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This study aimed to produce Turkish fermented sausage (sucuk) with a reduced fat content and to minimize the quality defects 
typically associated with fat reduction by incorporating lemon fiber into the formulation. For sucuk production, six different 
dough formulations were prepared, comprising two fat levels (24 and 28 g/100 g of dough) and three lemon fiber levels 
(addition at 0%, 1%, and 2% of dough, w/w). After production, physical, chemical, and textural analyses were performed on 
the sucuk samples, and lactic acid bacteria (LAB) counts were determined microbiologically. The results indicated that there 
were no significant differences among the formulations in terms of protein and moisture content, water activity (aw), pH, color, 
thiobarbituric acid reactive substances (TBARS), weight loss, lactic acid bacteria count, cholesterol content, residual nitrite 
and residual nitrate levels. However, lemon fiber addition had a significant effect on cooking loss, with the lowest cooking loss 
(16.8%) observed in the formulations containing 2% (w/w) lemon fiber compared to those without the fiber. Differences among 
the samples were observed in certain texture parameters, particularly hardness, springiness, and chewiness, depending on 
the interaction between fat level and lemon fiber addition. As a result, the formulation containing 24 g fat/100 g and 2% (w/w) 
lemon fiber was determined to be a suitable alternative for the production of low-fat sucuk in terms of technological properties. 
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INTRODUCTION
Meat and meat products are valuable sources of high-quality pro-
tein and essential nutrients; however, concerns regarding high 
fat and salt contents and their association with chronic diseases 
have increased consumer demand for healthier meat products 
[Grasso et al., 2014; Kausar et al., 2019; Toldrá & Reig, 2011]. There 
is a growing global demand for healthier meat products with 
reduced levels of fat, cholesterol, salt, and nitrites, as well as 
improved nutritional profiles [Kausar, 2019]. Accordingly, current 
research and industrial practices focus on reformulating meat 

products by reducing detrimental components and incorporat-
ing functional ingredients such as fibers, proteins, antioxidants, 
and polyunsaturated fatty acids [Biswas, 2011; Grasso et al., 2014; 
Yadav et al., 2016].

Fat plays a crucial role in determining the sensory quality 
of meat products, including flavor, juiciness, tenderness, and tex-
ture, and its reduction often results in increased firmness, re-
duced juiciness, and lower consumer acceptance [Hoffman 
& Wiklund, 2006; Keeton, 1994; Zhang et al., 2010]. For these 
reasons, fat level reduction cannot be achieved simply by using 
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less fat in the formulation. Water, which is added from non-meat 
ingredients used for fat reduction, has several advantages, such 
as being safe and inexpensive [Hughes et al., 1998]. However, 
incorporating water alone into meat products may lead to unde-
sirable effects such as discoloration and increased cooking losses 
[Claus et al., 1990]. To mitigate these issues, water is typically 
combined with fat, carbohydrate, or protein-based ingredients 
[Hughes et al., 1998]. Carbohydrate-based fat replacers include 
fibers, gums, dextrins, maltodextrins, hydrocolloids, pectin, cel-
lulose, and starches [Nikolić et al., 2024]. There are various studies 
in the literature on the use of fat replacers derived from different 
sources, including plant-based fibers, animal-derived ingredients, 
and carbohydrate-based compounds, in the production of differ-
ent types of fat-reduced sausages [dos Santos et al., 2021; Guo et 
al., 2024; Kim et al., 2019; Tomaschunas et al., 2013]. Sucuk, a dry 
fermented sausage, holds a prominent place among Turkey’s 
most cherished and widely consumed traditional meat prod-
ucts. Due to its high contents of fat (~35–40 g/100 g), saturated 
fatty acids and cholesterol, its healthier versions are developed 
[Ercoşkun & Demirci-Erçoşkun, 2010].

Dietary fibers are widely recognized for their health-promot-
ing effects and functional properties, which have led to their 
increasing use as functional ingredients in meat products [Grasso 
et al., 2014; Pintado & Delgado-Pando, 2020]. Plant-derived di-
etary fibers exhibit diverse technological characteristics, such 
as water-holding and fat-binding capacities, that can influence 
the physicochemical and quality attributes of food products 
[Nieto et al., 2021; Zinina et al., 2019]. Lemon-derived fiber, which 
contains phenolic compounds, carotenoids, and pectin, has 
gained attention as a promising functional ingredient due to its 
antioxidant potential [Fu et al., 2015; Nieto et al., 2021]. 

Recent studies have shown that the incorporation of citrus 
fibers can improve technological properties, such as cooking 
yield and texture, while reducing weight loss in meat prod-
ucts [Chappalwar et al., 2020; Sarıcoban & Unal, 2022]. However, 
most studies have focused on the use of orange or mixed citrus 
fibers in cooked or emulsified sausages, with few studies on 
their application in low-fat formulations. Information on the use 
of lemon fiber, rich in antioxidants and pectin, in fermented or 
dry-cured meat products (particularly sucuk) is limited. Therefore, 
this study was designed to fill this knowledge gap by evaluating 
the effects of lemon fiber addition on the quality characteristics 
of low-fat sucuk, with the aim of developing a healthier and more 
functional traditional meat product. Accordingly, sucuk samples 
were produced using two different fat levels and three different 
lemon fiber levels. Various physicochemical analyses, including 
determinations of fat, protein, and moisture contents, pH, water 
activity (aw), residual nitrite, residual nitrate, cholesterol content, 
thiobarbituric acid reactive substances (TBARS) level, cooking 
loss, and weight loss, as well as color measurements and texture 
profile analyses, were performed.

