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Abstract

Arachidonic acid (AA) is a high-value long-chain polyunsaturated fatty acid commonly
produced by submerged fermentation of oleaginous fungi. Solid-state fermentation (SSF)
using low-cost agro-industrial by-products represents a promising alternative approach
for sustainable microbial lipid production. In this study, spent malt, a by-product of the
brewing industry, was evaluated as a solid substrate for AA production by Mortierella alpina
under SSF conditions. Four M. alpina strains were screened for growth, lipid accumulation,
and AA production, and M. alpina 959 was selected as the most promising strain. The effects
of nitrogen supplementation and oil incorporation on biomass formation, lipid accumula-
tion, and AA productivity were subsequently investigated. Sunflower oil incorporation
into spent malt-based substrates improved AA productivity under the most favorable
conditions, resulting in an AA proportion of 38.6% of total fatty acids and 102.5 mg AA g~ !
of final dry mass of the SSF system (FDW-SC). Comparison of selected vegetable oils further
demonstrated that the lipid source affected AA production, while having only a limited
effect on fungal growth and total lipid accumulation. Overall, this study demonstrates
the feasibility of spent malt-based SSF for AA production by M. alpina and highlights
the valorization of brewery spent malt as a low-cost agro-industrial by-product for the
production of value-added microbial lipids.

Keywords: arachidonic acid; Mortierella alpina; solid-state fermentation; spent malt;
agro-industrial by-products; microbial lipid; single cell oil

1. Introduction

Polyunsaturated fatty acids (PUFA) have attracted considerable attention due to
their nutritional and physiological importance. Among them, arachidonic acid (AA; 20:4
n—6) is a valuable long-chain PUFA with essential roles in human development and
as a precursor of bioactive lipid mediators [1-3]. Its importance in infant growth and
neural development has led to its routine incorporation into infant formula, making AA a
commercially important product of microbial fermentation [4].
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Historically, AA was obtained from animal-derived sources, but the limited AA propor-
tion of those materials restricted their suitability for industrial production. Consequently,
microbial production has become an established approach for AA manufacture [5]. Cur-
rently, commercial AA is produced mainly by submerged fermentation of the oleaginous
filamentous fungus Mortierella alpina cultivated on glucose-based media, followed by ex-
traction of the intracellular oil from the harvested biomass [1,6]. However, the high cost
of cultivation media remains a major limitation, highlighting the need for inexpensive
substrates and alternative cultivation strategies. Compared with submerged fermentation,
solid-state fermentation (SSF) offers advantages such as lower energy demand and reduced
wastewater generation [7].

In SSE, microorganisms grow on moist solid materials containing little or no free water,
conditions that resemble the natural ecological niche of filamentous fungi and may promote
enhanced metabolite production [8]. This cultivation strategy also enables the utilization of
inexpensive agricultural residues and food-processing by-products, contributing to more
sustainable bioprocesses.

Building on our previous study demonstrating AA production from cereal substrates
under SSF conditions [9], several agro-industrial residues and nutrient-enriched solid
matrices have been explored as substrates for microbial lipid production under SSF con-
ditions, including materials supporting AA and other PUFA biosynthesis [10-22]. Recent
studies have further investigated alternative SSF approaches for PUFA production by
M. alpina [8,23]. Beyond substrate selection, vegetable oil supplementation has been shown
to influence fatty acid (FA) profiles in M. alpina, affecting the production of valuable PUFA
such as dihomo-gamma-linolenic acid and eicosapentaenoic acid [24,25]. These studies
highlight the importance of both substrate selection and lipid availability in shaping PUFA
production under SSF conditions.

One of the major limitations of SSF is the compaction of moist substrates, which can
reduce bed porosity, restrict oxygen transfer, and negatively affect fungal growth and
product formation. This challenge can be addressed by using suitable solid matrices that
improve substrate structure and support fungal development. Spent malt, one of the
major by-products of the brewing industry, represent a promising low-cost fermentation
matrix due to their structural properties and nutritional composition, supporting their
use in SSF processes [16,18,20,21,26]. Moreover, their nutritional composition and ability
to incorporate added nutrients and lipid sources provide opportunities for modulating
microbial lipid production during SSE.

In the present study, spent malt were evaluated as a solid matrix for AA produc-
tion by M. alpina under SSF conditions. The effects of nutritional conditions and oil-
enriched substrate formulations on fungal growth, lipid accumulation, and AA productiv-
ity were investigated to identify factors influencing AA production within the developed
SSF system.

