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Conjugated linoleic acid (CLA) and eicosapentaenoic acid (EPA) have been recognized for their physiological functions and
potential as dietary supplements. This study is aimed at investigating the production and enhancing the efficiency of these two
acids from Lactiplantibacillus plantarum using sesame waste as a natural, cost-effective, and readily available culture medium.
Response surface methodology (RSM) was employed to optimize the production of CLA and EPA in a solid bed system using
sesame waste paste as the fermentation substrate. The main processing parameters, including three humidity levels (60%, 70%,
and 80%), three inoculum percentages (2%, 4%, and 6% v/v), and three fermentation temperatures (30°C, 37°C, and 44°C),
were optimized. An experiment was conducted to validate the determined conditions, and a strong correlation was observed
between the experimental results and the predictions made by the software. The optimal conditions for CLA and EPA
production were determined to be an inoculation level of 6% with 80% humidity and at 37°C. Gas chromatography analysis of
the fermented sesame waste medium revealed that the highest yields of CLAc9t11 and CLAt10c12, as well as eicosapentaenoic
acid, were obtained in the medium fermented with 80% humidity and 6% inoculation at 37°C. The respective percentages of
these fatty acids in the total fatty acid composition were found to be 0.351% (w/v) and 0.1% (w/v) for CLA and 0.139% (w/v)
for EPA under the optimized conditions. These findings contribute to the understanding of CLA and EPA production and
highlight the potential of L. plantarum and sesame waste as a fermentation substrate for their efficient production.

1. Introduction

In recent years, there has been a growing interest in the pro-
duction of healthy and safe food products, with consumers
seeking natural foods that can improve their health through
active ingredients. Fats, being a major component of foods,
have raised concerns due to their association with cardiovas-

cular diseases, diabetes, and obesity. However, certain types
of fats, such as conjugated linoleic acid (CLA) and eicosa-
pentaenoic acid (EPA), have demonstrated beneficial physi-
ological effects on humans’ health [1].

CLA is a naturally occurring unsaturated trans-fatty acid
found in the meat and milk fat of sheep, goats, and deer [2,
3]. It is categorized as nontrans according to the FDA and is
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considered safe (GRAS) [4]. EPA, on the other hand, is a
highly unsaturated omega-3 fatty acid found in cold-water
fish and certain seaweed [5]. A group of bacteria like Gam-
maproteobacteria and Shewanella and Bifidobacterium lactis
can biosynthesize this fatty acid [6, 7]. It has been associated
with beneficial effects on the cardiovascular system, and EPA
supplements have shown the potential to reduce triglyceride
levels in individuals with high blood triglyceride levels [8, 9].

CLA, specifically the isomers CLAc9t11 and CLAt10c12,
has been found to possess anticancer activity, while CLAc12t10
and CLAt9c11 have been associated with reducing body fat,
losing weight, and increased energy consumption [10–12].
However, the chemical methods traditionally used to produce
CLA often lead to the unexpected production of different iso-
mers. Therefore, there is a need to identify a healthy, safe,
and selective process for CLA production [13, 14].

Microbial production of CLA offers an alternative
approach, where microorganisms can biocatalyze linoleic
acid to produce CLA or be used to ferment foods to produce
CLA. Lactiplantibacillus plantarum is a genus of lactic acid
bacteria (LAB) known for its adaptability and widespread
presence in various fermented foods [15–19]. L. plantarum
has been shown to have health benefits, including reducing
gastrointestinal infections, inflammatory bowel diseases,
and exhibiting immune-stimulating effects [20, 21].

The development of economic technologies to increase
the nutritional value and bioactive compounds of natural
has attracted considerable attention in recent years [22].
Every year, large quantities of residues are produced in the
agricultural and food industries; if recycling of this waste is
well managed, it could have many economic and environ-
mental benefits [23]. In addition, the use of metabolites
can generate new sources. The waste of food oil factories
is a problem in developed countries; it is of particular
importance to researchers due to environmental issues
[24] as the seeds of oil products are a significant share the
production. So, it is considered as a source. Moreover, for
proper evaluation, waste recycling can be important in
terms of economic, environmental, social, and ecological
aspects. Therefore, conversion of biomass into high value-
added compounds can be very beneficial [23].

