
Lipid concentration [g LY 5.99 + 0.36 5.89 + 1.86 0.95
Lipid content [% of CDW] 34.94 +2.00 30.31 £ 7.68 0.55
Lipid yield [g g*1 glucose] 0.15 + 0.01 0.13 £ 0.04 0.79

Values represent means + standard deviations. Significance was accepted at p < 0.05.

3.3. Growth and Lipid Production of R. toruloides CBS 14 in Cassava Fibre Hydrolysate

In fibre hydrolysate, R. toruloides displayed contrasting performance depending on
nitrogen availability (Figure 3, Table 2). Without nitrogen supplementation, fermenta-
tions showed a long lag phase (48 h), followed by moderate glucose consumption and
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gradual lipid accumulation. After 192 h, biomass reached 16.51 + 2.15 g L~! CDW with
49.55 + 1.29% lipid content (8.18 4+ 1.02 g L~!), corresponding to the highest yield ob-
tained (0.19 & 0.02 g g~ ! glucose). With nitrogen supplementation, glucose was almost
completely depleted within 72 h (3.37 + 5.27 g L 1), but biomass (13.52 + 0.47 g L™ 1), lipid
concentration (3.13 4 0.03 g L~1), and lipid yield (0.02 g g ! glucose) dropped significantly.
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(@) Cultivation without nitrogen supplementation (b) Cultivation with nitrogen supplementation

Figure 3. Growth, lipid accumulation, and sugar consumption by R. toruloides CBS 14 cultivated in
75% (v/v) diluted cassava fibre hydrolysate supplemented with 5% (v/v) cassava process press water;
(a) fermentation without nitrogen supplementation; (b) fermentation with nitrogen supplementation
(2 g L~! ammonium sulphate). CDW: cell dry weight. Lipid content expressed as % of CDW,
determined by Folch extraction.

Table 2. Growth and lipid production by R. toruloides CBS 14 in 75% cassava fibre hydrolysate, with
or without ammonium sulphate supplementation.

75% Fibre 75% Fibre 20% Fibre 20% Fibre

_ 1

Hydrolysate Parameter Hydrolysate Hydrolysate + AS Hydrolysate Hydrolysate + AS p-Value
Cultivation Time (h)
192h 72h 96 h 96 h

Residual glucose [g L] 108.6 +6.322 3.37 4 527 21.84 + 127 0+0P 0.017 *
CDW [gL™] 16.51 +2.152 13.52 + 0.47 @b 851 +0.60P 12.15 + 0.44 2P 0.016 *
Lipid concentration [g L™!] 8.18 +1.022 3.13 +0.03 0.88 +0.04 P 3.12 +0.51 2P 0.024 *
Lipid content [% CDW] 49.55 +1.292 23.14 +0.65 2 1041+ 1.15° 25.81 4+ 5.022 0.024 *
Lipid yield [g g~ ! glucose] 0.19 £0.022 0.02 +0.00° 0.07 4 0.00 2 0.02 + 0.00 2 0.024 *

Values represent means =+ standard deviations. Different superscript letters (a—b) within the same row indicate
statistically significant differences among treatments (! * p < 0.05).

To test the inhibitory effects of the hydrolysate, cells were cultivated in hydrolysate
diluted to 20% (v/v) (50 g L1 glucose). Under these conditions, biomass (8.51 + 0.60 g L™ 1),
lipid content (10.41 & 1.15% CDW), and lipid yield (0.07 + 0.00 g g~ ! glucose) remained
low without nitrogen supplementation. With supplementation, the biomass increased
(12.15 £ 0.44 g L 1) and lipid content rose (25.81 & 5.02% CDW), but yields remained
low (0.02 4 0.00 g g~ ! glucose). Glucose was not completely depleted in non-nitrogen-
supplemented cultures with residual concentrations of 21.84 & 1.27 g L~! after 96 h. In
contrast, sugar depletion occurred within 96 h when nitrogen was added, indicating that
supplementation was essential for efficient glucose turnover. Although the 75% (v/v)
fibre hydrolysate contained higher glucose levels than the 75% (v/v) peel hydrolysate,
R. toruloides CBS 14 was able to grow in both dilutions tested. In the 75% (v/v) fibre
hydrolysate, the yeast reached maximum ODggg values of 30 without nitrogen and 70 with
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nitrogen supplementation. A similar growth pattern was observed in the 20% (v/v) diluted
fibre hydrolysate, where ODgq values of ~29 (without nitrogen supplementation) and ~72
(with nitrogen supplementation) were achieved. Statistical analysis (p < 0.05) indicated
significant differences across fibre hydrolysate treatments in terms of glucose consumption,
biomass, lipid concentration, lipid content, and lipid yield (Table 2).

