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Abstract
Fermented sausages are typically produced with Lactobacillus plantarum 
as a starter, while fungal starters such as Aspergillus niger also exhibit 
proteolytic activity and contribute to flavor. This study compared the 
effects of A. niger and L. plantarum on fermented chicken sausages 
over 0–3 days of fermentation. Physicochemical traits (cooking 
loss, water-holding capacity, pH, aw, color, texture profile, proximate 
composition), microstructure, and protein profile were evaluated. 
Significant differences (p<0.05) were observed, with A. niger producing 
sausages of higher texture values and more porous structures, while L. 
plantarum accelerated acidification and preserved color. Fermentation 
reduced pH (5.75 to 4.70), aw (0.90 to 0.85), lightness, redness, 
hardness, cohesiveness, springiness, gumminess, chewiness, and 
proximate content, but increased water-holding capacity, yellowness, 
and adhesiveness. SDS-PAGE showed stronger proteolysis in A. 
niger (lowest band 9–10 kDa) compared with L. plantarum (10–12.5 
kDa). Overall, A. niger demonstrated potential as an effective starter, 
influencing both structural and physicochemical properties.
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Abbreviations

AN		  Aspergillus niger
aw		  water activity 
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LAB		  lactic acid bacteria
LP		  Lactobacillus plantarum
MHC		  myosin heavy chain 
SEM		  scanning electron microscopy
SDS- PAGE	 sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
TPA		  texture profile analysis

Introduction
Fermented sausages are traditional foods found 
worldwide, such as Italian salami, German 
Dauerwurst, Spanish Charqui, Portuguese Chouriço 
de vinho, and Chinese Harbin sausage.1 Starter 
cultures, mainly lactic acid bacteria (LAB), are 
commonly used to improve the consistency and 
safety of fermented products. LAB lowers pH by 
fermenting carbohydrates to lactic acid, inhibiting 
spoilage and pathogenic bacteria through organic 
acids and antimicrobial metabolites like bacteriocins, 
diacetyl, and hydrogen peroxide.2,3 Molds also 
contribute to sausage fermentation, enhancing 
flavor, aroma, and color stability.4–7 In Europe, 
Penicillium species are widely used, while in 
Indonesia, Aspergillus and Rhizopus are common 
in traditional foods. Among them, Aspergillus niger 
is fast-growing, safe (non-mycotoxin-producing), and 
commercially applied.8 Molds such as Penicillium 
can influence texture, water distribution, and 
volatile compounds, but the effects of A. niger in 
meat fermentation remain less explored. Therefore, 
this study aimed to compare the effects of A. niger 
and L. plantarum as starter cultures in fermented 
chicken sausages. Key parameters included 
physicochemical characteristics (cooking loss, 
water-holding capacity, pH, aw, color, texture, 
moisture, protein, fat, and ash), microstructure, and 
protein profile, to evaluate their influence on quality 
and microstructural properties.

Materials and Methods
Preparation of Ffermented Sausages 
Sausages were prepared based on a modification 
of fermented sausage making.9 Table 1 displays 
the formula for the fermented sausages with A. 
niger (AN) and L.  plantarum starter (LP). The 
starter A. niger (Agrotechnoshop) and L. plantarum 
(Agrotechnoshop) were in different batches as 
treatments in this study. A starting culture of 107 
CFU/g of A. niger and L. plantarum was added in 
each batch. The sausages were fermented for 0, 
1, 2, and 3 days. The experiment was arranged 
in a Randomized Block Design (RBD) with three 

replicates. The physicochemical characteristics 
(cooking loss, water holding capacity, pH, aw, 
color, texture profile analysis, moisture, protein, fat, 
and ash), microstructure, and protein profile were 
analyzed. 