The main hypothesis of this study was that reducing 
the amount of animal fat would improve the nutritional profile 
of sucuk by decreasing total fat and cholesterol levels, while 
the addition of lemon fiber would compensate for potential 

adverse effects of fat reduction on the physicochemical and tex-
tural properties of the product. Results obtained enabled iden-
tifying the most suitable formulation. 

MATERIAL AND METHODS
r	 Materials
The sucuk samples used in this study were produced in a com-
mercial meat products processing plant located in Afyonkara-
hisar, Turkey. The meat and tallow used in the formulations 
of sucuk were obtained from cattle slaughtered in the plant’s 
own abattoir. Beef from the brisket region was used as the meat 
source. To facilitate temperature control during mincing and mix-
ing, the meat was used as a mixture of fresh and frozen portions. 
All spices and additives used in sucuk production were supplied 
by the same production plant and from the same batch to 
ensure standardization. Lemon fiber (containing 5 g of protein, 
1 g of fat, 90 g of total dietary fiber, and 10 g of moisture per 
100 g) was supplied by Herbafood Ingredients GmbH (Werder 
(Havel), Germany). 

r	 Production of Turkish fermented sausage
The meat-to-fat ratio for the sucuk dough formulation was 
determined in collaboration with the industrial manufacturer 
where the trials were conducted. These ratios were selected as 
the lowest technologically feasible and sensorially acceptable 
fat levels, since further reduction in fat content would result 
in products that lost the characteristic properties of traditional 
sucuk and exhibited textural and sensory attributes similar to 
cooked meat. Six sucuk doughs were prepared for each experi-
ment based on the fat level (fat level 1: 5.5 kg meat + 1.5 kg 
tallow, fat level 2: 5.25 kg meat + 1.75 kg tallow) and lemon 
fiber (0%, 1% and 2%, w/w). The following ingredients were 
added to sucuk batters: NaCl (15 g/kg), garlic (7.5 g/kg), red 
pepper (7 g/kg), hot red pepper (7 g/kg), black pepper (6 g/kg), 
cumin (10  g/kg), pimento (1 g/kg), cinnamon (0.01 g/kg), 
ascorbic acid (0.9 g/kg), ascorbate (0.06 g/kg), phosphate 
(0.6 g/kg), NaNO2 (0.15 g/kg), and starter culture (0.2 g/kg). 
The amount of lemon fiber added to doughs was calculated 
over the total mixture weight. After the sucuk doughs was pre-
pared, the fat content was measured using the Foss FoodScan 
meat analyzer (FOSS, Hillerød, Denmark); the doughs with fat 
levels of 1 had 24 g fat/100 g, and the doughs with fat levels 
of 2 had 28 g fat/100 g. 

For sucuk production, meat and fat were minced. Spices, salt, 
garlic, additives, and starter culture were then added and thor-
oughly mixed. The mixture was filled into natural beef casings 
(46 mm diameter) using a filling machine. After filling, fermen-
tation was carried out at 28°C and 95% relative humidity until 
the pH reached approximately 5.35 (~20 h). Following fermenta-
tion, the products were placed in an oven at 72°C for approxi-
mately 4.5–5.0 h, until the internal temperature reached 68°C. 
They were subsequently cooled with a water shower at ~20°C for 
15 min. Finally, the products were transferred to a drying room 
maintained at 12–15°C, where they were stored until the relative 
humidity decreased below 40% (~12 h). 
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Sucuk production and analyses were conducted in three 
independent batches (experimental replicates) at different 
time points. From each batch, two coils of sucuk were sampled, 
and each sample was analyzed in duplicate (technical replicates).

r	 Lactic acid bacteria count determination
For lactic acid bacteria (LAB) enumeration, 1 g of each sucuk 
sample was homogenized in 9 mL of sterile peptone water, 
and decimal serial dilutions were prepared [ISO 15214:1998]. 
From each dilution, 0.1 mL was plated in duplicate onto De Man, 
Rogosa and Sharpe (MRS) agar and spread on the surface using 
a sterile spreader. Plates were incubated at 37°C for 48 h under 
anaerobic conditions. Colonies were counted and expressed 
as CFU/g.

r	 Physical and chemical parameter analysis
r	 Measurement of pH value and water activity
The pH value of the sucuk samples was measured with a Testo 
205 pH meter (Testo SE & Co. KGaA, Lenzkirch, Germany) at room 
temperature (~20–25°C) by direct immersion of the electrode 
into the samples. The aw of the sucuk samples was measured with 
a Novasina LabMaster-aw device (Novasina AG, Lachen, Switzer-
land) following the manufacturer’s guidelines, after equilibrating 
the samples at room temperature.

r	 Determination of fat, protein, and moisture contents
The fat, protein, and moisture contents of the sucuk samples 
were determined using a Foss FoodScan meat analyzer (FOSS, 
Hillerød, Denmark) based on the near-infrared (NIR) spectroscopy 
principle. Prior to analysis, the sucuk samples were cut into 
small pieces and blended until a homogeneous consistency was 
achieved, and then placed into the sample chamber of the de-
vice. The instrument was operated according to the calibration 
sets and standard protocols provided by the manufacturer. Dur-
ing the measurements, the ambient temperature and humidity 
were maintained within the ranges recommended by the de-
vice. Protein, fat, and moisture contents were obtained directly 
through the device software, and results were expressed as 
g/100 g sucuk. 

