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Abstract: Cellular residues after lipid extraction are the primary waste by-products of microbial
polyunsaturated fatty acid production. To mitigate the discharge of cellular residues and reduce the
cost of DHA and ARA production, this study examined the utilization of enzymatically hydrolyzed
Aurantiochytrium cellular residues (ACRs) and Mortierella alpina cellular residues (MCRs) as nitrogen
sources. Results demonstrated that ACRs and MCRs could partially substitute yeast extract (YE)
without adverse effects on DHA and ARA fermentation. Moreover, the implementation of a new
fermentation medium incorporating ACRs, MCRs, and YE as mixed nitrogen sources resulted in
DHA and ARA yields of 17.78 and 5.77 g/L, respectively. These values represented increases of
10.37% and 9.28% compared to traditional cultural methods, while simultaneously reducing the
usage of YE by 80% and 60%, respectively. Therefore, the strategy of recycling waste cellular residues
presents a novel approach for reducing the costs and environmental impact associated with microbial

fermentations.

Keywords: cellular residues; fermentation; polyunsaturated fatty acid; Aurantiochytrium sp.; Mortierella
alpina

1. Introduction

Microbial oil, also referred to as single-cell oil (SCO), has emerged as a novel source
of oil for various applications, such as food, medical care, and energy, complementing
conventional animal and vegetable oils [1]. In recent years, there has been an increased
interest in and utilization of polyunsaturated fatty acids (PUFAs) due to their high economic
value and wide range of global applications [2]. PUFAs, particularly docosahexaenoic acid
(DHA, C22:6, n-3) and arachidonic acid (ARA, C20:4, n-6), play significant roles in the brain
and retina development of infants, as well as in improving blood lipid levels and memory
in adults [3-5].

Aurantiochytrium sp. and Mortierella alpina are the main producers of DHA and ARA,
respectively [5-7], and have gained commercial importance as alternatives to fish oil and an-
imal liver as sources of these essential PUFAs. However, the industrial production of DHA
and ARA through microbial fermentation still faces challenges such as low efficiency, high
costs, and unstable oil quality, which result in higher prices that limit widespread adoption
and application [8,9]. Among the cost factors, the fermentation medium plays a particularly
significant role [10-12]. As a result, inexpensive raw materials have been explored as
substitutes for traditional costly components like glucose and yeast extract [7,13-15].

It is important to note that DHA and ARA-rich oils are intracellular products obtained
through cell lysis using methods such as ultrasound, enzymatic, or acid treatments. The
subsequent extraction involves the use of organic solvents or centrifugation, leaving be-
hind cellular residues as by-products. In the biofuel industry, it has been reported that
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approximately 65% of algal residues remain after lipid or oil extraction, posing a significant
challenge [16]. For example, the production of 1 ton of DHA-rich oils from Schizochytrium
sp. results in 0.75 tons of cellular residues [17], while 1 ton of ARA-rich oils from Mortierella
alpina leaves 0.97 tons of cellular residues [18]. Improper disposal of these residues not only
leads to environmental pollution but also represents a waste of valuable resources consid-
ering their nutrient content, including proteins, polysaccharides, and residual fatty acids.
Recent studies have focused on the comprehensive utilization of this residual biomass,
such as incorporating it into animal feed to provide proteins and fatty acids [6,19,20] or
generating biogas through a biorefinery process [21]. Additionally, algal biomass can serve
as organic fertilizer for agriculture [22].

Traditionally, the mycelial residue containing antibiotics was commonly recycled
through aerobic composting, anaerobic digestion, or catalytic pyrolysis [23]. These methods
have been applied to the disposal of waste microbial cellular residues. However, the
DHA producer, Aurantiochytrium sp., has been reported to have a protein content ranging
from 15% to 54% under different cultivation conditions [20,24-27], and it also contains
carbohydrates [28]. On the other hand, the ARA producer, Mortierella alpina, has a protein
content of 23.2% and is enriched with various vitamins [29]. This makes the cellular residues
obtained after oil extraction a potential source of inexpensive raw materials for DHA and
ARA production. Therefore, the main focus of this work was to explore the potential of
utilizing cellular residues from Aurantiochytrium sp. and Mortierella alpina for the production
of PUFAs. By utilizing cellular residues after oil extraction will not only reduce waste
discharge and the costs associated with raw materials and waste residue treatment in DHA
and ARA production, but it can also have a positive impact on environmental pollution.

In this study, the waste cellular residues of Aurantiochytrium and Mortierella, after
oil extraction, were first subjected to enzymatic treatment. Subsequently, these cellular
residues were reused as part of the fermentation medium for DHA and ARA produc-
tion by Aurantiochytrium sp. and Mortierella alpina, respectively. These results provide
a novel recycling method for cellular residues that can significantly reduce the cost of
PUFA production.

2. Materials and Methods
2.1. Strains

The DHA producer strain, Aurantiochytrium sp. TZ209, used in this study was the
same as in our previous research [30] and was stored in 20% (v/v) glycerol at —80 °C.
The ARA producer strain, Mortierella alpina Y009, was isolated by our laboratory and is
maintained at the Taizhou Key Laboratory of Biomass Functional Materials Development
and Application.