Table 1: Formulation of fermented sausage

Weight (g)

Ingredients	 AN	 LP

Chicken meat	 1200	 1200
Ice tube	 400	 400
Fat 	 140	 140
Tapioca flour	 160	 160
Sugar 	 20	 20
Soy protein isolate	 20	 20
Garlic powder	 15	 15
STPP	 10	 10
Pepper	 2	 2
Ginger powder	 2	 2
Salt	 2	 2
A. niger starter	 40	 0
L. plantarum starter	 0	 40

AN: Fermented sausage with A. niger stater, LP: 
Fermented sausage with L. plantarum starter

Physicochemical Analysis of Fermented 
Sausages
Cooking Loss
The weight of the chicken emulsion sausages was 
measured before and after being heated to 80°C 
for 40 minutes. A calculation was made for cooking 
loss. The cooking loss can be computed using the 
following formula.10

Water Holding Capacity (WHC)
WHC was determined using the filter paper press. 
Whatman filter paper No. 42 and two 35 kg glass 
plates were used to crush a 0.5 g sample for five 
minutes. The image area was formed and created 
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with transparent plastic, and the precise areas (cm2) 
were calculated with the formula:

mgH2O=(volume of the wet area (cm²))/0.0948

Free Water Content  (%) =mgH2O/(sample weight 
(mg) )×100%

Total water content was evaluated by following the 
initial weight measurement of the filter paper, a 
sample weight of approximately 1 g was determined 
and wrapped around the filter paper. The sample 
was heated to 110°C for eight hours.

Total Water Content (%)=(sample weight - (final 
weight - starting weight)/(sample weight (mg) 
)×100%

WHC (%) =Total Water Content   (%) - Free Water 
Content (%)

Color Measurement
Samples were prepared and the liquid was placed in 
a glass. The color reader was turned on. The target 
readings for L*, a*, and b* were determined.

TPA (Texture Profile Analysis)
The Texture Analyzers (Brookfield Engineering Labs, 
Inc.) were used to measure the mechanical properties 
of the fermented sausages. Test speed of 2.0 mm/s 
and 15 mm cylinder probe were the parameters 
set for the analysis. Hardness, cohesiveness, 
springiness, adhesiveness, gumminess, and 
chewiness were obtained. pH, water activity, 
moisture, protein, fat, ash contents:  Fermented 
sausages were measured water activity analysis 
(aw) was performed using an aw meter.11

Microstructure of Fermented Sausages
Samples of fermented sausage with 0 and 1-day 
fermentation were selected for microstructure and 
protein profile analysis because samples with 2 
and 3-day fermentation might not be acceptable for 
aroma, taste, and texture. The fermented sausage 
was assessed for internal structure and surface 
using a scanning electron microscope (SEM). The 
sample was uniformly spread out very thinly on the 
two-sided aluminum plate, and it was then coated 
for 30 seconds with a layer of gold metal powder. 
SEM was used to examine the sample at a voltage 
of 15 kV and a magnification of 2000x.

Protein Profile
The three-stage standard method was developed 
for protein separation using Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS- PAGE) 
to determine the profile of proteins in fermented 
sausages. The three steps involved removing 
the protein from the sample, separating it using 
electrophoresis techniques, and creating a gel 
using SDS-PAGE (Bio-Rad). The final step was to 
identify the protein bands that have been formed. 
SDS-PAGE process was employed in the 15% 
separating gel and 4% stacking gel. Molecular weight 
was determined by comparing the protein distance 
of fraction electrophoresis with markers. The SDS 
PAGE gel band was examined using a gel imager 
(Bio-Rad).

Data Analysis
The study used an analysis of variance arranged in a 
randomized block design for each starter treatment. 
Duncan's multiple range test was used to determine 
any variation in mean values that was statistically 
significant (p<0.05). 

Results 
Cooking Loss, WHC, pH, and aw
Table 2 presents the effects of Aspergillus niger 
(AN) and Lactobacillus plantarum (LP) inoculation 
on cooking loss, water-holding capacity (WHC), 
pH, and water activity (aw) of fermented sausages 
over a 3-day fermentation period. Significant 
differences were observed between treatments 
(p<0.05), with notable trends emerging throughout 
the fermentation.

