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Apple pomace (AP), a major byproduct of apple juice and cider production, poses significant 
environmental challenges owing to its high organic load, rapid biodegradability, and disposal 
difficulties. However, its sustainable valorization can mitigate environmental impacts and contribute 
to circular economic approaches. This study was designed to address the lack of research on the use of 
AP as a substrate for CA production by Yarrowia lipolytica in the existing literature. For this purpose, 
AP was pretreated to increase the concentration of fermentable sugars, and fermentation media 
containing different concentrations of AP were prepared. Y. lipolytica NRRL Y-1094 was selected to 
produce CA through submerged fermentation. The process conditions were optimized using response 
surface methodology (RSM), considering the following factors: concentration of AP (50, 75, and 
100 g/L), initial pH level (4.5, 5.5, and 6.5), and fermentation time (4, 6, and 8 days). The optimum 
conditions were determined to be 100 g/L AP, pH 6.5, and 8 days, resulting in a CA concentration of 
38.96 ± 1.65 g/L. Under these conditions, the concentration of isocitric acid (ICA), a by-product of the 
process, was found to be 10.07 ± 0.07 g/L. Furthermore, a remarkably high biomass of 31.49 ± 1.98 g/L 
was achieved. These results indicated that AP is a viable alternative to commercial sugar sources for CA 
production using Y. lipolytica.

Keywords  Citric acid, Apple pomace, Yarrowia lipolytica, Waste management, Microbial production

Citric acid (CA) is an intermediate formed in the tricarboxylic acid cycle in the metabolism of all aerobic 
organisms1. CA has the largest tonnage of organic acids produced via fermentation. CA has applications in the 
food and beverage, pharmaceutical, detergent, metal, chemical, environmental, and biomedical industries2. CA 
has also been used in nanotechnology and tissue engineering3. The global demand for CA is projected to achieve 
3.29 million tons by 2028. Approximately 70% of the global production is utilized in the food industry, 12% 
in the pharmaceutical industry, and 18% in technical applications4. In the food industry, CA functions as an 
acidulant, preservative, emulsifying agent, flavoring agent, sequestrant for metal ions, and buffering agent. The 
increasing world population and the consumption of beverages and processed foods that require additives have 
led to an increase in the demand for CA. This organic acid is environmentally friendly and cost-effective, owing 
to its biodegradability. It is Generally Recognized as Safe (GRAS) by the Food and Drug Administration (FDA)6.

Almost 99% of the production is carried out via fermentation, which is safer and more environmentally 
friendly than the synthetic methods. Surface, submerged, and solid-state fermentations are commonly used 
techniques for CA production. Submerged fermentation accounts for approximately 80% of the global CA 
production7. Yarrowia lipolytica, a non-conventional yeast belonging to the Hemiascomycetes family and 
classified as GRAS, is one of the most promising producers of CA8. A disadvantage of CA production using Y. 
lipolytica is the formation of isocitric acid (ICA) as a by-product, which reduces the yield of CA and affects its 
crystallization during purification from fermentation medium9. Nonetheless, the ability of Y. lipolytica to utilize 
both hydrophilic and hydrophobic substrates, its high tolerance to metal ions and salt solutions, its ability to 
grow in a wide range of pH (4–8) and temperature (18–32 °C), and its suitability for genetic modification make 
it highly advantageous for production. The yield of CA depends on the carbon, phosphate, and nitrogen content 
of the fermentation medium, oxygen concentration, pH, and temperature10. One of the most critical conditions 
for CA accumulation is the limitation of nitrogen source in the fermentation medium. This is because the 
production begins with the consumption of available nitrogen. Limiting the concentration of elements, such as 
sulfur and phosphorus, in the fermentation medium is also effective for CA production by Y. lipolytica11. There is 
also a need for varying concentrations of thiamine in the fermentation medium depending on the carbon source 
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used for yeast growth. Yeasts grown in glucose-containing media require 3–5 times more thiamine than those 
grown in n-alkanes12.