2.2. Culture Conditions
2.2.1. Aurantiochytrium Culture and DHA Fermentation

The medium for the culture of Aurantiochytrium was prepared using artificial seawater
and consisted of 50 g/L glucose, 10 g/L yeast extract (YE), 15 g/L monosodium glutamate,
and 5 g/L corn steep liquor in artificial seawater, which contained: NaySO4 10, MgSOy4
2 (NH4),SO4 4, KCI 0.5, K,SO4 0.65, CaCl, 0.10, KH,PO4 4, and 2 mL/L of the trace
elements solution (containing MnCl, 0.5, ZnSO4 0.5, CoCl; 0.01, NaMoO4 0.01, CuSOy4
0.6, and FeSOy 2.0), and 2 mL/L of vitamins (containing 50 mg/mL thiamine, 50 mg/mL
pyridoxine, and 0.25 mg/L cobalamin). The pH of the medium was adjusted to 6.5.

The Aurantiochytrium, preserved in glycerol at —80 °C, was first activated in a seed
culture medium containing 20% agar for 72 h. Subsequently, a single colony was transferred
into a 250 mL baffled shake-flask containing 50 mL of seed culture medium and cultured in
an orbital shaker at 150 rpm and 28 °C for 24 h (one round). For the fed-batch fermentation
of DHA, after three rounds of seed culture, seed broth (10%, v/v) was transferred into
500 mL baffled shake-flasks containing 100 mL of culture medium or was transferred
into a 5 L bioreactor containing 3 L of culture medium for DHA fermentation. The shake
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flask fermentation was conducted at 170 rpm and 28 °C for 120 h, while the bioreactor
fermentation was conducted at 1 vvm aeration and 28 °C for 120 h. Throughout the entire
fed-batch fermentation process, the glucose concentration in the fermentation broth was
maintained above 5 g/L by adding a sterilized glucose stock solution with a concentration
of 800 g/L.

2.2.2. Mortierella Culture and ARA Fermentation

The seed medium for Mortierella culture consisted of 50 g/L glucose, 8 g/L YE, 2 g/L
KH;POy4, 0.4 g/L MgSOy, and 4 g/L NaNOs. The Mortierella strain, preserved on potato
dextrose agar (PDA) plates at 4 °C, was transferred into a 250 mL baffled shake-flask
containing 50 mL of seed culture medium and incubated in an orbital shaker at 120 rpm
and 25 °C for 48 h.

The fermentation medium for ARA fermentation by Mortierella was based on previous
studies [31,32] with adjusted compositions. It was composed of 30 g/L glucose, 20 g/L
YE, 2 g/L KHyPOy, and 0.4 g/L MgSOy4. The pH of the medium was adjusted to 6.5.
For the fed-batch fermentation of ARA, the method was the same as that used for DHA
production, with an inoculation amount of 10% (v/v) for baffled shake-flasks and the
bioreactor. Shake flask fermentation was carried out at 150 rpm and 25 °C for 168 h, while
bioreactor fermentation was conducted at 2 vvm aeration and 25 °C for 168 h. Throughout
the entire fed-batch fermentation process, the glucose concentration in the fermentation
broth was maintained above 5 g/L by adding a sterilized glucose stock solution with a
concentration of 800 g/L.

2.3. Preparation of Waste Cellular Residues
2.3.1. Aurantiochytrium Cellular Residues (ACRs)

To obtain ACRs, fed-batch cultures of Aurantiochytrium sp. were conducted in a
fermenter for 120 h. After the fermentation period, the cells of Aurantiochytrium sp. were
collected by centrifugation at 5000 x g to separate them from the fermentation wastewater.
The resulting cell pellet was then dissolved in fresh water to achieve a biomass concentration
of approximately 100 g/L for subsequent cell lysis. The methodology for cell disruption
was described in a previous study [10]. In summary, the temperature of the cell suspension
was maintained at 50 °C, and the pH was adjusted to 10.0-11.0 using NaOH. The cell
lysis was performed through hydrolysis with 0.5% (w/v) alkaline protease (Wuxi Youpuke
Biotechnology Co., Ltd., Wuxi, China) for 8 h. Following the cell lysis, DHA-rich oils were
obtained from the oil phase by centrifugation at 95 °C and 8000x g. The aqueous phase and
slag phase were collected and stored at 4 °C as nitrogen sources for further experiments.