Although previous studies have demonstrated the potential of agro-industrial residues
as substrates for AA production by M. alpina under SSF conditions, most approaches have
focused on substrate selection, nutrient optimization, or process parameters. The present
study introduces an oil-enriched SSF strategy using spent malt as a brewery by-product and
evaluates the potential of external lipid sources to enhance AA-enriched lipid production.
The incorporation of vegetable oils was investigated as a strategy to provide additional
lipid precursors and improve the efficiency of AA production by combining substrate
valorization with targeted lipid supplementation.
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2. Materials and Methods
2.1. Fungal Strains

Four Mortierella alpina strains (MSCL 1254, MSCL 1271, MSCL 959, and CCF 2861)
were used in this study. The strain CCF 2861 was obtained from the Culture Collection
of Fungi, Charles University (CCF; Prague, Czech Republic), whereas strains MSCL 1254,
MSCL 1271, and MSCL 959 were obtained from the Microbial Strain Collection of Latvia,
University of Latvia (MSCL; Riga, Latvia).

2.2. Culture Storage and Pre-Cultivation

All M. alpina strains were maintained on malt extract agar (MEA) at 4 °C and pre-
cultivated on MEA plates at 25 °C until active growth was achieved.

2.3. Inoculum Preparation

Due to variable sporulation capacity among strains, inocula were prepared as mycelial
suspensions from actively growing agar cultures under identical conditions.

2.4. General Solid-State Fermentation (SSF) Conditions

The spent malt used as the solid substrate was obtained from a local brewery. The
material had a particle size of approximately 1-5 mm, was dried at 60 °C until constant
weight, and stored in sealed containers under dry conditions until use. The prepared
substrate had a dry matter content of approximately 97%. Prior to fermentation, the lipid
content of the spent malt substrate was determined and represented approximately 5% of
the dry substrate mass.

For SSF cultivation, 4 g of spent malt substrate was placed into 100 mL Erlenmeyer
flasks, supplemented with 10 mL of nutrient solution, and enriched with oils according to
the experimental design. Oil supplementation levels expressed as g flask ! corresponded
to fixed supplementation ratios relative to the initial dry substrate mass (Sp), as all SSF
experiments used the same substrate loading. The prepared SSF systems were sterilized by
autoclaving at 121 °C for 20 min prior to inoculation. The initial moisture content of the
prepared SSF systems before inoculation was approximately 60-70%, depending on the
nutrient solution composition and oil supplementation. Each flask was inoculated with
1 mL of mycelial suspension. SSF was performed under static aerobic conditions at 25 °C
for 14 days.

2.5. Experimental Design

The experimental design included strain screening and evaluation of nitrogen con-
ditions and oil-enriched substrates. A complete nutrient formulation was used for strain
screening, whereas individual nutrient components were modified in subsequent experi-
ments as described below.

2.5.1. Screening of Strains

The strains were cultivated under the general SSF conditions described above, using
two different oil-enriched substrate formulations. Medium 1 contained 1 g of olive pomace
oil and 1 g of broccoli oil, whereas Medium 2 contained 2 g of olive pomace oil. Olive
pomace oil was selected as an oil source due to its origin as a by-product of the olive oil
industry and its reported use as an alternative lipid source in microbial lipid production.
The complete nutrient solution contained (g L~'): glucose 5.0, yeast extract 10.0, peptone
10.0, MgSO4-7H,0 2.0, and K;HPOy4 2.0. The reported concentrations represent the final
concentrations in the nutrient solution added at 10 mL per flask.
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2.5.2. Evaluation of Organic Nitrogen Supplementation and Cultivation Conditions

Based on the results of the strain screening, M. alpina MSCL 959 was selected for
subsequent experiments. The influence of different organic nitrogen sources on biomass,
lipid accumulation, and FA composition was evaluated under the general SSF conditions
described above. Yeast autolysate, a by-product derived from brewery yeast processing,
was included among the evaluated organic nitrogen sources and was supplied as a suspen-
sion containing 108 g L~! dry matter. The basal nutrient solution described in Section 2.5.1
was used, and the experimental design is summarized in Tables 1 and 2.