These results suggest that the low lipid yields observed in the fibre hydrolysate can-
not be explained by glucose concentration alone. The matrix composition and inhibitory
compounds likely suppressed lipogenesis, particularly under nitrogen-supplemented con-
ditions. The generation of by-products from the pretreatment is dependent on the feedstock
and the pretreatment method [66,67]. Substances formed during the pretreatment of ligno-
cellulosic feedstock (e.g., phenolic compounds and other aromatics, aliphatic acids, furan
aldehydes, inorganic ions, and alcohols or other fermentation products) can act as inhibitors
of microorganisms during fermentation steps [66]. Previous studies [53,68] reported that
inhibitor-free lignocellulosic hydrolysates promote higher lipid yields, highlighting the
sensitivity of lipid accumulation in R. toruloides to both the C/N balance and the presence
of organic acids. Furthermore, elevated glucose levels during the lag phase have been
associated with reduced fermentation efficiency in lignocellulosic systems [69-71].

In summary, supplementation with ammonium sulphate accelerated sugar utilisation
in both peel and fibre fermentations. Studies have shown that R. foruloides CBS 14 can
accumulate up to 65% lipids of their biomass when culture parameters such as glucose
concentration, temperature, and nitrogen supplementation with ammonium sulphate are
optimised [72]. The lower values observed in our study probably reflect the combined
impact of subtract-derived inhibitors and non-optimised cultivation conditions. While
cassava hydrolysates generally can be considered as promising carbon sources, our study
shows that the fibre hydrolysate imposed potential osmotic and inhibitory stresses (e.g.,
acetic acid, furfural, and 5-hydroxymethylfurfural-HMF) [68] that can influence the lipid
productivity. This highlights the need for the targeted optimisation of the nitrogen supply,
cultivation parameters, and detoxification strategies to improve lipid synthesis and oleagi-
nous yeast strain developments for R. toruloides CBS 14 grown on various cassava residue
hydrolysates. R. toruloides has previously been studied for microbial lipid production using
various lignocellulosic hydrolysates made from agricultural residues such as corn stover,
cassava starch, and wheat straw [51,58,73,74].

3.4. Fatty Acid Profiles of Lipids from R. toruloides

The fatty acid compositions of lipids produced by R. toruloides CBS 14 in cassava
hydrolysates at different fermentation times are shown in Figures 4 and 5.

In peel hydrolysate, without nitrogen supplementation, the lipid fraction was dom-
inated by oleic acid (C18:1 n-9), followed by palmitic (C16:0) and linoleic acids (C18:2
n-6), with smaller amounts of stearic (C18:0) and «-linolenic acids (C18:3 n-3) (Figure 4a).
Over the course of the cultivations, monounsaturated fatty acids (MUFAs) were the most
abundant class, followed by saturated fatty acids (SFAs) and polyunsaturated fatty acids
(PUFAs). At the endpoint (168 h), the composition consisted of 46.77 £ 0.29% MUFAs,
31.15 £ 1.78% SFAs, 13.99 + 6.94% PUFAs, and an unsaturation index (UI) of 1.26 4 2.05%
(Table 3).