The valorization of food processing by-products involves the recovery of fine chemicals or the production of 
value-added metabolites through chemical and biotechnological processes13. Apple pomace (AP), accounting 
for about 25–30% of the total processed biomass, is a solid waste generated after grinding and pressing in apple 
processing facilities14. The selection of AP as a substrate is a good strategy because of its 12.3% fermentable 
sugar and 85% carbohydrate content. The water-soluble components of AP include mono-oligosaccharides 
and polysaccharides, whereas its water-insoluble components include pectic substances, hemicellulose, and 
cellulose15. Although AP is commonly used as cattle feed, only a portion can be utilized because of the rapid 
spoilage of wet pomace16. This waste is seldom used as compost or feed component. The apple processing 
industry suffers from the transportation costs required for waste treatment and disposal in landfills to recycle 
AP; therefore, utilizing these wastes in the production of value-added products, such as CA, has been suggested 
to be beneficial17. Although the most common disposal method for AP is to discard it to the soil in a landfill, 
this practice causes severe environmental problems owing to the high-water content (> 70%) and highly 
biodegradable organic load of AP. The former results in a high vulnerability to microbial decomposition, which 
can lead to unpredictable fermentation, whereas the latter presents risks to both the environment and public 
health18.

Studies have shown that yeasts in media containing AP can enable the production of biotechnological products 
such as lignocellulosic enzymes19, microbial lipids20–22, aroma compounds23, biodiesel24, and ethanol25,26. AP is 
the preferred substrate for CA production by Aspergillus niger strains17,27–31. In addition to the advantages of 
production with Y. lipolytica, the design and optimization of an alternative biotechnological approach related 
to AP recycling, which poses an environmental issue, is significant. Moreover, the use of renewable resources 
such as AP will help increase the environmental sustainability of industrial processes. Although Y. lipolytica has 
been extensively studied for CA production, the use of AP as a substrate has not been investigated. Therefore, 
the originality of this study lies in its exploration of AP as a novel substrate for CA production using Y. lipolytica. 
For this objective, the CA concentration was optimized using response surface methodology (RSM) according to 
the following factors: concentration of AP (50, 75, and 100 g/L), initial pH (4.5, 5.5, and 6.5), and fermentation 
time (4, 6, and 8 days).

Materials and methods
Microorganism
Y. lipolytica NRRL Y-1094 was supplied from American Type Culture Collection (ATCC, Manassas, VA, USA). 
The strain was activated in malt extract broth (MEB) (Merck, Darmstadt, Germany).

Apple samples
Golden apples (Malus Communis L.) were purchased from local markets in Erzurum, Türkiye. AP was generated 
under laboratory conditions using a Bosch MES3500 (700  W) centrifugal juice extractor (Bosch GmbH, 
Stuttgart, Germany). The wet AP was dried at 70 °C for 24–48 h and then ground into a powder (Fig. 1).

Pretreatment of AP
Different concentrations of AP (50, 75, and 100 g/L) were pre-treated with 1% H₂SO₄ and autoclaved at 121 °C 
for 15 min to enhance fermentable sugar concentration. After autoclaving, the hot liquids were filtered using 
a vacuum pump, measured, and combined with other components of the medium to prepare fermentation 
medium.

Determination of reducing sugar concentration
The dinitrosalicylic acid (DNS) method was used to determine the reducing sugar concentration in the samples 
after pretreatment and fermentation32.

Fermentation medium
The medium used for CA production contained the following components (in g/L): AP (50, 75 or 100), yeast 
extract (0.5), KH2PO4 (1), MgSO4·7 H2O (1.5), ZnSO4·7 H2O (0.02), CaCl2 (0.15), MnSO4·7 H2O (0.06), CuSO4 
(0.02), FeCl20.6 H2O (0.15), (NH4)2SO4 (1), and thiamine (0.001). Thiamine was added to the autoclaved medium 
using a 0.22 μm sterile filter prior to inoculations. The pH of the medium was adjusted using 10 N NaOH.

Fermentation conditions
Figure 2 shows a flowchart of CA production from AP. Shake-flask fermentations were carried out using 250 
mL Erlenmeyer flasks containing 50 mL of fermentation medium. The pre-cultures were incubated in MEB on 
a rotary shaker at 180 rpm and 28 °C for 24 h. The medium was sterilized at 121 °C for 15 min and inoculated 
with 2% exponential pre-culture. The flasks were incubated at 28 °C and 180 rpm in a rotary shaker for the time 
specified in the experimental design (JSSI-100, JS Research, Gongju, Korea). To prevent a drop in pH from 
negatively affecting CA production, the pH levels were adjusted to 4.5–6.5 using 10 N NaOH (for 6 and 8 days 
of fermentation).