Table 1. Composition of organic nitrogen sources in the nutrient solution (g L™1).

l\slt,tz(;f:: Medium1 Medium?2 Medium3 Medium4 Medium5 Medium6 Medium7 Medium 8
Yeast 10 10 20 20 10 - ] ;
extract
Peptone 10 10 20 20 - 10 - -
L-lysine - - - - 8 - - -
Yeast ] ; ; ; ; 12,5 30.0 50.0
autolysate
Table 2. Experimental design matrix showing olive pomace oil incorporation levels medium
(g flask—1).
Medium1l Medium2 Medium3 Medium4 Medium5 Medium6 Medium7 Medium 8
Olive
pomace 2 3 2 3 2 2 2 3
oil

2.5.3. Sunflower Oil-Enriched Substrate Formulation

The effect of sunflower oil incorporation (1.0-3.5 g flask 1) into the SSF substrate on
biomass, lipid accumulation, and AA production was evaluated using the basal nutrient
solution described in Section 2.5.1 (Medium 1 in Table 1) under SSF conditions. This condi-
tion was selected as a reference formulation to evaluate the specific effect of sunflower oil
supplementation while maintaining a constant nutrient background. All other cultivation
parameters (substrate, temperature, and incubation time) were kept constant as described
in Section 2.4.

2.5.4. Oil-Enriched Substrates with Different Vegetable Oils

The effect of different vegetable oils (sesame, flaxseed, and broccoli 0il) on biomass for-
mation, lipid accumulation and AA production was evaluated under SSF conditions. Each
oil-enriched substrate contained 2.5 g of oil per flask. Due to the high erucic acid content of
broccoli oil, it was applied as a 1:1 (w/w) mixture with sunflower oil, corresponding to a
total oil amount of 2.5 g per flask prior to application in the cultivation experiments. All
other cultivation parameters were kept constant as described in Section 2.5.3. Previously
obtained data for sunflower oil under identical cultivation conditions were included as
reference treatments.

2.6. Final Dry Mass Determination of the SSF System (FDW-SC)

At the end of cultivation, the entire content of the Erlenmeyer flask (substrate with
fungal biomass) was dried at 70 °C for 13 h and subsequently weighed. The obtained value
was expressed as the final dry mass of the SSF system (FDW-SC, g), including both the
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residual substrate and fungal biomass. Sy denotes the initial dry mass of the solid substrate
loaded into each flask prior to inoculation (g).

2.7. Lipid Extraction and Determination of Lipid Content

Total lipids were extracted from FDW-SC using the Folch method [27]. Lipid content
was determined from the entire SSF system, with uninoculated substrate controls used to
estimate background lipid contribution from the substrate. Lipids were expressed relative
to both FDW-SC and Sy, representing lipid content of the fermented solid system and
substrate-based lipid productivity, respectively.

2.8. Fatty Acid Methyl Ester (FAME) and GC-FID Analysis

FA composition was determined as fatty acid methyl esters (FAMEs). Total lipids
extracted by the Folch method [27] were transmethylated according to Ichihara and
Fukubayashi [28] using methanolic HCl. FAMEs were analyzed by GC-FID using a
Shimadzu GC-2010 Plus system (Shimadzu, Kyoto, Japan) equipped with an AOC-20i
autosampler and a DB-23 capillary column (60 m x 0.25 mm i.d., 0.25 pm film thickness;
Agilent Technologies, Santa Clara, CA, USA). The injector and detector temperatures were
set at 250 °C. Samples (1 uL) were injected in split mode (100:1). The oven temperature
program was as follows: initial temperature 130 °C (1 min), increased at 15 °C min~! to
170 °C, then at 2 °C min~! to 235 °C (7.5 min); total run time was 43.2 min. Helium was
used as the carrier gas. FA were identified by comparison with the Supelco 37 Component
FAME Mix (Sigma-Aldrich, St. Louis, MO, USA) and expressed as percentages of total fatty
acids (TFA). For each cultivation condition, lipid extracts from three biological replicates
were pooled prior to FAME preparation and GC-FID analysis. Consequently, FA composi-
tion was determined as a single representative value for each cultivation condition and was
not subjected to statistical analysis. AA production parameters were expressed relative to
both the final dry mass of the SSF system (FDW-SC) and the initial dry substrate mass (Sp).
Calculations were based on the assumption that total fatty acids represented 75% of total
lipid mass, which falls within the range commonly reported for oleaginous fungi (70-90%).