2.3.2. Mortierella Cellular Residues (MCRs)

After 168 h of ARA fermentation, Mortierella cells were subjected to a pasteurized step
at 65 °C to inactivate lipase enzymes. Then, the cells were collected by filtration to separate
them from the fermentation wastewater. The resulting mycelia were dried and disrupted
using a grinder. To extract ARA-rich oils, a Soxhlet apparatus was employed, with hexane
serving as the extractant. The fungal cellular residues, after oil extraction, were dried in
an oven at 60 °C and subsequently crushed to a granular size of 80 mesh using a grinder.
The granulated residues were resuspended in fresh water at a ratio of 1:10 (w/v), and the
pH was adjusted to 5.5 for enzymatic hydrolysis. This hydrolysis step was conducted at
150 rpm and 50 °C for 6 h, utilizing 0.2% (w/v) chitinase (Jiangsu Tonglou Biotechnology
Co., Ltd., Lianyungang, China) and 0.3% cellulose (Qingdao Haiweisen Biotechnology Co.,
Ltd., Qingdao, China) as enzymes. Following the enzymatic hydrolysis, the processed
cellular residues were further treated with alkaline protease, following the same procedure
as described for the Aurantiochytrium cellular residues mentioned earlier. This treatment
resulted in an enzyme-treated Mortierella cellular residues (MCRs) solution, which was
stored at 4 °C as a nitrogen source for subsequent experiments.
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2.4. Analytical Methods
2.4.1. Total Nitrogen, Glucose, and Cell Dry Weight

The total nitrogen of waste cellular residues was determined using the Kjeldahl
method. The concentration of glucose in the fermentation broth was measured using
a biosensor equipped with a glucose oxidase electrode. The cell dry weight (CDW) of
Aurantiochytrium sp. was measured the same as in our previous study [30]. The CDW
of Mortierella was measured by filtration through filter paper to remove the fermentation
broth. The mycelia were then washed three times with distilled water and dried at 60 °C
until a constant weight was achieved.

2.4.2. Total Lipids, DHA, and ARA Content

In our previous study [33], we described the extraction of total lipids (TL) from DHA
fermentation by Aurantiochytrium sp. Now, for the extraction of TL from ARA fermentation
by Mortierella, the dry biomass was initially ground into a fine powder (60 mesh), and
lipids from 2 g of the powder were extracted using a Soxhlet apparatus. The extraction
process involved using 100 mL of hexane as the extractant and maintaining the extraction
temperature at 75 °C for 8 h. The DHA and ARA content were determined using a GC-
2030 system (Shimadzu, Kyoto, Japan) following the fatty acid methylation and analysis
methods described in our previous study [30].

3. Results and Discussion
3.1. Nutrient Composition of Cellular Residues from PUFA Fermentation

In order to evaluate the potential utilization of ACRs and MCRs as partial substitutes
for YE in the fermentation medium for DHA and ARA production, we conducted an
analysis of the nutrient composition of these cellular residues, as presented in Table 1.

Table 1. Nutrient components of Aurantiochytrium cellular residues and Mortierella cellular residues.

Components ACRs Nutrient MCRs Nutrient
(g/L) Equivalence (g/L) Equivalence

TN 6.37 +0.27 54.26 (g YE/L) 10.43 + 0.46 88.84 (g YE/L)
FA 2.44 £0.07 48.61 (g YE/L) 3.50 £ 0.09 69.72 (g YE/L)

K 0.87 £ 0.03 3.03 (g KHPO4/L) 1.26 +0.03 4.39 (g KHpPO4 /L)

P 1.52 £0.04 6.67 (g KHpPO4 /L) 2.33 4+ 0.02 10.22 (g KH,PO,/L)
Mg 0.64 £ 0.02 3.20 (g MgSO4/L) 0.31 £ 0.01 1.55 (g MgSO4/L)
Ca 0.17 £0.01 0.47 (g CaCl, /L) 0.04 £ 0.00 0.11 (g CaCl, /L)

TN, Total nitrogen; FA, free ammonia; YE, yeast extract.

The dry biomass of Aurantiochytrium comprises both lipid and non-lipid compo-
nents [33]. During the lipid extraction process, the non-lipid fraction of biomass was
subjected to enzymolysis using alkaline protease to break down complex proteins into
simpler peptides or amino acids. From Table 1, it can be observed that ACRs have a total
nitrogen (TN) content of 6.37 g/L and a free ammonia (FA) content of 2.44 g/L. These
values are equivalent to 54.26 and 48.61 g/L of YE (Angle LM808, Yichang, China), which
has the TN and FA values of 11.74% and 5.02%, respectively.

Mucoromycota fungi, such as Mortierella, have the natural ability to produce chitosan,
which typically constitutes 1% to 10% of the cell dry weight [34]. Notably, chitin/chitosan
makes up more than 40% of the cell wall of Mortierella alpina [35]. This characteristic led
to the initial treatment of MCRs with chitinase following the lipid extraction process. In
the past, Mortierella cellular residues were typically regarded as waste and disposed of or
sent to landfills, resulting in the squandering of resources and environmental pollution.
However, recent studies have focused on utilizing these cellular residues as fertilizers or
feed materials [36] due to their protein content and remaining lipid components. After
undergoing further enzymatic treatment with alkaline protease, the TN and FN values of
the MCRs were found to be 10.43 g/L and 3.50 g/L, respectively.
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In addition, both ACRs and MCRs were found to contain significant amounts of
phosphorus (P), potassium (K), and other minerals that are essential inorganic salts required
in the fermentation medium, as shown in Table 1. These chemical analysis results suggest
that the ACRs and MCRs, obtained after undergoing multiple enzyme treatments, could
potentially be used as alternative nitrogen sources to partially replace YE in fermentation
media for the production of PUFAs. To assess the feasibility of incorporating these novel
nitrogen sources into the fermentation process, different proportions of YE were substituted
with the treated cellular residues. The resulting media were then tested in laboratory-scale
shake flask fermentations of Aurantiochytrium and Mortierella.