Sesame seeds contain high amount of oil (42-56%) and
protein (20-25%) and contain high levels of calcium, magne-
sium, and minerals. Major fatty acids in sesame seeds
include linoleic acid (40.5-47.9%), oleic acid (35.9-42.3%),
palmitic acid (7.9-12%), and stearic acid [16, 18]. Sesame
seeds are mechanically pressed to extract oil by cold pressing
or chemically processed with organic solvents such as hex-
ane. The cold press method leads to products free of organic
solvents [25]. After the production of oil from oil seeds, valu-
able by-products (cakes/meal) rich in proteins, few lipids,
carbohydrates, and bioactive compounds may be obtained
[26]. In addition, they could be considered as a rich source
of protein, as they contain amino acids, oligosaccharides,
vitamins B and E, and minerals [27]. Also, they contain iso-
flavones that can promote the growth of microorganisms.
So, during the past years, chicken skin and soybean meal
have been used as rich sources to produce CLA [7, 28]. Ses-
ame waste is considered an economical source rich in linoleic

acid, making it a promising substrate for CLA production
[7]. However, to the best of our knowledge, no study has
investigated the potential application of sesame waste for
CLA production using L. plantarum.

One of the oldest processes applied by humans is the
solid-state fermentation (SSF) used for food [4]. Solid
fermentation is a biological process with a high potential
for bioenhancing the conversion of plant wastes into many
valuable compounds [22]. SSF has many advantages, includ-
ing cost-effectiveness, less volume of equipment, high effi-
ciency production per unit volume and easier aerobic
process. In addition, there is an increase of oxygen diffusion
rate in wet solids [29, 30]. The selection of bacteria capable
of synthesizing CLA or CLNA under in vitro condition is
the first step required to evaluate the possible effect of their
production during food fermentation or their impact on
the surface of the intestine. Conversion and isomer patterns
depend on various factors [30]. In this regard, Lactiplantiba-
cillus plantarum have attracted much attention. There is also
some evidence showing that the ability to convert linoleic
acid (LA) to CLA is strain specific [31] and that the conver-
sion rates vary, depending on growth conditions and matrix
[6]. Few studies have been, however, performed on the pro-
duction of fatty acids with the help of a group of bacteria
such as Lactiplantibacillus plantarum and Bifidobacterium
species, which are mainly used as probiotics [32]. Most
strains of Lactiplantibacillus plantarum are more efficient
at synthesizing CLA and conjugated linolenic acid (CLNA)
[33]. Not only they have the potential to accelerate the
production or recovery of CLA and CLNA from LA and
A-linolenic acid (ALA) [6, 30, 33], but also they have the
ability to grow in sesame waste and used carbohydrates by
modifying the substrate to increase its nutritional and func-
tional properties [34, 35]. By producing the enzyme, A-
galactosidase or B-glucosidase, and also hydrolyzing the
proteins in it, lactic acid can be produced with a decrease
in pH. Producing functional foods enriched in conjugated
fatty acids by using them as starter or adjunct culture can
be considered a promising topic for further development
and study [6].

Innovation has always been the key to success. We
should make the optimal use to ensure future progress and
success. Given the rate of obesity and mortality due to car-
diovascular diseases, diabetes, and cancer, especially in the
young generation [8], and considering the potential health
benefits of CLA and EPA, as well as their applications in
medicine, pharmacy, and the food industry, understanding
their production and optimization is crucial [13, 14]. Sesame
waste can be considered as an excellent, natural, low-cost,
and cost-effective substitute serving as a substrate for use
in SSF for the production of fatty acids [14]. By identifying
and optimizing biological reactions, it becomes possible to
develop safe and efficient processes for producing these bio-
active fatty acids [16, 17]. In this study, to optimize and
maximize the production of CLA, a response surface model
(RSM) design was employed using a solid bed system of
sesame waste. The solid fermentation substrate used a
homogeneous sesame paste with varying degrees of humid-
ity, ranging from 60% to 80%. The factors considered for
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optimization were the amount of inoculation (2%, 4%, and
6%), humidity (60%, 70%, and 80%), and temperature
(30°C, 37°C, and 40°C). The maximum production of CLA
was also optimized. The per capita consumption of fish
and seafood in Iran is relatively low compared to developed
countries, making the investigation of EPA and CLA pro-
duction and its potential application in the country particu-
larly relevant [36]. The aim of this study was, therefore, to
produce beneficial fatty acids (CLA and EPA) by Lactiplan-
tibacillus plantarum on a sesame waste-based substrate as a
natural, rich, suitable, inexpensive, and available environ-
ment to return part of the waste of food oil factories in
the production cycle.