r	 Determination of residual nitrite and nitrate contents
Nitrite and nitrate contents of the sucuk samples were deter-
mined at the TÜBİTAK Marmara Research Center (Turkey) using 
a spectrophotometric method based on extraction following 
protein precipitation, according to the method described by 
Schormüller [1968]. Results were expressed as mg/kg sucuk.

r	 Determination of the level of thiobarbituric acid reactive 
substances

To 10 g of sucuk, 30 mL of a 7.5% trichloroacetic acid solu-
tion weres added, and the sample was homogenized using 
a digital homogenizer (HG-15D, Daihan Scientific Co., Ltd., Wonju, 
Gangwon-do, South Korea) for 15–20 s, followed by filtration 
through filter paper [Mielnik et al., 2006]. The filtrate was mixed 
with a 0.02 M water solution of thiobarbituric acid at the ratio 

of 1:1 (v/v) in test tubes, which were kept in a water bath at 100°C 
for 35 min. Then, after cooling in cold water for 5 min, the absorb-
ance was measured at 532 nm against a reagent blank contain-
ing reagent and water instead of the sample, using a UV-1800 
spectrophotometer (Shimadzu, Kyoto, Japan). Subsequently, 
the level of TBARS was calculated using the standard curve for 
1,1,3,3, tetraethoxy propane (TEP), and the result was given as 
μmol malonaldehyde (MDA)/g sucuk.

r	 Cholesterol content determination
The cholesterol content of the sucuk samples was determined 
at the TÜBİTAK Marmara Research Center (Turkey) using a chro-
matographic method based on lipid extraction followed by 
gas chromatographic analysis, in accordance with the method 
described by Fenton & Sim [1991]. Results were expressed as 
mg/100 g sucuk.

r	 Weight loss evaluation
The sucuk samples were first weighed immediately after being 
filled into casings using an analytical balance with a precision 
of 0.01 g. Following the drying stage, the samples were weighed 
again under the same conditions. The weight loss of each sample 
was calculated as the difference between the initial and final 
weights and expressed as a percentage of the initial weight.

r	 Cooking loss evaluation
After drying, 6 slices of 3 mm thickness were cut from the sucuk 
samples and weighed. Each slice was grilled for 1 min on each 
side for a total of 2 min. The slices were weighed after they cooled. 
The initial and final weights of the slices were taken into account, 
and the percent cooking loss was calculated.

r	 Color analysis
The color of the sucuk samples was determined using a Minolta 
chroma meter (CR-400, Konica Minolta, Inc., Tokyo, Japan), follow-
ing the CIE Lab system. Prior to measurements, the instrument 
was calibrated using a white standard according to the manufac-
turer’s instructions. Measurements were taken at three different 
points on both the inner and outer surfaces of each sample to 
account for surface heterogeneity. The arithmetic mean of these 
readings was recorded as the final L* (lightness), a* (redness), 
and b* (yellowness) values. Ambient light and temperature were 
maintained constant during the measurements to minimize 
variability.

r	 Texture profile analysis
After drying, samples from each sucuk group were cut into 
1.5-cm long pieces using a sharp knife for texture analysis. Cylin-
drical samples were analyzed using a TA.XT Plus texture analyzer 
(Stable Micro Systems Ltd, Godalming, Surrey, United Kingdom) 
equipped with a 36 mm cylindrical probe. They were compressed 
to 40% of their original height at a test speed of 2 mm/s, with 
a 1 s interval between the first and second compression. Textural 
parameters were derived from the force–time curves as follows: 
hardness was determined from the maximum force recorded 
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during the first compression, adhesiveness was calculated as 
the negative area under the curve, and cohesiveness was ob-
tained as the ratio of the area under the second compression to 
that of the first. Springiness was assessed as the ratio of the re-
covered height during the second compression to the original 
height. Chewiness was calculated as the product of hardness, 
cohesiveness, and springiness, and resilience was evaluated as 
the ratio of the force recovered during the first compression 
[Herrero et al., 2007].

r	 Statistical analysis
Descriptive statistics (mean and standard deviation) were cal-
culated for all quantitative data. Two-way analysis of variance 
(ANOVA) was performed to examine the effects of fat and fiber 
levels and their interaction (fat×fiber) on the measured param-
eters. Significant differences among means were further evalu-
ated using Duncan’s multiple range test at a 5% significance 
level. All statistical analyses were conducted using SPSS ver. 26 
(IBM, Armonk, NY, USA). 

RESULTS AND DISCUSSION
r	 Fat, protein, and moisture contents
The fat, protein and moisture contents of sucuk samples are 
presented in Table 1. Obviously, fat level in the sausage recipe 
had statistically significant effects (p<0.01) on their fat content. 
In contrast, their fat level was not significantly (p≥0.05) affected 
by the level of lemon fiber in the dough formulation, as another 
primary variable. This result may be attributed to the fact that 
lemon fiber mainly affects water-holding capacity and textural 
properties, while having only a limited influence on fat retention 
or fat release during processing. Similar findings were reported 
by Yuca et al. [2019], who observed significant differences in fat 
content among treatments due to variations in fat levels in their 
study using β-glucan in sausages.

Fat level and lemon fiber level had no statistically significant 
effect (p≥0.05) on the protein content of sucuk samples (Table 1). 

Although minor numerical variations were observed among formu-
lations, these differences were not statistically significant and there-
fore cannot be attributed to the effects of fat reduction or fiber 
addition. Similar findings have been reported in previous studies, 
where low or moderate levels of dietary fiber incorporation resulted 
in no significant changes or only minor variations in protein content 
[Akoğlu et al., 2015; Bis-Souza et al., 2020; Sarıçoban & Unal, 2022]. 