Determination of biomass concentration
After fermentation stage, samples were centrifuged at 13000 x g for 15 min. The remaining cells were washed 
once with distilled water and dried at 80 °C for 18–24 h. Biomass concentration (g/L) was determined as the dry 
cell weight per liter of the liquid medium33.
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Determination of CA and ICA concentrations
For this purpose, modifications were made to the method proposed by Kamzolova et al.34. The supernatant 
obtained after centrifugation was filtered through a syringe filter (0.45 μm), and the filtrate was diluted with an 
equal volume of 8% HClO4. The samples were vortexed for approximately 1 min. The concentrations of CA and 
ICA in the prepared samples were determined using high performance liquid chromatography (Agilent 1100, 
USA), with calibration curves prepared using external standards. The measurements were performed at 210 nm. 
The column temperature was 40 °C and the mobile phase flow rate was 1 mL/min. The mobile phase was 0.01 M 
H2SO4, and an Inertsil ODS-3 (4.6 × 250 mm) column was used for separation.

Process optimization
The effects of the factors on CA production were investigated using response surface methodology (RSM). A 
central composite design (α = 1) was used to optimize CA production. The levels were − 1, 0, and + 1, with 0 
representing the center point (Table 1).

These levels were selected based on the challenges encountered in the preliminary experiments. In the 
samples pretreated with more than 100 g/L of AP, the vacuum filtration efficiency decreased as the concentration 
increased, likely due to the higher viscosity of the pectin-rich fibrous materials. On the other hand, AP contains 
organic acids that buffer the solution. Its high fiber and pectin contents contribute carboxyl groups, which remain 
negatively charged at slightly acidic to neutral pH levels. This buffering capacity hindered further pH adjustment 
with NaOH beyond pH 6.5. Despite these constraints, an experimental plan was developed to maximize the 
feasibility levels.

Fig. 1.  Preparation of AP powder (a) Golden apples, (b) wet pomace, (c) dry pomace, and (d) ground form of 
dry pomace.
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The significance of the linear, interactive, and quadratic terms was evaluated using an analysis of variance 
(ANOVA). The overall significance of the regression model was analyzed using the F-test. The adequacy of the 
predicted model was examined based on the insignificance of the lack of fit error (P > 0.05) and the significance 
of the regression F-test (P < 0.05). To further assess the model adequacy, the regression coefficient (R2) and 
adjusted regression coefficient (R² adj) were also considered. Three-dimensional (3D) response surface plots 
were generated using Minitab Software and were used to identify the optimal conditions as well as the effects of 
process parameters on CA production.

The process yields were calculated using the following formula:

•	 Biomass yield: YX/sugar(consumed) (g/g).
•	 CA yield based on sugar: YCA/sugar(consumed) (g/g).
•	 CA yield based on biomass: YCA/X (g/g).
•	 Volumetric productivity: ProdV:CA/t (g/L h).
•	 Specific product formation rate (qCA) = CA/(X.t) (g/ g h).
•	 Bioprocess selectivity: SCA (%) = (CA / (CA + ICA)) x100.

Results and discussion
Pretreatment of AP
After the wet pomace was dried and powdered, the samples were treated with 1% H2SO4 and then subjected to 
heat treatment. The total reducing sugar content of samples containing 50, 75, and 100 g/L AP after pretreatment 
were determined to be 37.64 ± 0.52 g/L, 54.05 ± 0.34 g/L, and 70.55 ± 0.55 g/L, respectively. In another study, 
as a result of the same pretreatment, the reducing sugar concentrations obtained from AP were found to 

Factor levels

Factors Independent variables − 1 0 + 1

X1 AP (g/L) 50 75 100

X2 pH 4.5 5.5 6.5

X3 Fermentation time (days) 4 6 8

Table 1.  Factors and levels for the optimization of CA production.