2. Materials and Methods

2.1. Preparation of Materials. In this study, cold-pressed ses-
ame waste was obtained from Tehran Afsaneh Oil Com-
pany. Lactiplantibacillus plantarum (DSMZ 20174) was
obtained from the Microbial Bank of the Faculty of Agricul-
ture, Tehran University. MRS media were sourced from
Canadian Quelab Company (Canada), and chemicals were
obtained from Merck (Darmstadt, Germany).

2.2. Preparation of Microbial Culture

2.2.1. Bacterial Enumeration. In this process, the bacterium
was linearly cultured twice, each for 72 h, in an MRS agar
medium containing 0.5 gram per liter L-cysteine, and the
plate was sealed with paraffin and incubated at 37° C for 72
hours. To enrich bacteria, they were first put in anMRS broth
medium and incubated three times, each for 24h, at 37°C.
The cells were collected at the end of the growth phase in
the MRS broth through the centrifuge and rinsed twice to
obtain 1 5 ∗ 107 in 0.5 McFarland standard; then, the turbid-
ity of the bacterial suspension was adjusted to the 0.5 McFar-
land standard (1 5 ∗ 108). The inoculation size was optimized
to support solid bed fermentation; thus, dilutions of 2, 4, and
6% were made. To draw the growth kinetics, curve was made
by the first-degree equation (rx = dCx/dt = μCx −KdCx)
[34]. After bacteria transfer to the broth media, the agar rate
absorption at 0, 1, 2, 3, 4, 12, 18, 24, 30, 36, 48, 60, and 72 h
was measured to draw the curve (Figure 1).

2.2.2. Preparation of the Fermentation Medium. To culture
Lactiplantibacillus plantarum in the fermentation medium,
the sesame waste was soaked in water for 12 hours. Subse-
quently, the humidity of the medium was adjusted within
the range of 60-80% using sterile distilled water. The mixture
was then homogenized thoroughly. It is important to note
that the moisture content of the sesame waste after steriliza-
tion served as the baseline humidity. Next, 100 g of the
resulting paste was transferred into an Erlenmeyer flask
and sterilized in an autoclave at 121°C for 15 minutes. After
sterilization, the medium was cooled to 35°C in preparation
for fermentation [7].

2.2.3. Inoculation of Bacteria into the Culture Medium. In
order to adjust the density of the inoculated microbial sus-
pension, the bacteria were harvested from the logarithmic

phase and transferred to a tube containing the sterile physi-
ological serum. The resulting turbidity was compared with
the standard McFarland standard solution [37].

To confirm the turbidity of the microbial suspension
prepared according to the half-McFarland standard, 3 ×
10−7, 6 × 10−7, and 9 × 107% inoculates were cultured in
plates containing the sterile culture medium of sesame waste
and then incubated in the incubators at 30, 37, and 44°C for
48 hours [37].

2.3. CLA Production Optimization. To optimize and maxi-
mize the production of CLA, a response surface model
(RSM) design was employed using a solid bed system of
sesame waste. The solid fermentation substrate used was a
homogeneous sesame paste with varying degrees of humid-
ity, ranging from 60% to 80%. The factors considered for
optimization were the amount of inoculation (2%, 4%, and
6%), humidity (60%, 70%, and 80%), and temperature
(30°C, 37°C, and 40°C) [35]. The pH changes of the samples
after inoculation time were recorded and reported as
responses, after 48 h incubation, rapid spectrophotometry
based on UV absorption of their growth ability producing
CLA according to [5], response 2. The Design-Expert soft-
ware was utilized to analyze the data and create a mathemat-
ical model (Table 1). The analysis of variance and regression
model confirmed the statistical acceptability of the produc-
tion model.