On day 3, cooking loss in the L. plantarum-treated 
group reached 4.09%, which was higher than the 
value observed in A. niger-treated samples (3.24%). 
In contrast, WHC decreased progressively in all 
samples but remained consistently higher in the L. 
plantarum group. Initially, WHC was 62.59% for L. 
plantarum and 49.11% for A. niger, decreasing to 
34.09% and 26.13%, respectively, by day 3.
Regarding pH, both treatments showed a gradual 
decline over time. The pH of L. plantarum-treated 
sausages decreased from 5.75 on day 0 to 4.71 
on day 3, while A. niger-treated samples showed a 
similar decrease from 5.73 to 4.70 during the same 
period.
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Table 2: Physical characteristics of fermented sausage

Parameter	 Starter                                  	Fermentation Time (Days)

		  0	 1	 2	 3

Cooking loss (%)	 AN 	 2.27±0.04e	 2.63±0.10d	 2.60±0.27d	 3.24±0.13b

	 LP 	 2.72±0.31cd	 2.93±0.08c	 4.03±0.08a	 4.09±0.10a

WHC (%)	 AN	 49.11±0.55c	 44.02±1.62d	 32.84±2.68e	 26.13±2.36f

	 LP 	 62.59±0.76a	 54.35±1.63b	 46.59±2.76cd	 34.09±1.53e

pH	 AN 	 5.73±0.05a	 4.98±0.09c	 4.83±0.03d	 4.70±0.54e

	 LP	 5.75±0.02a	 5.18±0.06b	 4.89±0.09cd	 4.71±0.03e

aw	 AN 	 0.90±0.01a	 0.89±0.01ab	 0.87±0.01bc	 0.86±0.01cd

	 LP	 0.88±0.01b	 0.85±0.01d	 0.88±0.01b	 0.85±0.01d

AN: Fermented sausage with A. niger stater, LP: Fermented sausage with L. plantarum starter.
abcdef: Values with different superscript letters in the line are significantly different

Color (L*, a*, and b*) 
Table 3 presents the changes in color parameters 
(L*, a*, and b*) of fermented sausages over a 3-day 
fermentation period, with significant differences 
observed between samples inoculated with A. niger 
and L. plantarum (p<0.05). Lightness (L*) values 
decreased progressively in both groups, although 
L. plantarum-treated samples consistently exhibited 
higher L* values. On day 3, L* values were 69.47 
and 62.71 for L. plantarum and A. niger-treated 
samples, respectively. Redness (a*) also declined 

over time, with L. plantarum maintaining higher 
values throughout the fermentation. In this group, a* 
decreased from 2.54 (day 0) to 1.03 (day 3), while 
A. niger-inoculated samples decreased from 1.17 to 
0.62 over the same period. In contrast, yellowness 
(b*) values increased in both treatments. A. niger-
treated sausages showed consistently higher b* 
values across all time points, reaching 16.27 on 
day 3 compared to 15.29 in L. plantarum-treated 
samples. 

Table 3: Color measurement of fermented sausage

Parameter	 Starter                                  	Fermentation Time (Days)

		  0	 1	 2	 3

L* (Lightness)	 AN	 70.81±0.83c	 67.69±1.53e	 66.72±0.40e	 62.71±0.42f

	 LP	 74.42±0.67a	 72.45±0.88b	 71.35±0.23bc	 69.47±0.24d

a* (Redness)	 AN 	 1.17±0.17cd	 0.94±0.03e	 0.86±0.02e	 0.62±0.04f

	 LP 	 2.54±0.27a	 1.88±0.09b	 1.27±0.10c	 1.03±0.05de

b* (Yellowness)	 AN	 11.70±0.83c	 13.77±0.61c	 14.79±0.72b	 16.27±0.45a

	 LP	 8.75±0.31f	 10.59±0.13e	 11.35±0.32de	 15.29±0.33b

AN: Fermented sausage with A. niger stater, LP: Fermented sausage with L. plantarum starter.
abcdef: Values with different superscript letters in the line are significantly different