The moisture content of sucuk is a critical parameter influ-
encing texture, microbial stability, and overall product quality. In 
this study, fat level had a significant effect (p<0.05) on moisture 
content, with higher fat levels resulting in lower moisture values 
(Table 1). This effect can be attributed to the partial replacement 
of lean meat by fat in the formulation, which reduces the propor-
tion of muscle proteins responsible for water binding. Similar ef-
fects of fat level on moisture content in fermented meat products 
have been reported in a recent study [Simunovic et al., 2022]. In 
contrast, the addition of lemon fiber did not have a significant 
effect (p≥0.05) on the moisture content of sucuk (Table 1). This 
may be attributed to the relatively low inclusion levels used 
in the present study, which might not have been sufficient to 
enhance water retention. Moreover, the water-holding capacity 
of dietary fibers is influenced by their physicochemical proper-
ties, such as pectin content, porosity, and surface area [Elleuch 
et al., 2011]. Therefore, the lack of a significant effect of lemon 
fiber on the moisture content observed in this study could be 
attributed both to the low inclusion rate and to the specific 
hydration characteristics of the fiber used.

r	 pH values and water activity
No significant differences in water activity of sucuk were ob-
served as a result of changes in fat and fiber levels in product 
recipe (p≥0.05) (Table 1). Similar findings were reported by 
Campagnol et al. [2012], García et al. [2002], and Yalınkılıç et 
al. [2012], who also found that variations in fat or fiber con-
tent did not markedly affect aw values of fermented sausages. 
The absence of a significant effect in the present study may be 

Table 1. Effect of fat and lemon fiber levels in the formulation on the pH value, water activity (aw), and contents of protein, fat, and moisture of sucuk.

Variable Level pH aw Protein (g/100 g) Fat (g/100 g) Moisture (g/100 g)

Lemon fiber (LF)

0%† 5.28±0.12a 0.66±0.04a 15.22±0.69a 29.3±2.0a 48.8±1.6a

1% 5.26±0.17a 0.66±0.05a 15.13±0.66a 28.7±2.3a 48.9±1.6a

2% 5.24±0.17a 0.66±0.05a 15.00±0.56a 28.6±2.2a 48.7±1.8a

Significance NS NS NS NS NS

Fat (F)

F1 5.23±0.17a 0.65±0.05a 15.30±0.63a 27.9±1.9b 49.5±1.7a

F2 5.28±0.12a 0.66±0.04a 14.93±0.58a 29.8±1.7a 48.1±1.3b

Significance NS NS NS ** *

Interaction F×LF – NS NS NS NS NS

Results are shown as means ± standard deviation. Means in the same column, separately for LF and F, with different letters are significantly different (*p<0.05, **p<0.01), NS, not significant; 
F1, 24 g fat/100 g of dough; F2, 28 g fat/100 g of dough. †g/100 g of dough.
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attributed to the limited amount of fiber added and the low 
water-binding potential of the matrix during drying and fer-
mentation. On the other hand, several researchers have reported 
a reduction in aw values with the inclusion of dietary fibers 
[Aminzare et al., 2024; Eim et al., 2008; dos Santos et al., 2021; 
Yuca et al., 2019]. These discrepancies among studies could be 
explained by differences in fiber type and addition level, as well 
as variations in processing conditions (e.g., temperature, relative 
humidity, or drying duration), which strongly influence the rate 
of moisture migration and binding capacity of the added fiber.

In the present study, the addition of lemon fiber did not lead 
to a statistically significant change (p≥0.05) in pH values (Table 1). 
This finding is consistent with previous studies reporting that 
the incorporation of citrus-derived fibers at low to moderate 
levels did not significantly affect pH [Aleson-Carbonell et al., 2003; 
Fernández-Ginés et al., 2004]. The absence of a marked pH change 
has been attributed to the buffering capacity of the meat system 
[Fernández-Ginés et al., 2004]. In particular, Aleson-Carbonell et 
al. [2003] observed no significant pH change with raw albedo 
addition up to 5%, whereas its higher incorporation levels resulted 
in a significant decrease, indicating that pH modification de-
pends primarily on the fiber addition level. Therefore, the absence 
of a significant pH change in the present study can be attributed 
to the relatively low level of lemon fiber used and the buffering 
effect of meat proteins. No statistically significant differences were 
observed in pH values across different fat levels (p≥0.05) (Table 1), 
which is consistent with the observations made by Yalınkılıç et al. 
[2012] for sucuk. This finding can be explained by the fact that 
fat acts as a neutral component in the mixture, not participating 
in fermentation or acid production, and therefore does not directly 
influence product pH.

r	 Residual nitrite and nitrate 
As shown in Table 2, lemon fiber and fat level had no signifi-
cant effects (p≥0.05) on the residual nitrite and nitrate of sucuk 

samples. Similarly, Ruiz-Capillas et al. [2012] reported that the ad-
dition of a fat replacer at the end of the ripening period did not 
significantly affect the residual nitrite content of fermented 
sausages. In contrast, Yalınkılıç et al. [2012] found that the addition 
of orange fiber significantly influenced nitrite levels in low-fat 
sucuk formulations, which was attributed to the interaction be-
tween the active bio-compounds in the fiber matrix and nitrite. 
The lowest residual nitrite levels were detected in the samples 
containing 4% fiber, likely due to the ability of phenolic com-
pounds to bind or reduce nitrite. The absence of a significant 
change in our study may be attributed to the lower level of lemon 
fiber used and the differences in its chemical composition com-
pared with orange fiber. Furthermore, the relatively stable pH 
values of the samples may have limited the rate of nitrite decom-
position during fermentation and drying. Aleson-Carbonell et al. 
[2003] also reported that the addition of lemon albedo reduced 
residual nitrite levels in sausage samples. However, the lower 
inclusion level of lemon fiber used in the present study likely 
restricted such an effect.