Under nitrogen supplementation, the overall profile remained similar to that observed
without supplementation, with oleic acid (C18:1 n-9) still predominant, followed by palmitic
(C16:0), linoleic (C18:2 n-6), stearic (C18:0), and «-linolenic (C18:3 n-3) acids (Figure 4b). At
the endpoint (96 h), MUFAs accounted for 52.64 & 1.08%, SFAs for 32.83 £ 1.92%, PUFAs
for (14.53 £ 1.07%), and a Ul of 1.24 & 1.55% (Table 3).
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Figure 4. Fatty acid profiles of R. foruloides CBS 14 cultivated in cassava peel hydrolysate. (a) Without
nitrogen supplementation. (b) With ammonium sulphate supplementation.
Table 3. Fatty acid class distribution (SFA, MUFA, PUFA), w-6/w-3 ratio, and unsaturation index (UI)
of R. toruloides CBS 14 lipids produced in cassava peel hydrolysate fermentation with and without
nitrogen supplementation.
Hydrolysates  Cultivation Time (h) SFA MUFA PUFA w-6/w-3 Ul
75% Peels 168 31.15 £ 1.78 46.77 £0.29 13.99 & 6.94 8.03 £ 9.66 1.26 £2.05
75% Peel + AS 96 32.83 +£1.92 52.64 +1.08 14.53 £ 1.07 7.49 £ 8.46 124 +£1.55

Values represent means + standard deviations. AS: ammonium sulphate; SFA: saturated fatty acid; MUFA:
monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; w-6/w-3: ratio of omega-6 to omega-3;
UL unsaturation index.

In fibre hydrolysate, without nitrogen supplementation, the lipid fraction was domi-
nated by oleic acid (C18:1 n-9), followed by palmitic (C16:0), linoleic (C18:2 n-6), stearic
(C18:0), and a-linolenic acids (C18:3 n-3) (Figure 5a). Over the cultivation period, MU-
FAs remained predominant, followed by SFAs and PUFAs. At the endpoint (192 h), the
composition corresponded to 59.56 + 1.80% MUFAs, 30.03 & 1.23% SFAs, 10.41 & 2.25%
PUFAs, and a Ul of 1.15 = 1.67% (Table 4). When R. toruloides in the fibre hydrolysate
was supplemented with ammonium sulphate, the fatty acid composition was changed,
with a decrease in MUFAs and an increase in both SFAs and PUFAs. However, the major
components were still palmitic (C16:0), oleic (C18:1 n-9), stearic (C18:0), linoleic (C18:2 n-6),
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and o-linolenic (C18:3 n-3) acids (Figure 5b). At the endpoint (72 h), SFAs accounted
for 43.38 + 15.11%, MUFAs for 33.73 + 13.43%, PUFAs for 22.89 + 22.70%, and a Ul of
1.46 + 1.78 (Table 4).

Fatty acid profile of total lipids (%)

0 24 9% 120 144 168 192 0 48 7
Time [h] Time [h]

(a) Cultivation without nitrogen supplementation (b) Cultivation with nitrogen supplementation
Figure 5. Fatty acid profiles of R. toruloides CBS 14 cultivated in cassava fibre hydrolysate; (a) without
nitrogen supplementation; (b) with ammonium sulphate supplementation.

Table 4. Fatty acid class distribution (SFA, MUFA, PUFA), w-6/w-3 ratio, and unsaturation index (UI)
of R. toruloides CBS 14 lipids produced in cassava fibre hydrolysate fermentation with and without
nitrogen supplementation.
Hydrolysate Type  Cultivation Time (h) SFA MUFA PUFA w-6/w-3 Ul
75% Fibres 192 30.03 +1.23 59.56 £+ 1.80 10.41 £2.25 36.57 £3.68 115+ 1.67
75% Fibres + AS 72 43.38 £ 15.11 33.73 £13.43 22.89 +22.70 6.03+3.02 1464178

Values represent means + standard deviations. AS: ammonium sulphate; SFA: saturated fatty acid; MUFA:
monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; w-6/w-3: ratio of omega-6 to omega-3; Ul:
unsaturation index.

At the endpoint (96 h), cultivation in the 20% (v/v) diluted fibre hydrolysate gave a
lipid profile comparable to that of peel hydrolysate. Without nitrogen supplementation,
the lipid fraction was mainly composed by palmitic (C16:0) and linoleic (C18:2 n-6) acids,
whereas with nitrogen supplementation, the profile was dominated by oleic acid (C18:1 n-9,

https://doi.org/10.3390/fermentation12010056


https://doi.org/10.3390/fermentation12010056

Fermentation 2026, 12, 56

13 of 21

~55%) (Figure 6). Minor components such as stearic (C18:0) and «-linolenic acids (C18:3
n-3) accounted for < 10% (Figure 6).
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Figure 6. Endpoint (96 h) fatty acid profiles of R. toruloides CBS 14 cultivated in 20% fibre hydrolysate
(a) without nitrogen supplementation; (b) with nitrogen supplementation. Major species are C18:0,
C18:1 (n-9), C16:0, and C18:2 (n-6). Minor slices (<10%) are shown but unlabelled.