2.9. Data Processing and Statistical Analysis

All cultivations were performed in three biological replicates, and results are presented
as mean =+ standard deviation (SD). Basic data processing and graphical representation
were performed using Microsoft Excel (Microsoft Office, Redmond, WA, USA). Statistical
significance among cultivation conditions was evaluated by one-way analysis of variance
(ANOVA) followed by Tukey’s HSD test (p < 0.05).

3. Results and Discussion
3.1. Strain Screening Under SSF Conditions

The initial screening evaluated four Mortierella alpina strains for fungal growth, lipid
accumulation, and AA production under SSF conditions. One of the screening regimes
included broccoli oil as an alternative lipid source to evaluate whether the incorporation
of an oil source with a different FA composition could influence AA production among
the tested strains. All tested strains showed comparable FDW-SC, ranging from 5.12 to
5.46 g flask ! (Table 3).

Lipid accumulation and AA production differed among the tested strains. M. alpina
MSCL 959 showed the highest lipid accumulation (1.68-1.72 g flask~!; 30.89-31.69% FDW-
SC) and the highest observed AA proportion, reaching 38.0-40.1% TFA (Table 3). This
strain also exhibited the highest observed values of AA production relative to FDW-SC
(90.3-92.7 mg AA g~! FDW-SC) and substrate-based AA yield relative to the initial sub-
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strate mass (78.0-80.5 mg AA g~ Sp) (Figure S1). Because FDW-SC represents the entire
fermented solid system, including residual spent malt and fungal biomass, this parameter
should be interpreted as AA production per unit of fermented solid material rather than as
a direct biomass-specific productivity measure.

Table 3. Screening of Mortierella alpina strains for fungal growth, lipid accumulation, and AA
production under SSF conditions.

STRAINS Medium FDW-S_CI Accul;:ll::lll(:ltion Clc;lrlrjtle:it o AA ?ﬁgf ;N g§1C AA/ S_O1
(g flask—1) (g flask—) (% FDW-SC) (% TFA) FDW-SC) (mg AA g 1S
M.alping ~ Medium1 524 +0.14 156 £0.02 2971 +1.22 28.7 63.9 533
MSCL1254  Medium?2  5.29 4+ 0.14 150 +0.04 2835+ 141 302 64.2 53.9
M.alpina ~ Medium1 526 4 0.04 1414003 26724047 287 57.5 481
MSCL1271  Medium2  5.30 & 0.11 1.45 +0.01 27.37 4 0.58 33.0 67.6 57.0
M.alping ~ Medium1 543 +0.07 1724002 31.69 +0.17 38.0 90.3 78.0
MSCL959  Medium?2  5.46 4 0.12 1.68 + 0.01 30.89 + 0.90 40.1 92.7 80.5
M.alping ~ Medium1 512+ 0.08 1494003 2919 +0.62 26.1 57.1 465
CCF2861  Medium2  5.38 + 0.06 1.61+£008 2995+ 180 35.5 79.8 68.3

Medium 1: Olive pomace oil (1 g) + broccoli oil (1 g) per flask. Medium 2: Olive pomace oil (2 g) per
flask. Values for FDW-SC, lipid accumulation, and lipid content are presented as mean =+ standard
deviation (SD) of independent experiments (1 = 3). Fatty acid composition was determined from
pooled lipid extracts of three biological replicates and is presented as a single representative value
for each cultivation condition. FDW-SC represents the final dry mass of the solid-state fermentation
system, including residual spent malt substrate and fungal biomass. Sy denotes the initial dry
substrate mass prior to cultivation. AA represents arachidonic acid proportion expressed as a
percentage of total fatty acids (% TFA). Lipid content was calculated relative to FDW-SC.

The observed strain-dependent variation in AA production highlights the importance
of strain selection as a first step in developing SSF-based lipid production processes. Similar
strain-dependent differences in AA production and accumulation have been reported
previously for M. alpina, indicating that strain selection is an essential step for optimizing
fungal lipid production [9,13]. Although all tested M. alpina strains were able to grow
under the applied SSF conditions, their different capacities for lipid accumulation and AA
production indicate distinct metabolic potential among strains. The combined evaluation
of AA proportion and productivity-related parameters identified M. alpina MSCL 959 as
the most promising strain for further optimization of the oil-enriched SSF system.