Te x t u r e  P r o f i l e  A n a l y s i s  ( H a r d n e s s , 
Cohesiveness, Springiness, Adhesiveness, 
Gumminess, and Chewiness)
Table 4 shows the results of the texture profile 
analysis, where significant differences were observed 

between treatments and across fermentation days 
(p<0.05). Hardness decreased progressively in 
all samples, with a more pronounced reduction 
observed in the L. plantarum-inoculated group. On 
day 0, A. niger-treated sausages had the highest 
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hardness (338.17 N), which declined to 105.53 N 
by day 3. In contrast, L. plantarum-treated sausages 
began at a lower value (248.80 N) and reached 
82.07 N by day 3. Cohesiveness also declined 
over time in both treatments. A. niger-inoculated 
samples maintained slightly higher cohesiveness 
values throughout, decreasing from 0.55 to 0.42, 
while L. plantarum samples dropped from 0.54 
to 0.34. Springiness showed a gradual decrease 
in both groups. While A. niger-treated samples 
retained higher springiness across the fermentation 
period (0.98 to 0.80), L. plantarum samples declined 

from 0.90 to 0.73. Gumminess increased during 
fermentation in both treatments. A. niger samples 
showed a steady rise from 23.73 N to 46.47 N, 
while L. plantarum-treated sausages increased from 
17.30 N to 34.10 N. Chewiness, which reflects the 
energy required to masticate the product, followed 
a decreasing trend. A. niger-inoculated sausages 
showed the most significant reduction, from 
168.73 N to 17.62 N, while L. plantarum samples 
decreased from 105.33 N to 34.37 N. Fig. 1 shows 
the appearance of the fermented sausage samples.

Table 4: Texture profile analysis of fermented sausage

Parameter	 Starter                                  	Fermentation Time (Days)

		  0	 1	 2	 3

Hardness (N)	 AN	 338.17±10.10a	 274.80±20.36b	 146.50±7.29d	 105.53±6.11e

	 LP	 248.80±3.70c	 149.37±8.11d	 105.50±7.53e	 82.07±7.53f

Cohesiveness	 AN 	 0.55±0.01a	 0.47±0.02b	 0.43±0.01cd	 0.42±0.01d

	 LP 	 0.54±0.02a	 0.44±0.01c	 0.38±0.01e	 0.34±0.01f

Springiness	 AN 	 0.98±0.57a	 0.89±0.01b	 0.85±0.01b	 0.80±0.02c

	 LP 	 0.90±0.03b	 0.84±0.01bc	 0.73±0.01d	 0.73±0.03d

Adhesiveness	 AN 	 23.73±0.66cd	 27.33±1.96c	 38.10±1.40b	 46.47±3.89a

	 LP 	 17.30±1.01e	 19.77±0.57de	 27.17±0.93c	 34.10±4.65b

Gumminess (N)	 AN	 197.23±9.09a	 118.20±14.75b	 57.67±2.34c	 53.83±1.94c

	 LP	 115.10±6.73b	 58.33±5.772c	 50.40±1.10cd	 40.20±0.79d

Chewiness (N)	 AN	 168.73±3.55a	 97.10±6.40c	 27.50±2.26f	 17.62±1.03g

	 LP	 105.33±6.23b	 53.83±4.28d	 44.03±4.28e	 34.37±2.38f

AN: Fermented sausage with A. niger stater, LP: Fermented sausage with L. plantarum starter.
abcdef: Values with different superscript letters in the line are significantly different

Fig. 1: The fermented sausage with A. niger and L. plantarum starter

Moisture, Protein, Fat, and Ash Content
Table 5 presents the changes in moisture, protein, 
fat, and ash content of sausages during the 3-day 

fermentation period. Significant differences (p<0.05) 
were observed between samples inoculated 
with A. niger and L. plantarum, as well as across 
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fermentation days. Moisture content declined over 
time in all treatments. At day 0, both groups showed 
similar values (70.83% for A. niger, 72.07% for L. 
plantarum), but by day 3, moisture content had 
decreased to 62.23% and 62.28%, respectively. 
Protein content also decreased in the A. niger-
treated samples, from 48.01% at day 0 to 35.69% 
at day 3. In contrast, L. plantarum-treated sausages 
maintained relatively high protein content throughout 
the fermentation period, ranging from 51.89% at day 

0 to 47.35% at day 3. Fat content showed a marked 
reduction during fermentation in both treatments. 
The L. plantarum group decreased from 12.29% 
to 4.88%, while the A. niger group dropped from 
11.95% to 5.26%. Ash content increased significantly 
in L. plantarum-inoculated samples, peaking at 
14.48% on day 0 and maintaining high levels through 
day 3. In contrast, A. niger samples fluctuated but 
remained lower, ranging from 7.29% to 12.53%. 