 

Fig. 2.  Flow chart of CA production from AP.
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be 17.21 ± 2.6, 22.19 ± 0.4, and 38.02 ± 4.8  g/L when the biomass loading was 5, 10, and 15%, respectively35. 
These results indicate that the initial AP concentration and variety of apples influence the fermentable sugar 
concentration after pre-treatment, which in turn affects CA production.

Optimization of CA production
The experimental design results are presented in Table 2. The highest concentrations of CA, ICA, and biomass 
were obtained under the conditions applied during the seventh run. Under these conditions, the fermentation 
medium contained 100  g/L AP, with an initial pH of 6.5, and a fermentation time of 8 days. Consequently, 
38.96 ± 1.65  g/L of CA, 10.07 ± 0.07  g/L of ICA, and 31.49 ± 1.98  g/L of biomass were obtained. The lowest 
concentrations of CA, ICA, and biomass, measured at 10.34 ± 0.38  g/L, 6.19 ± 0.17  g/L, and 2.46 ± 0.08  g/L 
respectively, were achieved with a fermentation medium containing 50 g/L of AP, adjusted to an initial pH of 
4.5, after 4 days. These outcomes closely correlate with the presence of fermentable sugars in the medium and 
fermentation time.

On the other hand, reducing sugar measurements were performed on the samples collected at the end 
of each fermentation time specified in the experimental design, including those subjected to 6 and 8 days of 
fermentation, and it was determined that all reducing sugars in the fermentation medium were consumed by the 
producer strain within 4 days (data not shown).

The adequacy of the obtained model and ANOVA results are presented in Table  3. The coefficient of 
determination (R2), which indicates the goodness of fit between the experimental data and predicted values, was 
0.978. This value indicates that 97.8% of the variation in the experimental data can be explained by the response 
surface model. The F-test for regression was significant (P < 0.05), and the lack of fit was determined to be 49.02 

Source DF Seq SS Adj SS Adj MS F P

Regression 9 1301.04 1301.04 144.560 69.65 0.000

Linear 3 974.37 974.37 324.789 156.49 0.000

Square 3 97.94 97.94 32.648 15.73 0.000

Interaction 3 228.73 228.73 76.243 36.74 0.000

Residual error 10 20.75 20.75 2.075

Lack of fit 5 15.91 15.91 3.183 3.29 0.109

Pure error 5 4.84 4.84 0.968

Total 19 1321.79 1321.79

Table 3.  ANOVA results for CA production. DF: degrees of freedom; SS: sequential sum of squares; Adj SS: 
adjusted sum of squares; Adj MS: adjusted mean squares (R2

= 0.97).

 

Run AP (g/L) pH Time (days) X (g/L) CA (g/L) ICA (g/L)