2.3.1. Evaluation of the Nutritive and Inhibitory Capacity of
the Culture Medium. The nutritive capacity of the culture
medium was assessed by diluting the initial suspension with
normal saline or distilled water at a ratio of 1 : 100. Subse-
quently, 0.01mL of the diluted suspension was inoculated
into the culture medium. To analyze the inhibition capacity
of the culture medium, the initial suspension was diluted
with normal saline or sterile distilled water at a ratio of
1 : 10. Then, 0.01mL of the diluted suspension was inocu-
lated into the culture medium [38].

2.4. Investigation of the pH of the Culture Medium after
Fermentation. The pH changes of the sesame waste during
a 48-hour fermentation period were evaluated using a pH
meter (Metrohm, model 827, Switzerland). The pH meter
was used to measure the pH of the culture medium at differ-
ent time points during the fermentation process (Table 1).

2.5. Spectrophotometric Analysis of CLA in the Supernatant.
To assess the production of CLA by Lactiplantibacillus plan-
tarum, the method proposed by Raimondi et al. [31] was
employed. A fast spectrophotometer (WPA, model, UK)
device from the Health Management Company was used
for this purpose. The culture sample was centrifuged at
13,000 rpm for 5 minutes, and 1mL of the supernatant was
mixed with 2mL of isopropanol. To the sample, 1.5mL of
hexane was added, followed by thorough mixing and incu-
bation for 5 minutes. The hexane layer was collected, and
the absorbance value was recorded at 233nm using the spec-
trophotometer. This analysis allowed for the screening of
CLA production by L. plantarum (Table 1).
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2.6. Determination of Fatty Acid Profile by Gas
Chromatography (GC). To extract and separate the oil, 5 g
of the sample was mixed with 100mL of a chloroform-
methanol mixture in a volume ratio of 2 : 1. The mixture
was then centrifuged for 3 minutes at 3000 rpm using a
SIGMA 30K-3 centrifuge (model company, UK). After cen-
trifugation, the solution was mixed twice with filter paper
and filtered. Distilled water (5mL) was added twice to the
filtrate and vigorously stirred. The mixture was then centri-
fuged again at 5000 rpm for 5 minutes, resulting in the for-
mation of two layers. The upper layer, containing water
and methanol, was discarded, while the bottom layer, con-
taining chloroform and fatty acids, was concentrated using
a rotary evaporator (IKA ∗ RV10, Germany).

Further analysis of the extracted fat was conducted using
gas chromatography. The extracted fat was first methylated
by adding 5.0mL of 1N methanol sodium to the fat extract

and vortexing for 1 minute. The mixture was then kept at
70°C for 15 minutes. Afterward, 1mL of boron trifluoride
containing 14% methanol was added, and the mixture was
gently shaken at room temperature for 10 minutes. Follow-
ing this, 2mL of hexane was added, and the mixture was
vortexed for 1 minute and centrifuged at a high speed. The
supernatant was removed, and the pellets were washed with
5mL of distilled water and centrifuged at 11,000 rpm. Addi-
tional water rinsing was performed, and the organic phase
was separated. Anhydrous sodium sulfate was added to the
organic phase and filtered through filter paper. Two to four
microliters of the fatty acid methyl ester solution were
injected into the liquid gas chromatography injection site.
A capillary column, Dikmacap-2330, with a length of 60
meters and an inner diameter of 25mm, was used. The
injection site temperature was set at 250°C, and the detector
temperature was set at 260°C. Hydrogen gas with a purity of
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Figure 1: Lactiplantibacillus plantarum growth curve.

Table 1: Independent variables and response data in the response surface methodology (RSM) method.