It is worth mentioning that, for both peel and fibre hydrolysates, other fatty acids
(e.g., C14:0, C16:1 n-7, C16:2 n-4, C17:0, C17:1, C18:1 n-7, C20:0, C22:0, C22:5 n-3, C22:6 n-3,
C24:0, C24:1) were detected by GC analysis but are not reported in detail due to their low
abundance and inconsistent occurrence across cultivations. Section 3.4 thus focuses on the
dominant C16 and C18 fatty acids, which represent the main lipid fractions and are most
relevant for downstream applications.

Many studies have highlighted R. toruloides as a promising species for lipid production
owing to its broad substrate range, robust stress tolerance, and overall metabolic versa-
tility [33,75,76]. Under favourable fermentation conditions, this yeast can accumulate up
to 70-76% lipids, with biomass concentrations around 100 g L™}, and fatty acid profiles
typically dominated by oleic (C18:1) and palmitic (C16:0) acids [77-79]. In our study, ni-
trogen availability not only influenced sugar utilisation but also reshaped the fatty acid
profile of R. toruloides, indicating that the C/N ratio, cultivation time, nutrition, and stress
conditions are decisive factors for lipid composition, consistent with the previous reviews
on oleaginous yeasts [61,72].

Comparable fatty acid distributions, generally dominated by C16:0, C18:0, and C18:2,
have been reported for R. toruloides cultivated on corn stover [73], cassava starch [58], and
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wheat straw hydrolysates [51,74]. Likewise, Rhodotorula babjevae grown on wheat straw
hydrolysate accumulated linoleic and linolenic acids [53]. According to [80], the fatty acid
spectrum of oleaginous yeasts is relatively simple, being primarily composed of palmitic
(C16:0) and octadecanoid derivatives (C18:0, C18:1, C18:2). Our results align with these ob-
servations and demonstrate that nitrogen availability modulates the degree of unsaturation
rather than the chain-length distribution. Nitrogen supplementation reduced MUFA accu-
mulation and increased both SFAs and PUFAs, particularly linoleic acid (C18:2), whereas
nitrogen limitation favoured oleic acid (C18:1) dominance. These results confirm that
oleic, palmitic, and linoleic acids dominate the lipid fraction across different hydrolysates.
Moreover, they highlight the capacity of R. toruloides to adjust fatty acid desaturation and
to maintain a balanced lipid composition under variable nutrient conditions.

This study demonstrated that the enzymatic hydrolysis of cassava residues enables
microbial lipid production from both peel and fibre hydrolysates, showing the potential
of cassava side steams as feedstocks. In Mozambique, annual cassava production is
approximately 7.61 million tons of cassava fresh roots [4]. Assuming that cassava roots
contain about 50% moisture, this corresponds to ~3.8 million tons of dry matter. Of this
dry fraction, approximately 15% consists of peels and 5% of fibres, which is equivalent
to ~150 g of dried peels and ~100 g of dried fibres per kilogram of fresh cassava roots.
The experimental results from this study showed that 1 kg of dried cassava peels yielded
1.7 kg of peel hydrolysate containing about 102 g of fermentable glucose. Based on the final
lipid concentrations measured after fermentation with R. toruloides and the subsequent
normalisation to dry peel mass, the microbial lipid yields corresponded to approximately
1.36% (w/w) on a dry peel basis. Similarly, 1 kg of dried cassava fibres yielded approximately
1.3 kg of fibre hydrolysate containing about 200 g of glucose. Normalisation of the final
lipid concentrations to dry fibre mass resulted in microbial lipid yields corresponding to
approximately 1.42% (w/w) on a dry fibre basis. When these experimentally determined
yields are extrapolated to Mozambique’s annual casava production, they correspond to
a theoretical potential of approximately 7750 tons of microbial lipids from peels and
approximately 2700 tons from fibres per year, on a dry weight basis.