1 75 5.5 6 15.58 ± 0.41 19.65 ± 0.02 4.17 ± 0.17

2 75 5.5 6 16.35 ± 0.10 21.55 ± 0.63 4.37 ± 0.11

3 75 5.5 6 16.37 ± 0.57 19.87 ± 0.33 4.69 ± 0.20

4 75 5.5 6 16.56 ± 0.25 19.94 ± 0.06 4.63 ± 0.13

5 75 5.5 4 13.26 ± 0.00 6.68 ± 0.49 2.56 ± 0.12

6 100 4.5 8 29.71 ± 0.21 29.34 ± 0.68 7.64 ± 0.20

7 100 6.5 8 31.49 ± 1.98 38.96 ± 1.65 10.07 ± 0.07

8 50 5.5 6 11.29 ± 0.44 9.19 ± 3.92 2.97 ± 0.65

9 75 5.5 6 16.32 ± 0.40 20.11 ± 0.13 4.61 ± 0.05

10 100 5.5 6 30.59 ± 1.21 21.04 ± 1.55 6.94 ± 0.51

11 50 4.5 8 16.94 ± 2.38 11.13 ± 1.07 3.80 ± 0.37

12 75 6.5 6 16.81 ± 0.59 23.75 ± 0.51 5.60 ± 0.09

13 50 6.5 8 13.82 ± 0.02 13.62 ± 0.11 3.70 ± 0.31

14 75 4.5 6 16.47 ± 0.64 18.60 ± 1.45 4.32 ± 0.06

15 50 4.5 4 10.34 ± 0.38 6.19 ± 0.17 2.46 ± 0.08

16 75 5.5 6 15.97 ± 0.09 18.48 ± 0.08 4.48 ± 0.02

17 75 5.5 8 16.35 ± 0.12 23.99 ± 0.48 5.39 ± 0.02

18 100 4.5 4 15.08 ± 0.56 6.93 ± 1.24 3.19 ± 0.04

19 100 6.5 4 17.69 ± 0.72 10.75 ± 0.22 5.17 ± 0.14

20 50 6.5 4 12.26 ± 0.81 9.83 ± 0.32 3.17 ± 0.02

Table 2.  Results of biomass, CA, and ICA concentrations based on experimental design. AP: apple pomace, X: 
biomass, CA: citric acid, ICA: isocitric acid.
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(P > 0.05). As a result, the effects of these factors on CA production by Y. lipolytica NRRL Y-1094 can be well 
explained by the model.

The estimated regression coefficients for the terms are listed in Table 4. When the table was examined, a 
positive linear effect was observed for all factors on the response (CA concentration) (P < 0.05). Accordingly, as 
the levels of these factors increased, CA concentration also increased. The P value is used to assess the statistical 
significance of each coefficient in the model. A small P value indicates that the corresponding variable has a 
significant effect on the response.

Fermentation time had the greatest effect on CA production, with the highest linear coefficient (7.666). 
The fermentation time was followed by the concentration of AP (5.706) and initial pH of the fermentation 
medium (2.472). However, it is also seen that the initial pH value has a positive, and the concentration of AP and 
fermentation time have a negative quadratic effect on the response (P < 0.05). Table 4 shows that the quadratic 
effects of each independent variable used in the model were significant at P < 0.05. The negative quadratic effect 
states that increasing the levels of the independent variables will increase CA production to a certain level, but 
production will decrease above a certain level. When the interactions between the independent variables were 
examined, the interaction between the AP concentration and fermentation time was significant (P < 0.05). No 
other interactions were found to have a statistically significant effect (P > 0.05).

The quadratic regression equation affecting CA production was determined using Minitab software. The 
following equation can be used to predict the response at specified levels of each factor, where the levels are 
provided in their original units:

	

CA = 61.9 + 0.199 AP (g/L) − 32.01 pH + 3.72 Time (days) − 0.00533 AP (g/L) ∗ AP (g/L)
+ 2.727 pH ∗ pH− 0.778 Time (days) ∗ Time (days) + 0.0366 AP (g/L) ∗ pH
+ 0.1047 AP (g/L) ∗ Time (days) + 0.291 pH ∗ Time (days)

The optimal conditions for citric acid production were determined to be 100  g/L AP in the fermentation 
medium, initial pH of 6.5, and fermentation time of 8 days. Under these conditions, the model estimated that 
a maximum of 38.20 g/L CA could be achieved. A validation experiment was conducted under the optimal 
conditions, yielding 40.53 g/L CA. This concentration was very close to the predicted value of 38.20 g/L.

Figure 3 illustrates the interaction between the two variables while keeping the third variable constant, as 
shown in the 3D surface plots. The graphs indicate that CA production was maximized under conditions in 
which the tested factors had upper limits. CA is produced during the stationary phase of yeast-based production, 
depending on the growth conditions. Fermentable sugars in all samples were depleted by day 4 (data not shown); 
however, as illustrated in Fig. 3, fermentation progressed until day 8, at which point the highest CA concentration 
was achieved.

Process yields
After applying the experimental design and determining the consumption of all reducing sugars at all fermentation 
times, the various yield values related to CA production were calculated (Table 5). The highest YCA/sugar and 
YCA/t yields were obtained under the conditions in the seventh row where the maximum CA concentration was 
achieved. Under these conditions, the CA/ICA ratio, which is particularly important in the purification stage, 
and the SCA were determined to be 3.87 and 79.46%, respectively.