r	 Thiobarbituric acid reactive substances and choleste-
rol content

The effects of fat level, lemon fiber level, and their interaction on 
the TBARS content of sucuk samples was not significant (p≥0.05) 
(Table 3). In a previous study, a fat replacer was added to the for-
mulation of dry fermented sausages with a reduced fat content 
and it was concluded that the TBARS values of the products were 
not affected by the fat content [Ruiz-Capillas et al., 2012]. Fernán-
dez-López et al. [2007] reported that TBARS values were lower 
in sausage samples formulated with orange fiber compared to 
control sausages produced without fiber addition. According to 
Yuca et al. [2019], lower TBARS values were determined as a result 
of the addition of a fat replacer and fat reduction upon β-glucan 
addition as a fat replacer to fermented sausage formulations. Dos 
Santos et al. [2021] reported that the incorporation of fat replacers 

Table 2. Effect of fat and lemon fiber levels in the formulation on the residual nitrite, the residual nitrate, and total nitrite and nitrate values of sucuk.

Variable Level Residual nitrite
(mg/kg)

Residual nitrate
(mg/kg)

Total residual nitrite 
and nitrate 

(mg/kg)

Lemon fiber (LF)

0%† 3.7±1.5a 37.4±7.7a 41.0±6.6a

1% 3.9±0.8a 44.4±6.0a 48.3±5.7a

2% 3.3±1.3a 44.4±3.0a 47.7±2.5a

Significance NS NS NS

Fat (F)

F1 3.9±1.5a 40.3±6.1a 44.3±5.4a

F2 3.3±0.9a 43.8±5.4a 47.1±4.8a

Significance NS NS NS

Interaction F×LF – NS NS NS

Results are shown as means ± standard deviation. Means in the same column, separately for LF and F, with different letters are significantly different (*p<0.05, **p<0.01), NS, not significant; 
F1, 24 g fat/100 g of dough; F2, 28 g fat/100 g of dough. †g/100 g of dough.
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in reduced-fat fermented sausages led to an increase in TBARS 
values. The discrepancies between the results of the present 
study and those reported in the literature may be attributed 
to differences in the type and inclusion level of fat replacers or 
dietary fibers used, as well as variations in formulation, processing 
conditions, and product type. In the present study, the relatively 
low level of lemon fiber addition and the absence of statistically 
significant changes in fat content may have limited the potential 
effect of the fiber on lipid oxidation, resulting in no significant 
differences in TBARS values.

A significant reduction in sucuk cholesterol content was 
observed with a decreased fat level in the formulation (p<0.05), 
whereas the addition of fiber did not result in a statistically sig-
nificant change (p≥0.05) (Table 3). The reduction in cholesterol 
level with a lower fat content can be explained by the decreased 
proportion of animal fat in the formulation, as cholesterol is 
predominantly associated with lipid fractions in meat products 
[Jiménez-Colmenero, 2007]. Although previous studies reported 
that the addition of dietary fiber can also reduce cholesterol 
content in sausages [Campagnol et al., 2012; Candogan & Kol-
sarici, 2003; Cengiz & Gokoglu, 2005], the lack of a significant 
effect in our study may be due to the type and level of fiber 
used. Lemon fiber primarily affects water retention and textural 
properties rather than lipid content, and its content in our for-
mulations may have been insufficient to produce measurable 
changes in cholesterol content [Aleson-Carbonell et al., 2003; 
Fernández-Ginés et al., 2004].

r	 Weight and cooking losses
The weight and cooking loss of sucuk samples are present-
ed in Table 3. None of the main variables (fat level, lemon 
fiber level, and their interaction) had significant effects on 
weight losses (p≥0.05). Although the addition of fiber slightly 
reduced weight loss in sucuk samples, this effect was not 

statistically significant (p≥0.05). In a study by Sarıçoban & Unal 
[2022], the incorporation of citrus albedo in sucuk formula-
tions reduced weight loss, which was attributed to the high 
water-holding capacity of the fiber. Similarly, dos Santos et al. 
[2012] reported that dietary fiber addition reduced weight loss 
in meat products. The lack of a significant reduction in weight 
loss in the present study may be explained by the relatively 
low lemon fiber inclusion levels used, which may not have 
been sufficient to induce a pronounced water-binding or 
gel-forming effect within the meat matrix. In addition, dif-
ferences in fiber source, processing conditions, and product 
formulation may influence the extent to which dietary fibers 
contribute to water retention. 