3.2. Aurantiochytrium Cellular Residues as a Nitrogen Source for DHA and ARA Production

It is well known that YE is commonly used as a nitrogen source in DHA and ARA
production by Aurantiochytrium sp. and Mortierella alpina [37,38]. To investigate the potential
use of ACRs as an alternative nitrogen source to replace YE, the effects of different ratios of
YE replacement with ACRs on DHA and ARA fermentation were examined. Importantly,
the initial total nitrogen content of each fermentation medium was kept at the same value
based on a TN value of 10 g/L of YE.

Figure 1A illustrates the varying effects of different ACR addition ratios on the biomass
of Aurantiochytrium. Interestingly, the application of ACRs did not significantly impact the
final CDW when the replacement ratios were in the range of 20-80%. These ratios yielded
similar results to the control group, suggesting that enzymatically-treated ACRs could be
partially recycled as a substitute for YE in Aurantiochytrium cultivation. Notably, replacing
60% of YE with ACRs resulted in the highest CDW of 58.16 g/L, surpassing the value
obtained with 100% YE. This finding suggests that ACRs may contain easily accessible
nitrogen sources derived from the enzymatic hydrolysis of proteins, which could be more
conducive to promoting cell growth. However, complete replacement of YE with ACRs
(100% replacement) resulted in a significant decrease in biomass, reaching only 43.58 g/L.
This decrease may be attributed to the presence of self-generated fermentation inhibitors
and the absence of essential cell growth factors commonly found in YE [10].

Previous studies have demonstrated that cell growth and lipid accumulation in Auran-
tiochytrium are not synchronized. The synthesis of DHA-rich oils often begins in response
to external stress conditions, such as the depletion of nitrogen sources [30,39]. Therefore,
promoting the growth of highly vital cells in the early stage is beneficial for adapting
to adverse environments and facilitating lipid accumulation in the later stage [40]. As
depicted in Figure 1A, the TL content followed a similar trend to biomass accumulation,
and replacing 20-80% of YE with ACRs did not have an impact on lipid synthesis during
the oil accumulation phase. Interestingly, the TL content gradually increased with the
proportion of ACRs, from 20% to 60%, suggesting that some nitrogen sources derived from
enzymatically treated cellular residues contributed to lipid accumulation. Similarly, during
the phase of oil accumulation, replacing 20-80% of YE with ACRs did not impact DHA
synthesis (Figure 1B). In fact, the DHA content after 120 h of fermentation increased from
13.45 to 15.10 g/L at ACR replacement ratios of 0% to 60%. However, completely replacing
YE with ACRs resulted in a substantial decrease in DHA production (Figure 1B), indicating
that a certain amount of YE was essential for DHA synthesis. The highest DHA yield was
achieved when replacing 60% of YE with ACRs, although an Although the 80% replacement
group resulted in a DHA vyield of 14.23 g/L, lower than the group replacing 60% of YE, it
was still 5.80% higher than the control group with 100% YE, demonstrating the suitability
of using enzymatically treated cellular residues of Aurantiochytrium as nitrogen sources for
DHA production.
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(C,D) fermentation parameters. Values are represented as the mean =+ standard deviations of three
independent experiments. The statistical significance between the experimental group and the control
group was presented by a t-test. * p < 0.05, ** p < 0.01.

Additionally, the applicability of ACRs as a nitrogen source for ARA production
by Mortierella was also tested (Figure 1C,D). When YE was the sole nitrogen source, the
CDW reached 25.36 g/L. Low substitution ratios (20-40%) of ACRs did not impact normal
cell growth of Mortierella, and the CDW increased from 25.33 to 26.88 g/L with ACR
replacement ratios ranging from 0% to 40% (Figure 1C). However, higher substitution ratios
resulted in a significant decrease in biomass accumulation, which could be attributed to
the specific amino acids found in each nitrogen source [41]. As YE usage decreased, the
fermentation broth became less conducive to cell growth. It is worth noting that YE contains
molecules such as guanine, guanosine-5'-triphosphate, vitamins, and growth factors, which
play crucial roles in the growth and metabolism of microbial cells [42].