Hang and Woodams27 reported an 88% yield, calculated based on the sugar consumed by A. niger NRRL 
567 in a medium containing AP and 4% (v/v) methanol after 5 days of fermentation. They also determined that 
yields varied between 77 and 88% via sugar consumption, depending on the apple type28. In another study, using 
a bioreactor for solid-state fermentation, the process was optimized using the Taguchi statistical method, and 
124 g of CA was obtained from 1 kg of dry AP using A. niger BC130. Kumar et al.15 determined that the CA yield 
was 4.6 g/100 g pomace after 5 days in the presence of 4% (v/v) methanol using A. niger van Tieghem MTCC 
281. In another study, rice husks were added to the fermentation medium, including AP, and the production 
was optimized using RSM for factors such as moisture content, methanol, and ethanol concentration. In the first 
set of experiments, moisture content and ethanol concentration had a negative linear effect on CA production, 
whereas in the second design, moisture content and methanol concentration had a positive linear effect. 

Term Coefficient SE coefficient T P

Constant 19.339 0.495 39.05 0.000

AP 5.706 0.456 12.53 0.000

pH 2.472 0.456 5.43 0.000

Time 7.666 0.456 16.83 0.000

AP x AP -3.333 0.869 -3.84 0.003

pH x pH 2.727 0.869 3.14 0.011

Time x Time -3.113 0.869 -3.58 0.005

AP x pH 0.914 0.509 1.79 0.103

AP x Time 5.236 0.509 10.28 0.000

pH x Time 0.581 0.509 1.14 0.280

Table 4.  Estimated regression coefficients for CA production. SE coefficient: standard error of the coefficient.
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Run CA/ICA YX/sugar (g/g) YCA/sugar (g/g) YCA/X (g/g)
ProdV
(g/L h)

qCA
(g/ g h) SCA (%)

1 4.71 0.29 0.36 1.26 0.14 0.009 82.49

2 4.93 0.30 0.40 1.32 0.15 0.009 83.14

3 4.24 0.30 0.37 1.21 0.14 0.008 80.90

4 4.31 0.31 0.37 1.20 0.14 0.008 81.16

5 2.61 0.25 0.12 0.50 0.07 0.005 72.29

6 3.84 0.42 0.42 0.99 0.15 0.005 79.34

7 3.87 0.45 0.55 1.24 0.20 0.006 79.46

8 3.09 0.30 0.24 0.81 0.06 0.006 75.58

9 4.36 0.30 0.37 1.23 0.14 0.009 81.35

10 3.03 0.43 0.30 0.69 0.15 0.005 75.20

11 2.93 0.45 0.30 0.66 0.06 0.003 74.55

12 4.24 0.31 0.44 1.41 0.16 0.010 80.92

13 3.68 0.37 0.36 0.99 0.07 0.005 78.64

14 4.31 0.30 0.34 1.13 0.13 0.008 81.15

15 2.52 0.27 0.16 0.60 0.06 0.006 71.56

16 4.13 0.30 0.34 1.16 0.13 0.008 80.49

17 4.45 0.30 0.44 1.47 0.12 0.008 81.65

18 2.17 0.21 0.10 0.46 0.07 0.005 68.48

19 2.08 0.25 0.15 0.61 0.11 0.006 67.53

20 3.10 0.33 0.26 0.80 0.10 0.008 75.62

Table 5.  Results of various CA production yields. Y: yield, CA: citric acid, ICA: isocitric acid, X: biomass.

 

Fig. 3.  Surface Plot of CA production.
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Consequently, the highest CA concentrations obtained with A. niger NRRL 567 were 342.41 g/kg and 248.42 g/
kg of dry substrate, respectively17. In a study in which CA production was carried out with ultrafiltration sludge 
from AP using A. niger NRRL 567, the production was optimized according to the total suspended solids 
and ethanol/methanol concentrations using RSM. Under optimal conditions, the maximum production was 
44.9 g/100 g of dry substrate31.