3.5. Fermentation Performance and Ethanol Production by S. cerevisiae [672 in
Cassava Hydrolysates

Fermentations with S. cerevisiae J672 in cassava peel and fibre hydrolysates exhib-
ited different fermentation outcomes (Figure 7, Table 5). In the peel hydrolysate (ini-
tial glucose 50 g L), glucose was almost completely consumed within 28 h, yielding
23.13 + 3.18 g L™ ! ethanol and an ethanol yield of 0.45 4- 0.06 g g~ ! glucose. This indicates
that the peel hydrolysate supported/enabled rapid sugar consumption and efficient ethanol
conversion. In contrast, the fibre hydrolysate (initial glucose 150 g L~!) produced higher
ethanol titres (48.29 + 3.32 g L~ ! after 72 h) but low ethanol yields (0.37 + 0.03 g g~ !) and
incomplete glucose consumption (11.5 & 0.63 g L~! residual). Glycerol production was
also higher in fibres (6.27 g L1 vs. 240 g L~ lin peels).

These results suggest that S. cerevisiae J672 performed better in the peel hydrolysate,
whereas the fibre hydrolysate likely imposed osmotic or inhibitory stress. Similar lim-
itations have been reported for lignocellulosic hydrolysates, where furan derivatives,
carboxylic acids, and phenolics delay yeast fermentations [81,82]. Ref. [83] reported ethanol
titres of 1.0 g L~! in cassava pulp hydrolysates after 72 h with water supplementation,
while our peel fermentations achieved 0.45 g L~! at the same time point, highlighting the
influence of the feedstock type and pretreatment strategy. Ref. [84] also reported efficient
ethanol production from cassava peel hydrolysates inoculated with S. cerevisiae, while [85]
demonstrated 25.4 g L~! ethanol in 48 h from cassava starch using co-cultures of S. cerevisiae
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and hydrolytic fungi. Together, these studies reinforce that ethanol performance depends
strongly on substrate composition, inhibitor load, and fermentation design.
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Figure 7. Growth, ethanol accumulation, and sugar consumption by S. cerevisiae J672 cultivated
in 75% (v/v) diluted cassava hydrolysate supplemented with 5% (v/v) cassava process press water;
(a) fermentation of peel hydrolysate; (b) fermentation of fibre hydrolysate. CDW: cell dry weight.
Table 5. Growth and ethanol production by S. cerevisiae J672 in 75% cassava peel hydrolysate and
75% cassava fibre hydrolysate.
Hydrolysate Parameters 75% Peel Hydrolysate 75% Fibre Hydrolysate p-Value 1
Cultivation time (h) 28 h 72h
Residual glucose (g L1 0.39 +£0.002 11.51 + 0.63P 0.001 **
CDW (gL 1) 6.50 & 0.46 5.82 +£0.13 0.12
Glycerol (g L1 240+ 0.062 6.27 +0.12° <0.001 ***
Ethanol concentration (g L~!) 23.13+3.18% 4829 +3.32P <0.001 ***
Yield (ethanol/glucose—g g~ 1) 0.45 £ 0.06 0.37 +0.03 0.15
Yield (CDW/glucose—g g~ 1) 0.13 4 0.01 2 0.04 +0.00° 0.004 **
Yield (glycerol/glucose—g g~ 1) 0.05 £ 0.00 0.05 £ 0.00 0.17

Values represent means =+ standard deviations. Different superscript letters (a-b) within the same row indicate
statistically significant differences among treatments (! ** p < 0.01; *** p < 0.001).

In addition, cassava residues themselves contain specific inhibitory compounds
that may constrain fermentation. Cyanogenic glycosides, organic acids, and pheno-
lics released during hydrolysis have been reported to reduce yeast growth and ethanol
productivity [13,86]. Lignocellulosic materials, present in hydrolysed cassava non-food
parts, can also generate small molecular weight compounds (e.g., furan derivatives,
phenolic compounds, and amine-based compounds such as vanillin) that can inhibit
fermentation [87]. These factors could help explain the slower growth, delayed sugar util-
isation, and reduced ethanol conversion observed in fibre hydrolysates compared with
peels. Similar limitations have been described for wheat straw and corn stover hydrolysates,
where S. cerevisiae often achieves high ethanol titres but suffers from reduced yields due to
inhibitor accumulation [42,88,89]. From an industrial perspective, this trade-off is critical:
while fibre hydrolysates support higher volumetric productivity, the lower conversion
efficiency and residual sugars increase downstream costs. This highlights the need for
detoxification or strain engineering strategies. Studies have confirmed the potential of
cassava-based residues such as peels and pomace as effective lignocellulosic feedstock
for sugar release and bioethanol production [86]. This reinforces our findings that cas-
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sava residues are not only abundant but also technically viable substrates for microbial
fermentation, provided that inhibitory compounds are addressed through detoxification or
process optimisation.