The accumulation of ARA-rich oils is also dependent on nitrogen consumption in the
culture system, which influences the distribution of carbon flux towards lipid synthesis [43].
In this study, the culture supplemented with 100% YE produced 10.85 g/L of TL, and the
addition of a small amount of ACRs did not lead to a reduction in lipid accumulation. On
the contrary, the culture with 40% of YE replaced by ACRs achieved a higher TL content,
reaching 12.06 g/L, possibly as a result of enhanced mycelium growth (Figure 1C). Previous
studies have analyzed the impact of different nitrogen sources on ARA synthesis [44—46].
Typically, YE is regarded as the ideal organic nitrogen source for ARA production by
Mortierella and has been demonstrated to be the most effective nitrogen source for ARA
yield [9,47]. However, in this study, we found that a mixture of YE and ACRs was more
conducive to ARA synthesis, resulting in an ARA yield of 3.98 g/L when 40% of YE was
replaced by ACRs, representing a 7.576% improvement compared to 100% YE (Figure 1D),
with an ARA/TL ratio of 33.00%. This conclusion aligns with a previous report that used
corn steep liquor and YE as a combined nitrogen source to improve ARA production [44].

These results demonstrate that ACRs, obtained after enzymatic hydrolysis, can be
reused as a nitrogen source to partially replace YE in DHA and ARA production. In fact,
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inexpensive ACRs were able to replace 80% and 40% of YE in the fermentation of DHA
and ARA, respectively, highlighting their potential to be utilized as a new raw material.

3.3. Mortierella Cellular Residues as a Nitrogen Source for DHA and ARA Production

After 120 h of fermentation with Aurantiochytrium, it was evident that replacing 20-60%
of YE with MCRs resulted in comparable biomass levels to the control group (Figure 2A),
indicating that low replacement ratios of YE with MCRs did not affect the cell growth
of Aurantiochytrium. Interestingly, the fermentation medium with a 40% replacement of
MCRs achieved the highest CDW of 57.81 g/L. This can be attributed to the presence of
proteins, carbohydrates, and vitamins in the enzymatically treated cellular residues, which
may promote cell growth [29,35]. However, further increasing the replacement ratio had
a negative impact on cell growth. This could be due to the challenge of hydrolyzing the
proteins present in Mortierella cellular residues, as they are mainly distributed in mycelial
biomass and have a complex structure [48], leading to incomplete protein hydrolysis and
the presence of insoluble residues in MCRs.
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Figure 2. Effects of different replacement ratios of yeast extract by MCRs on DHA (A,B) and ARA
(C,D) fermentation parameters. Values are represented as the mean =+ standard deviations of three
independent experiments. The statistical significance between the experimental group and the control
group was presented by a t-test. * p < 0.05, ** p < 0.01.

Similarly, replacing 20-40% of YE with MCRs yielded TL yields of 32.07 and 33.05 g/L,
respectively, which were comparable to the control group using 100% YE (Figure 2A).
Previous studies have demonstrated that the composition of amino acids in nitrogen sources
can influence lipid accumulation, with low glutamate (Glu) content and high arginine
(Arg) and proline (Pro) concentrations promoting lipid accumulation [10]. However, this
effect depends on the suitability of nitrogen sources. As Figure 2A depicts, when the
replacement exceeded 40%, the cells were unable to effectively utilize the nitrogen source
components provided by MCRs, resulting in a decrease in TL yield. It is worth noting
that Aurantiochytrium synthesizes DHA through Polyketide Synthase (PKS)-like machinery,
which is an anaerobic pathway [49]. Therefore, conditions with low dissolved oxygen levels
promote DHA accumulation. In this study, cultures with a 20-40% replacement of MCRs
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achieved a final DHA content of approximately 13.5 g/L (Figure 2B), similar to the control
group, indicating that the PKS pathway functioned normally. However, higher MCR
replacement ratios significantly inhibited DHA synthesis, and complete substitution of YE
with MCRs resulted in only 6.87 g/L of DHA, which was 49.07% lower than the control
group. This may be attributed to the inhibition of the PKS pathway due to insufficient or
unsuitable nitrogen sources.

The impact of substituting YE with MCRs on ARA fermentation is shown in Figure 2C,D.
Similar to its application in DHA fermentation, enzymatically-treated MCRs could replace
up to 60% of YE without affecting cell growth. Furthermore, the highest CDW of 27.57 g /L
was achieved in the 40% replacement group, representing a 5.88% increase compared to the
control group, thus indicating the feasibility of utilizing MCRs for Mortierella cell growth after
enzymatic treatment (Figure 2C). However, replacing over 80% of YE with MCRs resulted in a
gradual decrease in CDW, possibly due to a lack of essential growth factors such as amino
acids, vitamins, and nucleotides provided by YE [50]. A previous study demonstrated the
successful replacement of 100% of YE and mineral salts in the culture medium using the
fungal extract of Mucor indicus [51]. However, this difference may be attributed to specific
processing methods employed for MCRs. In this study, even after undergoing multi-step
enzymatic treatment, the MCRs still retained some insoluble residues.