Real Value Response 1
pH

Response 2
AbsorbanceRun x1 x2 x3

1 37 (0) 2 (-1) 60 (-1) 4.98 0.65

2 30 (-1) 4 (0) 60 (-1) 4.8 0.7

3 37 (0) 4 (0) 70 (0) 4.82 0.8

4 44 (+1) 2 (-1) 70 (0) 5.2 0.2

5 30 (-1) 4 (0) 80 (+1) 4.95 2.5

6 37 (0) 4 (0) 70 (0) 4.83 0.43

7 37 (0) 4 (0) 70 (0) 4.82 0.3

8 37 (0) 2 (-1) 80 (+1) 4.9 1.5

9 37 (0) 6 (+1) 60 (-1) 4.97 0.5

10 37 (0) 4 (0) 70 (0) 4.85 0.47

11 30 (-1) 2 (-1) 70 (0) 4.98 0.9

12 44 (+1) 4 (0) 60 (-1) 5.2 0.2

13 37 (0) 4 (0) 70 (0) 4.75 0.4

14 37 (0) 6 (+1) 80 (+1) 4.7 2.5

15 44 (-1) 4 (0) 80 (+1) 4.8 0.3

16 30 (-1) 6 (+1) 70 (0) 5 0.8

17 44 (+1) 6 (+1) 70 (0) 5 0.3

x1: temperature; x2: inoculation; x3: humidity. Average and standard deviation for pH and absorbance are 4 91 ± 0 142 and 0 64 ± 0 720, respectively.
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99.99% and a flow rate of 2mL/min was used as the carrier
gas. The initial column temperature was set at 60°C and held
for 2 minutes. It was increased to 240°C with a gradient of
10°C per minute and held at that temperature for 7 minutes
to allow for sufficient elution of the fatty acids from the col-
umn [34]. The identification of fatty acids was performed by
comparing the retention times of pure fatty acid standards,
and the results were expressed as percentages.

2.7. Statistical Analysis. The main and interaction effects of
the experimental factors were analyzed using the response
surface methodology (RSM) statistical design. In RSM, a
model is defined for each dependent variable to express the
main and interaction effects of factors on each variable sep-
arately. The multivariate model is represented by Equation
(1), where Y represents the predicted response, b0 is the con-
stant coefficient, bi represents the linear effects, bii represents
the square effects, and bij describes the interaction effect.

Yn = b0 + 〠
3

i=1
biXi + 〠

3

i=1
biiXij + 〠

3

i≠j=1
bijXiX j 1

In this study, the box-bank design (BBD) was employed
as a part of the RSM method to assign codes to the indepen-
dent variables. The codes assigned to the independent vari-
ables in the experiment are described in Table 2. After
implementing the RSM method and producing CLA and
EPA, Excel software was used to generate the diagrams.
The statistical analysis was performed using SPSS software,
version 16.

3. Results and Discussion

3.1. Growth Rate of L. plantarum. The growth kinetics of L.
plantarum in the sesame waste during a 72-hour fermenta-
tion period at 37°C is plotted in Figure 1. To assess the
growth patten of the microorganisms, they are cultured in
MRS agar for 72 h at 37°C. So, pH, temperature, and micro-
bial growth stages are the most critical factors in the biolog-
ical viscosity that inoculated linoleic acid. The growth of
Lactiplantibacillus plantarum on the sesame waste was eval-
uated in different conditions including pH, temperature,
humidity, and inoculum percentage. The results showed that
microorganisms could grow well in substrate at different
humidity, temperature, and inoculum levels. The bacterial
count did not show a significant increase during the early
stages of the fermentation process, due to the adaptation of
the microorganisms to the new growth environment, and
there was no significant change in cell population and pH.

However, after 6 h of fermentation, there was a sharp
decrease in pH; in addition, the microbial population began
to increase significantly as the microorganisms adapted to
the conditions of the medium. The highest growth of L.
plantarum in the medium was observed between 18 and 24
hours, and the bacterium entered the logarithmic phase,
reaching its maxim population. In the last hour of fermenta-
tion (48 h), the decrease in the bacteria count was apparent
by a lower drop of pH, at all levels. In contrast, the pH of
the control sample remained unchanged. In general, the fer-
mentation process of Lactiplantibacillus plantarum was
within 6-48h; however, in this experiment, the bacteria
growth occurred within 24-48 h after inoculation. After the
complete fermentation of the substrate, the bacteria growth
rate in the sesame waste followed a descending trend. After
approximately 48 to 72 h, it stopped, leading to the death
of some bacteria. These findings are consistent with the
study conducted by Raimondi et al. [31]. Martha et al. [3]
suggested that the slow growth of bacteria in the initial hours
of fermentation could be attributed to their limited proteo-
lytic activity [39]. It is worth noting that sesame proteins
can be effectively hydrolyzed during fermentation, resulting
in the formation of polypeptides and peptones, such as solu-
ble nitrogen [40]. The hydrolysis of proteins in the fermen-
ted sesame waste depends on the type of bacterial strain
and the substrate humidity content [41]. It was found that
an increase in the produced lactic acid volume in the culture
medium decreased the pH rate. Lactiplantibacillus plan-
tarum in the sesame waste exhibited high compatibility at
80% humidity and 6% inoculation level, with the lowest

Table 2: Independent variables and their values.