3.2. Effect of Organic Nitrogen Supplementation Conditions on AA Production

Different nitrogen supplementation regimes combined with varying olive pomace oil
levels affected fungal growth and lipid accumulation (Table 4). Media M2, M4, and M8
produced significantly higher FDW-SC and lipid accumulation than the remaining media
according to Tukey’s HSD test (Table S1). The highest lipid content was observed in M2
and M4, whereas M8 showed intermediate values. FDW-SC reached 6.21-6.40 g flask !
and lipid accumulation reached 2.31-2.46 g flask~!.

The highest observed AA proportions were observed in M1 and M3 (40.7 and 41.6%
TFA, respectively; Table 4). However, media promoting higher biomass and lipid for-
mation showed comparable AA production relative to FDW-SC, ranging from 82.4 to
92.6 mg AA g~ ! (Figure S2). These results indicate that the tested combinations of nitrogen
supplementation and oil incorporation mainly influenced fungal growth and lipid accumu-
lation, while AA enrichment remained relatively stable under the evaluated conditions.
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Table 4. Effect of different organic nitrogen sources on fungal growth, lipid accumulation, and
arachidonic acid (AA) production by Mortierella alpina MSCL 959 under solid-state fermentation (SSF).

Lipid

AA/FDW-SC

Medium FDW-SC Accumulation Lipid Content AA (mg AA g1 AA/So
No. (g flask—1) (g flask 1) (% FDW-SC) (% TFA) FDW-SC) (mg AA g1 So)
M1 5.31 £0.20 1.56 + 0.05 29.42 + 0.37 40.7 89.8 75.9
M2 6.25 + 0.28 2.46 £+ 0.09 39.39 + 0.73 27.9 824 70.7
M3 5.29 4+ 0.25 1.53 £ 0.12 28.95 £ 3.60 41.6 90.5 73.7
M4 6.21 £ 0.20 233 +£0.13 37.55 +1.92 32.8 92.6 76.7
M5 518 +£0.22 1.51 4+ 0.09 29.21 4+ 2.00 36.9 80.8 66.8
Mé6 5.17 £0.20 1.57 +0.03 30.28 + 1.10 36.1 82.0 67.1
M7 5.30 £0.13 1.65 + 0.03 31.20 =+ 1.21 33.3 77.9 64.6
M8 6.40 + 0.22 2.31 £0.21 36.10 + 2.01 28.5 77.2 65.1

Values for FDW-SC, lipid accumulation, and lipid content are presented as mean + SD (n = 3). FA
composition and AA-derived parameters are reported as representative values for each cultivation
condition. FDW-SC represents the final dry mass of the solid-state fermentation system, including
residual spent malt substrate and fungal biomass. Sy denotes the initial dry substrate mass prior to
cultivation. The composition of the cultivation media is described in Tables 1 and 2.

Yeast autolysate, a by-product derived from brewery yeast processing, showed com-
parable performance to conventional organic nitrogen sources such as yeast extract and
peptone, supporting its potential as an alternative nitrogen source for SSF-based AA pro-
duction. Similar effects of medium composition optimization on AA production by M.
alpina under SSF conditions have been reported previously, where cultivation parameters
and nutrient composition significantly influenced ARA yield [10].

3.3. Effect of Sunflower Oil-Enriched Substrate Formulation on AA Production

Incorporation of sunflower oil into the SSF substrate significantly increased fungal
growth, lipid accumulation, and lipid content (Table 5). FDW-SC increased progressively
from 4.35 to 6.67 g flask !, while lipid accumulation increased from 0.81 to 2.88 g flask !
and lipid content from 18.55 to 43.14% FDW-SC. Tukey’s HSD test confirmed a gradual
increase in these parameters, with the highest values obtained at 3.5 g sunflower oil per
flask (Table S2).

In contrast, AA proportion did not follow the same trend. The highest value (43.0%
TFA) was observed at 1.5 g sunflower oil, after which it gradually decreased to 23.1% TFA
at the highest incorporation level (Table 5).

AA production relative to FDW-SC and substrate-based AA yield showed their highest
observed values at 2.5 g sunflower oil (102.5 mg AA g~! FDW-SC and 87.1 mg AA g1 Sy,
respectively) before declining at higher incorporation levels (Figure S3). Overall, incorpora-
tion of 2.5 g sunflower oil per flask provided the most favorable balance between fungal
growth, lipid accumulation, and AA productivity.