The final TL yield followed a similar trend as cell biomass since high cell density is
a prerequisite for effective lipid accumulation. Low replacement of YE with MCRs did
not have an impact on lipid accumulation in Mortierella (Figure 2C). As expected, higher
fungal biomass concentrations resulted in higher lipid yields at the end of fermentation,
with the highest lipid content of 12.05 g/L achieved with a 40% replacement of MCRs.
The production of high-quality, ARA-rich oil not only requires a high lipid yield but also
necessitates a high ARA content in total fatty acids. Studies have reported that the ARA
synthesis pathway in Mortierella involves desaturation and elongation steps [52]. Figure 2D
shows that the highest ARA yield of 4.03 g/L was obtained in the 40% ACR replacement
group. Interestingly, further addition of MCRs (60%) resulted in an ARA/TL ratio of 34.23%,
similar to that of the control group, resulting in a final ARA content of 3.75 g /L, which was
similar to the value of the control group. This indicates that 60% replacement of MCRs did
not have an inhibitory effect on ARA accumulation. However, the ARA /TL ratios obtained
with 80% and 100% replacement of YE with ACRs were 33.14% and 28.71%, respectively,
suggesting that even a small amount of YE is necessary for efficient ARA biosynthesis.

These results demonstrate that MCRs obtained after multi-step enzymatic hydrolysis
can be utilized as a novel nitrogen source for DHA and ARA fermentation. With this
approach, 40% and 60% of YE can be replaced by MCRs in DHA and ARA fermentations,
respectively, without significant differences compared to traditional fermentations. Fur-
thermore, MCRs derived from Mortierella have the advantage of being free from antibiotic
residues, unlike residues from antibiotic-producing fungi, which can be challenging [23].
Therefore, MCRs have the potential to serve as a novel nitrogen source, similar to ACRs.

3.4. Fermentation of PUFAs Using Waste Cellular Residues

Having established that recycling waste cellular residues as a partial replacement
for YE did not impact DHA and ARA fermentation, the study applied a mixed nitrogen
source (MNS) composed of ACRs, MCRs, and YE in DHA and ARA fermentation. Based
on previous results, where 80% ACRs and 40% MCRs had no effect on DHA yield, the ratio
of ACRs and MCRs was set at 80:40. Considering that at least 20% of YE was required for
DHA fermentation, the final usage ratio of the three nitrogen sources (ACRs, MCRs, and
YE) for DHA fermentation was set at 53.33:26.67:20. Similarly, 40% ACRs and 60% MCRs
had no effect on ARA yield, so the ratio of ACRs and MCRs was set at 40:60. Taking into
account that at least 40% of YE was necessary for ARA fermentation, the final usage ratio of
the three nitrogen sources for ARA fermentation was set at 24:36:40. The experiments were
conducted in a 5 L bioreactor, and the results are shown in Figures 3 and 4 and summarized
in Tables 2 and 3.
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Figure 3. Fermentation profiles of DHA production by Aurantiochytrium sp. TZ209 using different
nitrogen sources. The statistical significance between the final results was presented by a t-test.
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Figure 4. Fermentation profiles of ARA production by Mortierella alpina (YO09) using different nitrogen
sources. The statistical significance between the final results was presented by a t-test. * p < 0.05.
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Table 2. Comparison of DHA fermentation performances using mixed nitrogen sources medium and
yeast extract source medium.

Nitrogen CDW TL DHA TL/CDW DHA/CDW DHA/TL Pro:ljtf:gvit
Source (g/L) (g/L) (g/L) (%) (%) (%) (g/L-h) Y
YE 6747 £1.3 36.74 £ 1.0 15.77 £ 0.6 5445+ 1.2 23.37 £ 04 4292+ 1.1 0.13 £ 0.02
MNS 7012 +£2.2 40.55 £ 1.4 17.78 £ 0.4 57.83 £1.0 25.36 £ 0.8 4385+ 1.3 0.15 £ 0.01
Improvement 3.93% 10.37% 12.75% 6.20% 8.48% 2.15% 12.75%
Nitrogen saving 80%
YE, yeast extract; MNS, mixed nitrogen sources; CDW, cell dry weight; TL, total lipids.
Table 3. Comparison of ARA fermentation performances using mixed nitrogen source medium and
yeast extract source medium.
. ARA
Nitrogen CDW TL ARA TL/CDW ARA/CDW ARA/TL Productivit
Source (g/L) (g/L) (g/L) (%) (%) (%) (g/L-d) Y
YE 3044 +1.0 13.39 £ 0.8 528 £0.3 0.44 £ 0.03 1735+ 0.1 3943 +04 0.75 £ 0.02
MNS 3329 £1.2 15.35+ 0.2 577 £0.1 0.46 £ 0.02 17.33 £0.2 3759 £0.8 0.82 £0.01
Improvement 9.36% 14.64% 9.28% 4.82% —0.08% —4.67% 9.28%
Nitrogen saving 60%

YE, yeast extract; MNS, mixed nitrogen sources; CDW, cell dry weight; TL, total lipids.