Independent variables Symbol
Code levels

+1 0 -1

Temperature x1 30 37 44

Inoculation x2 2 4 6

Humidity x3 60 70 80

Table 3: Analysis of the variance of the effect of independent
variables on pH and absorption.

Source df pH Abs

Model 1 9 0.3∗∗∗ 59.7∗∗

x1 1 0.028∗∗∗ 1.90∗∗∗

x2 1 0.019∗∗∗ 0.090

x3 1 0.045∗∗∗ 2.82∗∗

x1x2 1 0.012∗∗∗ 0.010

x1x3 1 0.076∗∗∗ 0.72∗

x2x3 1 9.025E-0.035∗∗∗ 0.33

x21 1 0.0073∗∗∗ 0.10

x22 1 0.028∗∗∗ 0.18

x23 1 2.8E-0.03∗ 1.42∗∗

Residual 7 2.155E-0.03 0.62

Lack of fit 3 1.475E-0.03ns 0.48ns

Pure error 4 6.800E-0.04 0.14

Corrected total 16 0.30 8.21

R2 0.92

R2 (adj) 0.82

∗, ∗∗, and ∗∗∗ represent nonsignificance and significance at the probability
level of 5, 1, and 0.001%, respectively. ns, ∗, ∗∗, and ∗∗∗: nonsignificant
and significant at p < 0 05, p < 0 01, and p < 0 001 probability levels,
respectively. x1: temperature; x2: inoculation; x3: humidity.
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pH of 4.7 at 37°C (Table 1). The bacteria count reduction
rate after 48 h was due to the decrease in the pH and volume
of the nutrients [35].

3.2. Interaction Effects of the Independent Variables on the
pH and Absorption Based on RSM. Table 3 displays the
adjusted R2 and R values, indicating that the designed
response surface methodology (RSM) models were highly
accurate. The high values of these parameters suggest a
strong correlation between the observed and predicted
values. The F-value obtained from the response coefficients
indicated that most of the quadratic linear coefficients and
interactions were significant at the 1% and 5% probability
levels. The analysis of variance through the response surface
methodology demonstrated the significance of these models
for both pH and absorption (Table 3). Based on the fitted
models, the equations for pH (Equation (2)) and absorption
(Equation (3)) are as follows:

pH = +4 83 + 0 059x1 − 0 049x2 − 0 075x3 − 0 055x1x2
− 0 14x1x3 −

0
047x2x3

+ 0 13x21 + 0 082x22 − 0 026x23,

2

Abs = +0 50 + 0 49x1 + 0 59x3 − 0 43x1x3 + 0 58x23 3

Temperature (x1), inoculation rate (x2), and humidity
(x3) showed a significant effect on pH (p < 0 001). Addition-
ally, temperature (p < 0 001) and humidity (p < 0 01) had a
significant effect on absorption, while the inoculation rate
did not show a significant effect. Table 3 reveals that the qua-
dratic effects of temperature and inoculation factors
(p < 0 001) and humidity (p < 0 05) on pH were significant.

The quadratic effect of moisture content (p < 0 01) on
absorption was also significant. Furthermore, the interaction
effects of temperature and inoculation (x1x2), temperature
and humidity (x1x3), and humidity and inoculation (x2x3)
on pH were found to be significant (p < 0 001). However,
only the interaction of temperature and humidity (x1x3)
had a significant effect on absorption (p<0.05).

The diagram illustrating the changes in the pH of the
medium, based on the variables x1 (temperature), x2 (inocu-
lation rate), and x3 (humidity), is presented in Figure 2. Each
diagram represents the interaction of the independent
factors on the measured pH. The maximum value observed
in each sample corresponds to the optimal interaction of
two independent factors on the pH parameter. pH was mea-
sured immediately after the inoculation of L. plantarum into
the culture medium, as well as at 24 and 48 hours.