Cooking loss is a critical parameter for assessing the physico-
chemical properties of meat products during thermal process-
ing and is mainly influenced by the water- and lipid-binding 
capacities of proteins. A low fat content can reduce the ability 
of the meat matrix to retain moisture, since fat contributes to 
the structural stability of the protein–lipid network and helps 
entrap water and melted fat within the matrix [Han et al., 2018; 
Oz et al., 2016]. In our study, a significant interaction between 
fat and fiber levels affecting cooking loss was detected (p< 0.05) 
(Table 3). The distribution of cooking loss values for different fiber 
levels within each formulation is illustrated in Figure 1. The F×LF 
interaction suggests that the water-holding effect of fiber de-
pends on the fat level of the formulation. At the lower fat level 
(F1), samples with 2% (w/w) fiber exhibited the lowest cooking 
loss among all treatments, whereas at the higher fat level (F2), 
the same fiber level resulted in comparatively higher cooking 
loss. This tendency may be explained by the water- and fat- 
-binding properties of citrus fiber, which have been shown to 
improve matrix stability and moisture retention, particularly 
in reduced-fat meat systems [Elleuch et al., 2011; Fernández-
Ginés et al., 2004; Saha & Bhattacharya, 2010]. 

Table 3. Effect of fat and lemon fiber levels in the formulation on the thiobarbituric acid reactive substances (TBARS), cholesterol content, weight loss, cooking 
loss, and lactic acid bacteria (LAB) count of sucuk.

Variable Level TBARS 
(µmol MDA/kg)

Cholesterol 
(mg/100 g)

Weight loss  
(%)

Cooking loss 
 (%)

LAB count 
 (log cfu/g)

Lemon fiber (LF)

0%† 9.02±0.10a 104.3±6.0a 9.03±0.68a 20.1±2.5a 3.64±0.61a

1% 8.92±0.08a 102.6±5.3a 8.75±0.68a 19.9±2.0a 4.08±1.25a

2% 8.97±0.14a 103.4±3.1a 8.58±0.68a 16.8±2.2b 3.37±1.38a

Significance NS NS NS ** NS

Fat (F)

F1 8.78±0.09a 101.7±4.4b 9.09±0.56a 18.4±2.2a 3.56±0.77a

F2 9.15±0.12a 105.3±4.7a 8.49±0.56a 19.4±2.3a 3.83±1.42a

Significance NS * NS NS NS

Interaction F×LF – NS NS NS * NS

Results are shown as means ± standard deviation. Means in the same column, separately for LF and F, with different letters are significantly different (*p<0.05, **p<0.01), NS, not significant; 
MDA, malondialdehyde; F1, 24 g fat/100 g of dough; F2, 28 g fat/100 g of dough. †g/100 g of dough. 
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r	 Lactic acid bacteria count
The results showed that neither fat level, lemon fiber level, nor 
their interaction had a significant effect (p≥0.05) on lactic acid 
bacteria (LAB) counts (Table 3). Similarly, several studies have 
reported that the incorporation of dietary fibers into fermented 
meat products had no significant impact on LAB populations 
[García et al., 2002; Mendoza et al., 2001; Ruiz-Capillas et al., 2012]. 
Most plant-derived fibers are insoluble, which may curb their 
functional impact in meat matrices [Elleuch et al., 2011]. This, 
combined with the limited fermentable carbohydrate content, 
may explain why their addition did not significantly affect LAB 
counts.

In contrast, Yalınkılıç et al. [2012] reported that increasing 
levels of orange fiber in low-fat sucuk formulations significantly 

affected LAB counts, with the highest values observed in the sam-
ples containing 4% fiber. This effect was attributed to the slight 
pH reduction caused by the addition of orange fiber, which 
created more favorable conditions for LAB activity. Therefore, 
the lack of a significant change in LAB counts in the present 
study may be related to the lower inclusion level of lemon fiber 
and the differences in contents of fermentable carbohydrates 
and phenolic compounds between lemon and orange fibers 
[Gorinstein et al., 2001; Fernández-Ginés et al., 2004].

r	 Color parameters
Color parameters of sucuk samples are given in Table 4. The effect 
of fat level, lemon fiber level, and their interaction on the outer 
and inner surface L* values of sucuk samples was not significant. 
Similarly, Araujo-Chapa et al. [2023] reported that the incorpo-
ration of soybean husk as a plant-derived dietary fiber had no 
significant effect on the L* values of sausage products. The outer 
and inner surface a* and b* values were also not affected by 
the variables (Table 4). Previous studies reported that fat content 
and dietary fiber addition did not significantly affect a* values 
in dry-ripened sausages, fermented sausages, and fermented 
cooked sausages formulated with different dietary fibers, includ-
ing β-glucan and fructooligosaccharides [Bis-Souza et al., 2020; 
dos Santos et al., 2012; Yuca et al., 2019]. Fernández-Ginés et al. 
[2004] found that adding different amounts of lemon albedo 
to sausage samples was expected to increase b* values, but 
it did not cause a change. The observed effect was attributed 
to the potential masking of yellow pigments in the albedo by 
the meat emulsion matrix. Supporting this, Aleson-Carbonell et 
al. [2003] reported that the incorporation of lemon albedo led to 
significant variations in b* values, particularly at the 2.5% inclu-
sion level. In a study, it was concluded that the effect of dietary 
fiber addition on b* values of sucuk samples was not significant 
[Akoğlu et al., 2015]. 
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Figure 1. Cooking loss of sucuk samples prepared with two fat levels, F1 
(24 g fat/100 g dough) and F2 (28 g fat/100 g dough), at fiber contents of 0%, 
1%, and 2% (w/w, based on dough weight). Bars represent mean values 
and error bars indicate standard deviation (SD). Different letters above the bars 
indicate statistically significant differences (p<0.05).

Table 4. Effect of fat and lemon fiber levels in the formulation on the L*, a* and b* values of the outer surfaces and the inner cross-sectional surfaces of sucuk.