In Figure 3A, the cell growth using mixed nitrogen sources (ACRs, MCRs, and YE)
exhibited a similar pattern to that observed with YE alone in the initial 48 h. Previous
studies have reported a lack of synchronization between cell growth and lipid synthesis
in Aurantiochytrium [30], with the accumulation of biomass in the early stage primarily
consisting of non-lipid biomass [33]. Our results indicate that the utilization of MNS did not
affect the normal cell growth of Aurantiochytrium compared to YE. However, subsequent
differences observed may be related to TL accumulation (Figure 3B). The use of MNS
appears to be more conducive to lipid synthesis, as evidenced by higher TL levels observed
in the MNS group compared to the YE group during the oil accumulation stage. While
nitrogen limitation promotes lipid accumulation, excessive nitrogen limitation actually
reduces lipid productivity due to decreased biomass. Therefore, a nitrogen-feeding strategy
was employed to alleviate the inhibitory effects of high nitrogen limits [53]. In this study,
it is possible that some slow-release nitrogen sources present in the mixed nitrogen had
a similar effect as the nitrogen feeding strategy. The DHA yield followed a similar trend
to TL, as indicated in Figure 3C. The DHA content obtained from the MNS group was
higher than that from the control group from 72 h until the end of fermentation. This may
be attributed to the accumulation of TL in cells, as the DHA /TL ratio was similar in both
groups (Table 2).

Figure 4 presents the data for CDW, lipid content, and ARA production between the
MNS and YE conditions. During the first 48 h of fermentation, the CDW obtained from both
nitrogen sources did not exhibit significant differences, indicating a period of rapid cell
growth. However, differences between the two conditions started to emerge after 48 h and
continued until the end of fermentation. After 168 h, the biomass obtained from the MNS
reached 33.29 g/L, whereas the control group exhibited slower growth with a final CDW
of 30.44 g/L (Figure 4A). Generally, in the early stage of fermentation, there is primarily
rapid growth of fungal cells without significant lipid accumulation. The TL content did
not change significantly in the first 48 h under both fermentation conditions, and the lipids
synthesized at this stage mainly consisted of functional membrane lipids. However, after
this period, oils started to accumulate within the cells. As depicted in Figure 4B, the trend of
TL content under both conditions closely resembled that of CDW. This is because ARA-rich
oils are intracellular products that are coupled with biomass. The variation in ARA yield is
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shown in Figure 4C, and it is evident that the MNS group achieved a higher ARA yield
during the oil accumulation stage, despite having a lower ARA /TL ratio compared to the
YE group (Table 3). This may be due to the presence of insoluble substances that hinder the
transfer of oxygen and nutrients. Nevertheless, the final ARA yield was higher than that
obtained from YE.

The results of the novel fermentation using MNS and the traditional fermentation using
YE are summarized in Tables 2 and 3. As shown in Table 2, all fermentation indices obtained
from the novel fermentation were higher compared to those in the traditional fermentation.
Particularly noteworthy is the DHA yield of 17.78 g /L obtained from the novel recycled
medium, which was 12.75% higher than that obtained with the traditional medium. This
demonstrates that the MNS composed of ACRs (63%), MCRs (26%), and YE (20%) had a
positive effect on the accumulation of DHA oil in Aurantiochytrium. Additionally, this MNS
formulation could save 80% of the expensive YE used in traditional fermentation. Similarly,
the application of combined nitrogen sources promoted ARA production in Mortierella,
resulting in a 9.36% increase in CDW, a 14.64% increase in TL, and a 9.8% increase in
ARA yield compared to using YE alone as the nitrogen source (Table 3). Furthermore, this
strategy reduced the use of expensive YE by 60%. These findings highlight the benefits of
using MNS and mixed nitrogen sources for improving the production of DHA and ARA
while also reducing the reliance on expensive YE.

3.5. Nitrogen Source Cost Analysis

The calculation for using MNS and YE as nitrogen sources in the production of DHA
and ARA can be observed in Tables 4 and 5. The enzymes employed in this study, including
alkaline protease, chitinase, and cellulase, are commercially accessible enzymatic products.
The price of alkaline protease is 6.26 USD per kilogram; chitinase costs 82.04 USD per
kilogram; and cellulase is priced at 6.26 USD per kilogram. Additionally, the YE utilized in
this study is also a commercially available product and is priced at 5.70 USD per kilogram.
These prices serve as an estimation of the expenses associated with employing these
enzymatic products and YE during the fermentation process, based on an exchange rate of
1 USD = 7.19 RMB as of January 2024.

Table 4. Cost calculation of conventional fermentation using yeast extract and the novel fermentation
using mixed nitrogen sources in DHA fermentation.

Waste Cellular Residues

YE Alkaline Total Cost DHA DHA Cost

Protease Cellulase Chitinase %) (kg) ($/kg)
Price ($/kg) 5.70 6.26 6.26 82.04
Traditional fermentation (kg) 10 0 0 0 57 15.77 3.61
Novel fermentation (kg) 2 0.6415 0.0901 0.0600 20.90 17.78 1.18
Cost saving (%) 67.31

YE, yeast extract.