In all samples, a significant decrease in pH was observed
after 24-48 hours of the fermentation process, while no
significant change in pH was observed in the control sam-
ple. The analysis of the effect of the three independent
factors (temperature, inoculation rate, and humidity) on
pH revealed that pH decreased with increasing temperature
and decreasing inoculation rate and moisture content.

The analysis of the effect of temperature and inoculation
rate on pH demonstrated that the lowest pH was obtained at
a temperature of 37°C and an inoculation rate of 6, while the
highest pH was achieved at a temperature of 44°C and an
inoculation rate of 2 (Figure 2(a)). Similarly, the study of
temperature and humidity indicated that the highest pH
was observed at 44°C with 60% humidity, while the lowest
pH was observed at 37°C with 80% humidity (Figure 2(b)).
Furthermore, the investigation of the effect of humidity
and inoculation rate on pH revealed that increasing humid-
ity and inoculation rate led to a decrease in pH (Figure 2(c)).
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During the fermentation process, the growth of bacteria
in the medium resulted in the consumption of carbohydrates
and their conversion into organic acids, leading to a decrease
in pH [33]. The pH of the samples was approximately 6
before the fermentation process, but it decreased to nearly
5 after 24 hours and below 5 after 48 hours due to the action
of L. plantarum. These findings are consistent with the study
conducted by Vinderola and Reinheimer [42], which showed
a decrease in pH after 24 hours of inoculating L. plantarum
into milk samples [43]. Additionally, Robert et al. [44] dem-
onstrated that L. plantarum (optional heterofermentative)
led to a faster reduction in pH compared to obligatory
heterofermentative species. However, after 20 hours of fer-
mentation, the final pH was higher with the obligatory het-
erofermentative species. Hence, the acidification properties
during the fermentation process depend on the specific spe-
cies and strain of LAB [44]. It is important to note that CLA
production is dependent on the enzymatic conversion of
linoleic acid, which may be influenced by the pH conditions.

The diagram of the absorption rate based on the three
independent variables is shown in Figure 3. Evaluation of
the effect of three independent factors including temperature
(x1), inoculation rate (x2), and humidity (x3) on the absorp-
tion rate showed that increasing the temperature and
decreasing inoculation and humidity reduced the absorp-

tion. The evaluation of the combined effect of temperature
and inoculation on pH also showed that the highest adsorp-
tion was related to the temperature of 37°C and the inocula-
tion rates of 2 and 6%, as well as the temperature of 30°C and
the inoculation rate of 2 (Figure 3(a)). The study of the two
factors of temperature and humidity also showed that the
highest rate of absorption was at 37°C with 80% humidity
(Figure 3(b)). Further, examination of two factors, humidity
and the inoculation rate, revealed that in 80% humidity and
the inoculation rate of 2, 4, and 6%, absorption was at its
highest level; in all three inoculation rates, adsorption was
increased with raising humidity (Figure 3(c)). As shown in
Figure 3, inoculation rate, temperature, and humidity had
a significant effect on CLA production by L. plantarum in
the sesame waste culture medium. Terán et al. [45] also
stated that the substrate concentration had a significant
effect on conversion (LA/LNA), even if bacterial growth
was not affected [45]. Therefore, it could be stated that the
substrate concentration was effective on the total amount
of CLA produced by L. plantarum [13].

3.3. Optimization Confirmation. The main objective of the
experimental design was to optimize the production of
CLA. The optimization results are presented in Table 4. It
can be observed that the experimental results are in good
agreement with the values predicted by the model under
the optimal conditions. This confirms the reliability and
accuracy of the optimization process.

3.4. Fatty Acid Composition. The gas chromatography (GC)
analysis of CLA production in the sesame waste culture
medium by L. plantarum is shown in Figure 4. As indicated
in Figure 4, in addition to the ability of L. plantarum strain
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Figure 3: Interaction effect of (a) temperature and inoculation rate, (b) temperature and humidity, and (c) humidity and inoculation rate on
the amount of absorption.

Table 4: Optimal values of parameters and the response variable
under optimal conditions of CLA production.