Previous SSF studies have shown that lipid supplementation can influence AA produc-
tion by M. alpina. Rayaroth et al. [12] reported an AA yield of 41.29 mg g~! dry substrate
after optimization of a soybean meal-based SSF system supplemented with flaxseed oil.
Similarly, Slany et al. [14] obtained a maximum AA yield of 32.1 mg g_l fermented bio-
product using M. alpina CCF 2861 cultivated on cereal-based substrates enriched with an
animal fat by-product. Compared with these previous SSF studies, the cultivation strategy
applied in the present work resulted in higher AA productivity, highlighting the potential
of spent malt-based oil-enriched substrates for AA production. These findings indicate that
external lipid sources can modify PUFA production under SSF conditions, but their effects
depend on the lipid source and its interaction with the cultivation system.
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Table 5. Effect of sunflower oil incorporation (g flask—!) on biomass formation, lipid accumulation,
and AA production in Mortierella alpina MSCL 959 cultivated under solid-state fermentation.

Medium Sunflower O‘il FDW-SC Lipid . Lipid AA AA/FDW-?IC AA/So

No. Supplementation (g flask—1) Accumulation Content (% TFA) (mgAAg (me AA 21 So)
(g flask—1) 8 (gflask-1) (% FDW-SC) FDW-SC) §A%8

M1 1.0 4.35+0.18 0.81 £ 0.02 18.55 £ 0.65 29.9 41.6 34.2

M2 1.5 4.80 £0.28 0.93 £ 0.05 19.25 £ 0.68 43.0 63.5 52.7

M3 2.0 540 £ 0.16 1.59 £ 0.03 28.78 £0.99 41.0 88.6 74.5

M4 2.5 5.77 £0.19 2.04 £0.19 35.41 +£1.25 38.6 102.5 87.1

M5 3.0 6.09 + 0.27 241 +£0.11 39.55 £ 0.90 31.2 92.6 77.3

M6 35 6.67 + 0.17 2.88 £0.15 43.14 £0.95 23.1 747 64.0

FDW-SC represents the final dry mass of the solid-state fermentation system, including residual spent
malt substrate and fungal biomass.

The lower AA proportion observed at higher sunflower oil incorporation levels may
result from an increased contribution of the added oil to the total lipid pool, reducing
the relative AA proportion despite increased lipid accumulation. This dilution effect
suggests that, although higher oil availability promoted overall lipid accumulation, it did
not proportionally increase fungal AA enrichment. In addition, external lipid sources may
influence lipid metabolism and fatty acid distribution by affecting the availability and
incorporation of exogenous fatty acids into fungal lipids. Previous studies have shown
that supplementation with different lipid sources can modify fatty acid profiles in M. alpina
depending on the o0il composition and cultivation conditions [24,25].

3.4. Effect of Vegetable Oil-Enriched Substrate Formulation on AA Production

Different vegetable oils were compared at a constant incorporation level of 2.5 g flask !
to evaluate the influence of lipid source composition on AA production under SSF con-
ditions (Table 6). All tested oils showed comparable effects on fungal growth and lipid
accumulation, with FDW-SC values ranging from 5.69 to 5.82 g flask ! and lipid content
from 34.14 to 36.51% FDW-SC.

In contrast, AA-related parameters differed among oil supplements. Sunflower oil
resulted in the highest observed AA proportion (38.6% TFA), AA production relative to
FDW-SC (102.5 mg AA g~ ! FDW-SC), and substrate-based AA yield (87.1 mg AA g1 Sp),
whereas the other tested oils showed lower AA productivity. These results indicate that the
performance of the oil-enriched SSF substrate depends not only on the amount of incor-
porated oil but also on the FA composition of the oil source. Similar effects of exogenous
oil supplementation on FA profiles in M. alpina have been reported, demonstrating that
different vegetable oils can influence PUFA composition [24,25]. Overall, the results suggest
that the FA profile of the incorporated oil source may influence AA production in M. alpina
under SSF conditions. The tested oils differed in their major fatty acid composition, with
sunflower and sesame oils containing predominantly oleic acid (18:1 n-9) and linoleic acid
(18:2 n-6), whereas flaxseed oil was characterized by a higher proportion of x-linolenic
acid (18:3 n-3). These differences may affect fatty acid availability and lipid metabolism in
M. alpina, contributing to the observed variation in AA production.

Previous studies have demonstrated the feasibility of AA production by Mortierella
spp. under SSF conditions using various agricultural and agro-industrial substrates.