Table 5. Cost calculation of conventional fermentation using yeast extract and the novel fermentation
using mixed nitrogen sources in ARA fermentation.

Waste Cellular Residues

YE Alkaline Total Cost ARA ARA Cost

Protease Cellulase Chitinase %) (kg) ($/kg)
Price ($/kg) 5.70 6.26 6.26 82.04
Traditional fermentation (kg) 20 0 0 0 114 5.28 21.59
Novel fermentation (kg) 8 0.8475 0.2431 0.1621 65.73 5.77 11.39
Cost saving (%) 47.24

YE, yeast extract.
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For DHA fermentation, in the case of 1 ton of culture medium, the conventional fer-
mentation method consumes 10 kg of YE with a nitrogen content of 11.74%. This means that
YE provides a total of 1174 g of nitrogen. In the new fermentation method, while maintain-
ing the same total nitrogen conditions, the nitrogen sources consist of ACRs, MCRs, and YE
in a ratio of 53.33:26.67:20. Consequently, the required amount of ACRs in the new culture
medium is 98.29 L, MCRs are 30.02 L, and YE is 2 kg. These values are calculated based
on the TN content of 6.37 g/L, 10.43 g/L, and 11.74%, respectively. The necessary enzyme
amounts for ACRs are 0.49145 kg of alkaline protease. For MCRs, the required enzyme
amounts are as follows: 0.1501 kg of alkaline protease, 0.09006 kg of cellulase, and 0.0600 kg
of chitinase. These values are calculated based on usage percentages of 0.5%, 0.3%, and 0.2%
of 30.02 L MCRs, respectively. It should be noted that, in practical application, it is necessary
to concentrate solutions of ACRs and MCRs according to the dosage. Consequently, the
total amounts of enzymes used are 0.6415 kg of alkaline protease, 0.0901 kg of cellulase, and
0.0600 kg of chitinase. The total cost of enzymes is calculated by multiplying their unit prices
by the quantities required: 0.6415 x 6.26 + 0.0901 x 6.26 + 0.0600 x 82.04 = 9.50 USD. The
total cost of YE is calculated as 2 x 5.70 = 11.40 USD. Therefore, the total cost of enzymes
and YE for the new fermentation method is 9.50 + 11.40 = 20.90 USD. In contrast, under
traditional cultural conditions, the total cost amounts to 57 USD (10 x 5.70 USD for YE).

Therefore, the cost of nitrogen sources for producing 1 kg of DHA is calculated to be
3.61 USD for traditional fermentation and 1.18 USD for novel fermentation. This represents
a reduction of 67.31% in the cost of DHA production using this recycling fermentation
strategy (Table 4).

Similarly, for ARA fermentation, the total cost of the nitrogen source is calculated to be
65.73 USD under the new culture conditions, compared to 114 USD under the traditional
culture conditions. This recycling fermentation strategy results in a 47.24% reduction in the
cost of ARA production (Table 5).

The economic viability of PUFA production by Aurantiochytrium sp. and Mortierella
alpina is greatly influenced by the costs associated with the fermentation of raw materials.
To address this issue, previous studies have explored the use of low-cost resources and
corresponding fermentation strategies, such as soybean meal [54], corn steep liquor [44],
sugarcane bagasse [55], corn, rice, and potatoes [56], cane molasses [40], tofu whey wastew-
ater [12], and alanine mother liquor [57]. According to reports, utilizing food industry
by-products and waste streams as fermentation resources can result in a significant reduc-
tion of 38% in the unit production cost of DHA [58]. In this work, ACRs and MCRs after
enzymic treatment were used as nitrogen sources, partially replacing YE. The combination
of these mixed nitrogen sources with ACRs, MCRs, and YE provided favorable conditions
for cell growth, lipid synthesis, and PUFA production, resulting in a significant decrease
in production costs. In conclusion, considering the importance of substrate cost for the
economical production of PUFAs and the environmental pollution caused by waste cellular
residues from microbial fermentation, this study successfully implemented a recycling
strategy for waste cellular residues in single-cell oil production. This not only lowers costs
but also reduces environmental pollution. Furthermore, this strategy has the potential to
be applied to the fermentation of other biological products.

4. Conclusions

In this study, cellular residues from Aurantiochytrium sp. and Mortierella alpina were
collected after lipid extraction and underwent enzymatic hydrolysis. The resulting ACRs
and MCRs were then recycled as a novel nitrogen source to partially replace yeast extract
in the DHA and ARA fermentation mediums. By using ACRs and MCRs in combination
with a small amount of yeast extract as mixed nitrogen sources, it was observed that PUFA
production increased compared to using 100% yeast extract. Furthermore, this approach led
to substantial cost savings, with the nitrogen source costs for DHA and ARA fermentation
being reduced by 67.31% and 47.24%, respectively. Notably, this waste recycling method not
only contributes to cost savings but also presents a new approach to mitigate environmental
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pollution in PUFA production. By repurposing and reusing cellular residues, this strategy
helps reduce waste and promote sustainability in the production process.
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