Table 5: Chemical characteristics of fermented sausage

Parameter	 Starter                                  	Fermentation Time (Days)

		  0	 1	 2	 3

Moisture (%)	 AN	 70.83±1.26a	 66.84±2.39b	 64.07±1.87cd	 62.23±2.34d

	 LP	 72.07±0.57a	 70.80±1.59a	 66.32±3.40b	 62.28±1.81d

Protein (%)	 AN 	 48.01±2.38ab	 44.13±0.98bc	 40.45±1.91c	 35.69±1.38d

	 LP	 51.89±4.89a	 47.79±1.05ab	 47.85±2.56ab	 47.35±1.01b

Fat (%)	 AN	 11.95±0.17ab	 11.07±0.43bc	 9.80±0.45d	 5.26±0.45f

	 LP 	 12.29±1.36a	 10.09±0.35cd	 8.09±0.85e	 4.88±0.36f

Ash (%)	 AN	 7.59±0.41c	 12.53±1.48b	 7.29±0.37c	 7.58±0.23c

	 LP 	 14.48±0.97a	 13.70±1.07ab	 12.53±1.48b	 13.45±0.99ab

AN: Fermented sausage with A. niger stater, LP: Fermented sausage with L. plantarum starter.
abcdef: Values with different superscript letters in the line are significantly different

Fig. 2: Microstructure of fermented sausage

Microstructures
Fig. 2 presents the microstructure of fermented 
chicken sausages at 0, 1, 2, and 3 days of 

fermentation, observed using Scanning Electron 
Microscopy (SEM) at 2000× magnification. The 
SEM images revealed clear structural differences 
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over the fermentation period. Four main components 
were identified in the sausage matrix: (1) microbial 
cells of A. niger or L. plantarum appearing as small 
spherical protrusions, (2) fat droplets represented by 
bright white dots, (3) fibrous meat structure forming 

the sausage matrix, and (4) dense white granules 
corresponding to protein-based binding agents. At 
day 0, the sausage structure appeared compact and 
dense. By day 1, small voids and slight openings 
began to form. 

Fig. 3: Protein profile of fermented sausage with A. niger (left) and L. plantarum (right)

Protein Profile 
As shown in Fig. 3, the electrophoresis results of 
fermented sausage inoculated with A. niger revealed 
protein bands in the range of 123–196 kDa and 
9–10 kDa, whereas samples with L. plantarum 
showed bands ranging from 124–192 kDa and 
10–12.5 kDa. On day 0, both treatments exhibited 
thick protein bands in the higher molecular weight 
range (123–196 kDa for A. niger and 124–192 kDa 
for L. plantarum), which became thinner by day 1 
of fermentation, indicating protein degradation. The 
red arrow in the Fig. highlights the appearance of a 
potential protein band below 10 kDa.

Lane M: Protein molecular weight marker; Lane 1: 
sample at fermentation day 0; Lane 2: sample at 
fermentation day 1.

Discussion
Water-holding capacity (WHC) is an important 
physicochemical property in fermented meat 
products, as it affects texture, juiciness, and 
overall yield. In this study, samples fermented with 
Lactobacillus plantarum showed higher WHC than 
those with Aspergillus niger, likely due to protein 
gelation and matrix stabilization, which are commonly 
associated with lactic acid fermentation.12,13 
WHC is influenced by the integrity of the protein 
network, pore size, molecular capillarity, and protein 
conformation.12 Additionally, components such as 
insoluble dietary fibre had been reported to enhance 

WHC in meat matrices.12,14 Despite the higher WHC 
observed in sausages treated with Lactobacillus 
plantarum, these samples also exhibited increased 
cooking loss. This apparent contradiction can be 
attributed to acid-induced protein denaturation and 
enhanced proteolysis during fermentation, which 
weakened the protein network’s ability to retain water 
under heat. The pH decline during fermentation, 
primarily caused by lactic acid and other organic 
acids, directly affected both WHC and cooking loss. 
A lower pH disrupted protein structures, reducing 
water retention and thereby increasing fluid loss 
during cooking.15,16