Early work by Stredanska et al. [9] demonstrated AA production by M. alpina on solid
substrates, while subsequent studies investigated solid-state column reactors [7], spent
mushroom substrate [11], date waste [15], oil cakes [10], soybean meal-based substrates [12],
animal fat by-products [14], and other alternative solid-state systems for PUFA production
by M. alpina [23]. The present results further demonstrate that spent malt represents a
suitable brewery by-product for SSF-based AA production by M. alpina.
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Table 6. Influence of vegetable oil type on fungal growth, lipid accumulation, and fatty acid-related
parameters of Mortierella alpina MSCL 959 under SSF conditions.

Medium No Incor}?éi‘ation FDW-SC Accul;;llilll’;:ltion Lipid Content AA ?r‘:g "]\)"ZV g-§1C AA/So
. 1 ) _ o -1
2.5 g flask-1) (g flask—1) (g flask-1) (% FDW-SC) (% TFA) FDW-SC) (mg AA g1 So)
sunflower oil
M1 (1.25 g.) + 571 +0.17 2.08 + 0.16 36.51 +1.94 17.2 47.1 39.6
broccoli oil
(1.25 g)
M2 sesame oil 5.82 + 0.18 1.99 + 0.22 34.14 £2.73 15.8 40.5 34.7
M3 flaxseed oil 5.69 + 0.23 2.06 + 0.16 36.14 +£2.21 20.7 56.1 47.0
M4-Stage 3 sunflower oil 5.77 £ 0.19 2.04 +0.19 3541 +1.25 38.6 102.5 87.1
reference

Data for sunflower oil incorporation were obtained under the optimized condition in Stage 3 and in-
cluded as a reference condition. FDW-SC represents the final dry mass of the solid-state fermentation
system, including residual spent malt substrate and fungal biomass.

4. Conclusions

Among the tested strains, Mortierella alpina MSCL 959 was identified as the most
suitable strain for AA production under spent malt-based SSE. Nitrogen nutrition and oil
incorporation significantly affected fungal growth and lipid accumulation and influenced
the observed AA productivity parameters. The FA composition of the incorporated oil
further influenced AA production without markedly affecting fungal growth or total lipid
accumulation. Overall, these findings demonstrate that brewery spent malt can serve
not only as a low-cost SSF substrate but also as an effective platform for producing AA-
rich microbial lipids, supporting the sustainable valorization of brewing by-products. The
flexibility of FA profiles observed under SSF conditions further suggests that this cultivation
system may also be suitable for producing other valuable PUFA.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation12080394/s1, Figure S1. FDW-SC-based AA produc-
tion and substrate-based AA yield of Mortierella alpina strains (MSCL 1254, MSCL 1271, MSCL 959,
and CCF 2861) cultivated under solid-state fermentation (SSF) with two oil incorporation regimes:
olive pomace oil (2 g per flask) and olive pomace oil + broccoli oil (1 g + 1 g per flask). (A) AA produc-
tion relative to final dry mass of the SSF system (mg AA g~! FDW-SC). (B) Substrate-based AA yield
(mg AA g*1 Sp). Figure S2. FDW-SC-based AA production (A) and substrate-based AA yield (B) of
Mortierella alpina MSCL 959 cultivated under solid-state fermentation (SSF) with different organic
nitrogen sources. AA production was expressed relative to the final dry mass of the SSF system (mg
AA g~! FDW-SC) and relative to the initial substrate mass (mg AA g~! Sy). Figure S3. FDW-SC-based
AA production (A) and substrate-based AA yield (B) of Mortierella alpina MSCL 959 cultivated under
solid-state fermentation (SSF) with different sunflower oil incorporation levels. (A) AA production
relative to final dry mass of the SSF system (mg AA g~! FDW-SC) and (B) substrate-based AA yield
(mg AA g1 Sp). Table S1. Tukey’s HSD grouping of cultivation parameters under different nitrogen
supplementation conditions in Mortierella alpina MSCL 959 cultivated under solid-state fermentation
(SSF) conditions. Table S2. Tukey’s HSD grouping of cultivation parameters under different sun-
flower oil incorporation levels in Mortierella alpina MSCL 959 cultivated under solid-state fermentation
(SSF) conditions.
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Abbreviations
AA arachidonic acid
FA fatty acids

FAME fatty acid methyl esters
FDW-SC final dry mass of the solid-state fermentation system
PUFA polyunsaturated fatty acids

SD standard deviation

So initial dry substrate mass
SSF solid-state fermentation
TFA total fatty acids
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