Tran et al.29 reported that pineapple waste outperformed AP, wheat bran, and rice bran in CA production 
by Aspergillus foetidus ACM 3996. Sekoai et al.36 found optimal conditions as 33.81 g/L AP, 42.5 g/L corn steep 
liquor, 2.05% (v/v) methanol, methanol addition at 33 h, pH 4.54, and a temperature of 32.88 °C and a maximum 
citric acid yield of 68.26 g/L was achieved. Apart from these studies, Dienye et al.37 investigated the potential of 
Chrysophyllum albidum (African star apple) peels as a substrate for CA production. They identified the optimal 
fermentation conditions as pH 5.5, an incubation period of 8 days, a methanol concentration of 2% (v/v), and 
the presence of trace elements, such as copper and iron. Although our study did not include corn steep liquor 
supplementation or methanol addition, it is evident that methanol had a significant influence on CA yield. This 
suggests that future studies could explore methanol or ethanol co-substrates to enhance CA production in AP-
based media.

Our findings suggest that Y. lipolytica, which naturally ensures lower CA concentrations than A. niger, 
has significant biotechnological potential, particularly when alternative substrates such as AP are considered. 
Although A. niger studies have yielded higher CA titers, they often rely on strict pH regulation, additional 
methanol supplementation, and extensive medium modifications, whereas our approach focuses on AP 
composition with minimal modifications. Similar to our study, Yalcin et al.38 reported the production of 32.09 g/L 
CA after 194 h using Y. lipolytica 57 domestic strain in a fermentation medium containing white grape must. It 
was also reported that the concentrations of glucose and fructose in the grape must were measured at 78.30 g/L 
and 85.16 g/L, respectively, at the start of the experiments. Interestingly, our study demonstrated that similar CA 
concentrations could be obtained using 100 g/L AP, despite its lower reducing sugar content, highlighting the 
substrate efficiency of AP for Y. lipolytica.

Wang et al.40 highlighted that evaluating the technical feasibility and economic viability of citric acid 
production on an industrial scale is challenging, as it is influenced by factors such as feedstock selection, process 
conditions, and production techniques. They also indicated that the costs of raw material supply, by-product 
credits, fermenter expenses, wastewater treatment, and electricity were key factors affecting the minimum selling 
price of CA. Costa et al.39 indicated the integration of apple waste biorefineries with existing fruit processing 
facilities to reduce transportation costs and logistical challenges, thereby enhancing profitability indicators. 
Pretreatment techniques are also important from the economic point of production, which involves the use of 
alkalis, acids, and enzymes, or biological, mechanical, and hydrothermal approaches. However, each of these 
methods has limitations. On the other hand, in industrial biotechnology, substrate costs account for 40–60% of 
the total costs. Using inexpensive and abundantly available waste, such as AP, instead of expensive raw materials, 
such as commercial glucose, significantly reduces the production costs. This drives interest in using low-cost 
lignocellulosic biomass as feedstock, which is cheaper than first-generation sources and avoids competition with 
food and feed supplies, making the process more environmentally sustainable40. From this perspective, it is 
evident that AP, which was selected as a substrate in this study, will make CA production more economical. 
However, further studies are needed to enhance the effectiveness of the pretreatments applied and improve the 
process yield.

Conclusion
This study is the first to evaluate CA production by Y. lipolytica using AP, thereby contributing to both the 
biotechnological valorization of AP and development of a cost-effective, sustainable alternative to traditional 
fermentation substrates. This study also provides crucial insights into the feasibility of using AP as a renewable 
raw material, reducing the dependency on refined sugar sources, and promoting circular economy principles in 
bioprocessing. As a final point, the optimum conditions were determined to be 100 g/L AP, pH 6.5, and 8 days, 
and a maximum of 38.96 ± 1.65 g/L CA was obtained under these conditions. The results obtained are notable 
for the production conducted in flasks. Therefore, this study may encourage future research on CA production 
by yeast using AP-based fermentation medium.

AP-based high-scale bioproduction requires careful consideration of transportation, drying, and pretreatment 
costs, which could impact overall profitability. These preliminary results suggest that optimizing bioreactor 
conditions and streamlining pretreatment processes can improve efficiency and cost-effectiveness. Future 
research could focus on minimizing pretreatment energy input or exploring enzymatic hydrolysis methods 
that might reduce both costs and environmental impacts. Finally, process optimization, bioreactor scaling, 
and techno-economic feasibility should be investigated to further enhance the viability of AP-based media for 
industrial CA production. Additionally, the high biomass concentration obtained should be considered as a 
potential resource for single-cell oil or protein production.

Data availability
Data is provided within the manuscript.
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