In meat products, WHC played a crucial role in 
determining textural quality, sensory properties, 
and shelf life.14,17 Hence, although L. plantarum 
improved WHC during fermentation, the final product 
experienced greater cooking loss, likely due to the 
cumulative effects of acidification and proteolysis. 
Notably, both A. niger and L. plantarum treatments 
resulted in similar final pH values; however, samples 
inoculated with L. plantarum showed a more rapid 
acidification in the early stages, reflecting the 
starter’s strong acid-producing capability and its 
effect on protein structure and water retention.18

Furthermore, during the fermentation process, a 
reduction in water activity (aw) to below 0.90 was 
observed. This was significant, as it created an 
effective microbial hurdle, particularly essential in 
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dry-cured meat products, by limiting the growth of 
spoilage and pathogenic microorganisms.19 The 
decrease in both aw and pH enhanced product 
stability and contributed to extended shelf life. 
Protein modifications also played a vital role 
throughout fermentation. Organic acids, primarily 
lactic acid, contributed to protein denaturation and 
facilitated gel formation by promoting aggregation 
of myofibrillar proteins.13,18 During the fermentation 
process, microbial enzymes, particularly those 
produced by lactic acid bacteria (LAB), contributed 
to protein breakdown, leading to the generation 
of peptides and amino acids that may possess 
bioactive properties.20 Although LAB was the 
dominant group in this process, the proteolytic 
activity of co-inoculated molds and staphylococci had 
been widely acknowledged, potentially enhancing 
flavor and texture development through synergistic 
mechanisms.21,22

Color is a critical quality parameter in fermented 
meat products, as it directly influences consumer 
perception and acceptance. In this study, samples 
treated with L. plantarum showed higher L* values 
compared to those treated with A. niger. The higher 
L* (lightness) in L. plantarum-fermented sausages 
was likely due to reduced pigment oxidation 
and improved moisture retention, resulting in a 
brighter appearance. Conversely, the lower L* 
observed in A. niger-treated samples may have 
been attributed to stronger proteolytic activity and 
pigment degradation, leading to a darker surface 
color. The a* values (redness) were also higher in 
L. plantarum-treated samples, potentially due to 
the acidifying effect of lactic acid bacteria, which 
helped stabilize nitrosomyoglobin and preserve 
the red color of cured meats. In contrast, the 
slight increase in redness (a*) in A. niger samples 
may have resulted from oxidative processes that 
altered pigment structure and intensity.23 The b* 
values increased during fermentation, which could 
be explained by the formation of Maillard reaction 
products, fat oxidation, and pigment transformation. 
The Maillard reaction likely occurred between 
amino groups (especially from α-amino N-terminal 
amino acids and ε-amino lysine residues) and 
aldehyde groups of reducing sugars, leading to 
color changes.24,25 In L. plantarum-fermented 
samples, carbohydrate fermentation by lactic acid 
bacteria may have contributed to the enhancement 
of red color through reduced sugar degradation 

and pigment interactions.26 The texture profile of 
fermented sausages was significantly influenced by 
the type of starter culture used. Overall, sausages 
fermented with L. plantarum exhibited more rapid 
textural softening over time, which may be attributed 
to its higher proteolytic activity and acid production 
capacity. In contrast, sausages fermented with A. 
niger maintained firmer structural characteristics 
throughout the fermentation period. Water activity 
(aw) and moisture content play a critical role in 
determining textural parameters such as hardness, 
cohesiveness, gumminess, and chewiness. As water 
activity and moisture levels decrease, these textural 
attributes tend to increase due to the denser protein 
matrix.19 The observed decline in pH, particularly 
in L. plantarum-inoculated samples, is known to 
adversely affect chewiness and hardness, as lower 
pH promotes protein denaturation and subsequent 
weakening of muscle structure.27 However, this 
acidification process also facilitates the aggregation 
of myofibrillar proteins, contributing to gel formation 
that enhances sausage firmness and elasticity in the 
later stages of fermentation.13 Studies have shown 
that even when the same starter cultures are used, 
differences in meat type can influence textural 
outcomes such as hardness and proteolysis, as 
demonstrated in comparisons between fermented 
camel and beef sausages.28