Our study also demonstrated that the enzymatic hydrolysis of cassava residues en-
ables the production of ethanol from both peel and fibre hydrolysates. Approximately
50% of the mass of fresh cassava roots consists of moisture, while the remaining 50%
represents dry matter. Of this dry fraction, about 20% corresponds to solid processing
residues, comprising roughly 150 g of dried peels and 100 g of dried fibres per kilogram
of fresh cassava roots. Based on the conversion efficiencies obtained in this study, the
fermentation of the cassava peel hydrolysate with S. cerevisiae resulted in an ethanol yield
corresponding to approximately 5.24% (w/w) on a dry peel basis. The fermentation of the
cassava fibre hydrolysate resulted in an ethanol yield corresponding to approximately
8.37% (w/w) on a dry fibre basis, with both values derived from experimentally measured
ethanol concentrations and normalised to the dry residue mass. When extrapolated to
Mozambique’s annual cassava production (7.61 million tons of fresh roots) [4], these exper-
imentally determined conversion efficiencies correspond to theoretical annual potentials of
approximately 29,900 tons of ethanol from dried peels and 15,900 tons from dried fibres per
year, assuming full residue availability and excluding collection and processing losses. At
a broader scale, such valorisation not only mitigates the environmental impacts associated
with cassava side streams but also provides a sustainable contribution to the country’s
biofuel supply chain, reinforcing the potential of cassava processing residues as efficient
ethanol feedstocks within a circular economy framework [84,85].

4. Conclusions

Cassava residues are abundant agro-industrial by-products in cassava processing
industries that can be converted into valuable products. The results of this study show that
the casava peel hydrolysate is a reliable substrate for both lipid and ethanol production,
while the fibre hydrolysate, despite its higher sugar content, requires further process op-
timisation before efficient conversion rates can be reached due to inhibitory effects. The
fatty acid profiles of R. toruloides grown on cassava processing residues confirm that culti-
vation conditions, especially the C/N ratio and fermentation time, can be adjusted to tailor
lipid quality for different downstream applications, including biofuels and nutraceuticals.
At the national scale, Mozambique’s cassava production has a substantial potential for
lipid and ethanol production from processing residues, supporting waste valorisation
strategies while reducing environmental impacts. These findings underline the relevance
of reutilising cassava side streams to strengthen local bio-based economies. Since lipid
production involves an energy-intensive aerobic process that requires significant input for
stirring and aeration, reducing the fermentation time can substantially improve the overall
process efficiency. In this context, cassava peels represent an immediate and comparatively
cost-effective substrate for bioconversion, while cassava fibres constitute a more complex
but promising resource that underscores the need for optimisation.

Overall, this study highlights the relevance of developing integrated cassava biorefiner-
ies capable of transforming processing residues into valuable bioproducts with a sustainable
circular bioeconomy framework. Although cassava residues represent a readily available
and low-cost feedstock, the production of fermentable hydrolysates requires the use of
multiple enzymes, which increases processing costs and adds complexity to the overall
process. Enzyme consumption and energy input during hydrolysis therefore constitute key
economic and energetic bottlenecks that must be addressed for large-scale implementation.
This study also has certain limitations, including the evaluation of only two yeast strains
and the use of laboratory-scale hydrolysis and fermentation conditions, which may not fully
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reflect industrial performance. Nevertheless, the results clearly demonstrate the potential
of locally available cassava residues for value-added microbial lipid and ethanol produc-
tion, supporting the feasibility of sustainable and decentralised bioprocessing strategies in
cassava-producing regions.
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