Predicted value Experimental value

pH 4.71 4 7 ± 0 2
Absorbance 2.5 2 5 ± 0 3
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to grow in the sesame waste, it could produce CLAc9t11 by
0.35% and CLAt10c12 by 0.1%. Meanwhile, in the control
sample, CLA was not detected (Figure 5). There were also
significant changed in the concentration of other FFAs: the
fatty acids C14:0, C15:0, C15:1, C16:0, C16:1, C18:1t,
C18:1c, C18:2t, C21:0, and C24:1 were increased signifi-
cantly, whereas fatty acids C14:0, C17:0, C18:1c, C18:2c,
C20:0, C18:3n3, C20:1, C22:0, and C24:0 were decreased sig-
nificantly. Also, C17:1 and C22:1 were obtained (Table 5).
The results of our studies indicated that the proportion of
CLAc911 and CLAt10-12 was different, with their ratio
being approximately (4 : 1).

Lactiplantibacillus plantarum is a bacterial strain that
can easily adapt to using substrate nutrients, for its growth.
This bacterium can convert linoleic acid to CLA with the
linoleate isomerase enzyme [31]. Furthermore, it breaks
down the proteins of the sesame waste, producing free
amino acids and other compounds, with the substrate hav-
ing more buffering capacity. On the other hand, fermenta-
tion of various carbohydrates in the production of Lactic
acid reduces the pH value of the culture medium of Lacti-
plantibacillus plantarum [14].

The concentration of CLA in the medium initially
increased but decreased as biohydrogenation progressed,
eventually being converted to saturated fatty acids by bacte-
ria [14]. Previous studies have shown that the production of

CLA by lactic acid bacteria is genus-dependent, while the
type of isomer produced is species-dependent, indicating
the importance of specific bacterial strains [1]. The substrate
concentration strongly affected LA/LNA to CLA containing
the produced oil conversion rate through the Lactiplantiba-
cillus plantarum [46]. The CLA production was variable
due to the response of Lactiplantibacillus plantarum to the
substrate fatty acid level and composition [29]. pH and tem-
perature could be, therefore, regarded as important environ-
mental parameters that change the structure and affect the
diversity of distribution [47]. Another researcher has also
mentioned that the FA proportion and their isomer types
are dependent on pH, temperature, microbial inoculation
level, substrate concentration, and activation method used
for bacterial strain [46, 48]. Gorissen et al. considered pH
and temperature as two limiting factors in the study of
microbial production of conjugated linoleic acid in fermen-
ted foods [49]. In contrast to some reports, it has been
founding that certain lactic acid bacteria strains can effec-
tively utilize the sesame waste as a substrate without the
need for additional carbohydrates or nutrients [14, 35, 40].

In a similar study, Ando et al. [50] investigated the pro-
duction of CLA from castor oil using L. plantarum. The
strain utilized in their study demonstrated the ability to pro-
duce both cis-9 and trans-11 isomers of CLA simulta-
neously, which is a rare characteristic among bacterial
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strains. Additionally, L. plantarum exhibited the capability
to produce EPA, a biologically active omega-3 fatty acid,
with a yield of 0.139 [7]. The growth of L. plantarum not
only influenced the overall fatty acid content in the sesame
waste but also resulted in a change in the composition of
beneficial fatty acids, particularly the production of EPA
and CLA.

4. Conclusions

This study was performed to evaluate the potency of the ses-
ame waste substrate, considering sesame waste as one of the
most sources for bioactive compound. Extracted oil may
contain these healthy materials although the huge waste of
sesame oil production can supply the unexpensive and safe
substrate for CLA and EPA production [7]. The use of ses-
ame waste increased lactic acid during solid-state fermenta-
tion. Due to the intrinsic properties of sesame waste, it

increased the substrate fatty acids, thus producing CLA
and EPA. It was revealed that the oil produced from plant
waste could be adopted and the microbial isomerization
method could be used to produce bioactive compounds
and to make valuable substances; in addition to reducing
the food production costs, it could decrease such outlets’
expenses. Overall, this research contributes to our under-
standing of the production and optimization of CLA and
EPA using L. plantarum in a natural and sustainable man-
ner. The findings have implications for the development of
functional food products enriched with these valuable fatty
acids, offering potential health benefits to consumers. Fur-
ther studies can focus on exploring downstream applications
and evaluating the sensory and nutritional attributes of the
produced CLA- and EPA-enriched products.
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