Variable Level
Outer surfaces Inner surfaces

L* a* b* L* a* b*

Lemon fiber (LF)

0%† 40.4±3.8a 25.0±1.9a 10.9±1.4a 49.6±3.0a 26.3±1.5a 15.4±1.4a

1% 40.3±4.3a 23.9±2.5a 9.9±1.7a 49.7±3.2a 26.7±1.5a 16.3±1.7a

2% 40.4±4.5a 24.2±2.5a 10.3±2.0a 49.7±2.8a 26.2±1.6a 15.9±1.6a

Significance NS NS NS NS NS NS

Fat (F)

F1 40.2±4.1a 24.1±2.4a 9.9±1.7a 49.0±2.9a 26.8±1.5a 15.8±1.6a

F2 40.5±4.2a 24.6±2.2a 10.9±1.7a 50.1±2.9a 26.0±1.4a 16.0±1.6a

Significance NS NS NS NS NS NS

Interaction F×LF – NS NS NS NS NS NS

Results are shown as means ± standard deviation. Means in the same column, separately for LF and F, with different letters are significantly different (*p<0.05, **p<0.01), NS, not significant; 
F1, 24 g fat/100 g of dough; F2, 28 g fat/100 g of dough. †g/100 g of dough.
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Overall, these findings suggest that the limited impact 
of lemon fiber on color parameters may be explained by its 
relatively low inclusion level, the composition of the fiber, and in-
teractions with the meat matrix. The water- and fat-binding ca-
pacities of dietary fibers can influence pigment visibility, which 
may account for the minimal changes observed in L*, a*, and b* 
values [Aleson-Carbonell et al., 2003; Fernández-Ginés et al., 
2004].

r	 Texture properties
A highly significant interaction between fat and fiber levels 
affecting sucuk hardness was detected (p<0.01) (Table 5). This 
finding indicates that the impact of fiber inclusion on hardness is 
dependent on the fat content of the samples. Hardness values at 
different fiber levels within each formulation are illustrated in Fig-
ure 2. At fat level F1, the addition of 2% (w/w) fiber produced 
the highest hardness values, whereas at fat level F2 the same fiber 
level resulted in lower hardness. Conversely, the samples with 
1% fiber showed an opposite trend, with hardness increasing 
from F1 to F2. Among all combinations, the highest hardness 
was observed at F1×2% (w/w) fiber. Ruiz-Capillas et al. [2012] 
found an increase in hardness due to the decrease in fat content. 
In turn, Aleson-Carbonell et al. [2003] stated that the hardness 
of the samples to which albedo was added increased in dry- 
-cured sausages. In a study examining the effect of oat fiber 
on different types of sausages (Bologna and Frankfurter types), 
it was reported that the hardness of Bologna type sausages 
increased with the addition of oat fiber, while in Frankfurter 
type sausages, the added oat fiber did not affect the hardness 
of the samples much [Steenblock et al., 2001], while Yuca et al. 
[2019] reported that the incorporation of dietary fiber, such as 
β-glucan, increased the hardness values of fermented sausage 
products [Yuca et al., 2019].

This effect of fat level and lemon fiber level interaction on 
texture (hardness) may be attributed to the opposite structural 

roles of fat and fiber within the meat matrix. Fat generally acts as 
a plasticizer and lubricant, interrupting protein–protein interac-
tions and resulting in a softer texture [Ruiz-Capillas et al., 2012]. 
In contrast, dietary fibers can increase matrix compactness by 
binding water and reinforcing the protein network, leading to 
a firmer texture [Aleson-Carbonell et al., 2003; Steenblock et al., 
2001]. The combined effect suggests that at low-fat levels, fiber 
addition enhances protein–fiber crosslinking and increases 
hardness, whereas at higher fat contents, fat globules may 
disrupt this network, thereby diminishing the fiber’s strength-
ening effect.

Among the variables, only the fat level had a highly signifi-
cant effect on the adhesiveness of sucuk samples (p<0.01), while 
the effect of fiber level was not significant (p≥0.05) (Table 5). 
The observed differences in adhesiveness may be attributed to 

Table 5. Effect of fat and lemon fiber levels in the formulation on the texture properties of sucuk.

Variable Level Hardness  
(N)

Adhesiveness 
(N×s)

Springiness 
(mm) Cohesiveness Chewiness  

(N) Resilience

Lemon fiber 
(LF)

0%† 267.31±37.20a 0.11±0.08a 0.83±0.05a 0.66±0.03a 146.75±26.53a 0.32±0.02a

1% 269.65±30.59a 0.15±0.13a 0.81±0.06a 0.66±0.03a 145.36±23.93a 0.32±0.02a

2% 283.05±37.49a 0.16±0.12a 0.81±0.05a 0.67±0.03a 153.11±26.31a 0.32±0.02a

Significance NS NS NS NS NS NS

Fat (F)

F1 282.64±33.71a 0.11±0.08b 0.82±0.05a 0.67±0.03a 153.43±25.2a 0.33±0.02a

F2 264.04±35.15b 0.17±0.13a 0.82±0.05a 0.66±0.03a 143.38±22.91a 0.32±0.02a

Significance * ** NS NS NS NS

Interaction 
F×LF

– ** NS * NS ** NS

Results are shown as means ± standard deviation. Means in the same column, separately for LF and F, with different letters are significantly different (*p<0.05, **p<0.01), NS, not significant; 
F1, 24 g fat/100 g of dough; F2, 28 g fat/100 g of dough. †g/100 g of dough.
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Figure 2. Hardness of sucuk samples prepared with two fat levels, F1 
(24 g fat/100 g dough) and F2 (28 g fat/100 g dough), at fiber contents of 0%, 
1%, and 2% (w/w, based on dough weight). Bars represent mean values 
and error bars indicate standard deviation (SD). Different letters above the bars 
indicate statistically significant differences (p<0.05). 
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the structural roles of fat and fiber within the meat matrix. Fat 
likely acts as a lubricant and filler, weakening protein–protein 
interactions and thereby reducing surface stickiness. At lower 
fat levels, a higher amount of denatured proteins may become 
exposed on the surface, which could increase adhesiveness. 
In contrast, dietary fibers may retain water and interact with 
proteins, possibly leading to a more cohesive and integrated 
gel network. Such interactions can influence moisture distri-
bution and surface properties depending on the formulation 
[Ruiz-Capillas et al., 2012; Saha & Bhattacharya, 2010; Totosaus 
et al., 2002].

A significant interaction was detected between fat and fiber 
levels affecting sucuk springiness (p<0.05) (Table 5). In turn. 
springiness values at different fiber levels within each for-
mulation are illustrated in Figure 3. In this case, springiness 
decreased with an increasing fat level when fiber was at 0% 
or 2% (w/w), whereas at 1% (w/w) fiber an opposite response 
was noted, with values increasing at F2. These findings clearly 
show that the effect of fiber on springiness is determined by 
fat content. In the study conducted by Aleson-Carbonell et 
al. [2003], lemon albedo was added to dry-cured sausages, 
reducing their springiness compared to the control sample. 
No difference was observed in terms of springiness among 
the samples with different albedo concentrations. Ruiz-Capillas 
et al. [2012] concluded that the use of a fat replacer in dry fer-
mented sausages with a reduced fat content had no significant 
effect on the springiness of the samples. 

The significant impact of the interaction between fat lev-
el and lemon fiber level on springiness may be explained by 
the contrasting structural effects of fat and dietary fiber within 
the meat matrix. Fat tends to act as a plasticizer, weakening 

the protein network and thereby reducing the elastic recovery 
of the product. In contrast, dietary fibers can promote the forma-
tion of a denser gel matrix through water-binding and protein 
interaction properties, enhancing elasticity depending on their 
content and compatibility with the protein structure [Aleson-
Carbonell et al., 2003; Ruiz-Capillas et al., 2012; Saha & Bhat-
tacharya, 2010]. The observed pattern suggests that moderate 
fiber levels may optimize matrix elasticity in formulations with 
reduced fat, whereas excessive fiber or high fat levels may dis-
rupt the uniformity of the protein–fiber network, leading to 
decreased springiness.

The interaction between fat and fiber levels had a highly sta-
tistically significant (p<0.01) effect on sucuk chewiness (Table 5). 
In turn, chewiness values at different fiber levels within each 
formulation are illustrated in Figure 4. Specifically, chewiness de-
creased from F1 to F2 when fiber was at 0% or 2% (w/w), whereas 
in the presence of 1% (w/w) fiber, chewiness increased under 
the same fat level change. The interaction yielded the high-
est chewiness at the F1×2% (w/w) fiber combination, whereas 
the same fiber level produced substantially lower chewiness 
at F2. Once again, the observed crossing trends emphasize that 
chewiness was determined by the joint influence of fat and fiber 
levels, and not by their main effects alone. This interaction may be 
attributed to the structural roles of fat and fiber within the meat 
matrix. The extent of this effect likely depends on the balance 
between fat and fiber levels, which influences water distribution 
and protein network density within the meat matrix [Fernández-
Ginés et al., 2004; Ruiz-Capillas et al., 2012].

The effect of fat level, lemon fiber level, and their interaction 
on the cohesiveness and resilience of sucuk samples was not 
statistically significant (p≥0.05).
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Figure 3. Springiness of sucuk samples prepared with two fat levels, F1 
(24 g fat/100 g dough) and F2 (28 g fat/100 g dough), at fiber contents of 0%, 
1%, and 2% (w/w, based on dough weight). Bars represent mean values 
and error bars indicate standard deviation (SD). Different letters above the bars 
indicate statistically significant differences (p<0.05).
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Figure 4. Chewiness of sucuk samples prepared with two fat levels, F1 
(24 g fat/100 g dough) and F2 (28 g fat/100 g dough), at fiber contents of 0%, 
1%, and 2% (w/w, based on dough weight). Bars represent mean values 
and error bars indicate standard deviation (SD). Different letters above the bars 
indicate statistically significant differences (p<0.05).
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CONCLUSIONS
The study demonstrated that lemon fiber can be effectively used 
as a natural fat replacer in sucuk formulations. The sucuk samples 
with a lower fat content in the formulation (24 g fat/100 g dough) 
and higher lemon fiber (2%, w/w) showed the lowest cooking 
loss and no significant differences in physical and chemical 
properties or lactic acid bacteria counts compared to the other 
experimental formulations with different fat and fiber levels. 
These findings indicate that lemon fiber contributes to the de-
velopment of healthier sucuk products without compromising 
their technological quality. 

Future studies should focus on evaluating the sensory ac-
ceptability of lemon fiber–enriched sucuk using consumer 
panels, optimizing the level and particle size of lemon fiber 
for different fat levels, and investigating the synergistic effects 
of combining lemon fiber with other natural antioxidants or 
plant-based fibers. Additionally, assessing the shelf-life stability 
and lipid oxidation behavior under various storage conditions 
would provide further insights into the industrial applicability 
of lemon fiber in low-fat meat products. 
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