The contents of moisture, protein, fat, and ash 
showed significant variations between A. niger and 
L. plantarum treatments, as well as over different 
fermentation periods. The duration of the ripening 
process significantly influenced moisture content, 
with prolonged drying and fermentation resulting in 
reduced water levels.29 Although L. plantarum was 
more effective in maintaining protein content during 
the initial fermentation phase, both A. niger and L. 
plantarum treatments ultimately exhibited reduced 
protein levels by the end of fermentation, likely due 
to proteolytic activity by the microorganisms. Protein 
hydrolysis is driven by the enzymatic activity of 
starter cultures, which break down myofibrillar and 
sarcoplasmic proteins into smaller peptides and free 
amino acids, enhancing digestibility and potentially 
producing bioactive compounds.9 Similarly, a notable 
decrease in fat content was observed over time. The 
average fat content in sausages inoculated with L. 
plantarum decreased from 13.11% to 9.81%.9 Fat 
content plays a key role in determining the volatility 
of sausages, which directly affects the release and 
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concentration of volatile compounds that shape 
flavor and aroma.30 The reduction in fat is likely linked 
to the activity of endogenous and microbial lipases, 
including phospholipases, which hydrolyse fat 
molecules into free fatty acids during fermentation.31 
Lactic acid bacteria (LAB), yeasts, and molds are 
known to possess lipolytic activity, contributing to 
the release of these free fatty acids in fermented 
sausages.32 The lipolytic activity of LAB such as 
L. sakei, Pediococcus pentosaceus, S. carnosus, 
and S. xylosus has been reported to influence fat 
breakdown during fermentation.33 Fermentation 
also induces pH changes and promotes protein 
breakdown through the action of microbial enzymes 
and organic acids.18 In sausages fermented with A. 
niger, mold growth was associated with extended 
fermentation times and correlated with enhanced 
proteolysis and flavor development. Additionally, 
increases in ash content were observed in some 
products during fermentation and smoking, such as 
Macedonian sausage, which reached its highest ash 
level (5.96%) at the end of the fermentation period.34

The microstructural analysis revealed that sausages 
fermented with A. niger exhibited a more porous 
and open structure compared to those inoculated 
with L. plantarum. This difference may be attributed 
to the specific interactions between the starter 
cultures and other sausage components during 
emulsion formation. On day 0, the sausage matrix 
appeared compact and dense, indicating limited 
microbial or enzymatic activity. However, by day 1, 
small voids and slight openings began to emerge, 
suggesting the onset of protein denaturation and 
enzymatic activity from the starter cultures. Fat 
droplets, often observed as bright white dots under 
microscopy, appeared smaller and were evenly 
distributed throughout the matrix.35 The formation 
of hollow structures in the sausage microstructure 
may result from the expansion or redistribution of fat, 
water, and air components during fermentation and 
drying.36 Sausage formulations with higher sodium 
content demonstrated denser and more compact 
microstructures with similar porosity and void 
space compared to control samples that exhibited 
a spongier appearance.37 In contrast, bologna 
sausages with significant sodium reduction formed 
microstructures that were denser and more regular 
but exhibited more visible holes and a chewier 
appearance. In such samples, fat droplets were 
more apparent, whereas in other sausage types, 

the emulsion formed was more stable and compact, 
integrating fat into the matrix.38 Control sausages, 
characterized by smaller fat droplets and reduced 
cavity size, showed that emulsion-type sausages 
tend to form more compact structures with limited 
void formation.39

SDS-PAGE electrophoresis revealed changes 
in molecular weight distribution, which indicated 
proteolytic activity and protein degradation caused 
by the A. niger and L. plantarum starter cultures. The 
degradation of both myofibrillar and sarcoplasmic 
proteins was observed, reflecting one of the key 
biochemical processes that occurred during sausage 
fermentation.1 Previous studies reported the gradual 
disappearance of protein bands at 157, 97, 45, and 
29 kDa in sausages inoculated with L. delbrueckii 
N102 and L. sakei H1-5 throughout fermentation and 
ripening, suggesting extensive proteolysis. Structural 
proteins such as actin and myosin, especially the 
myosin heavy chain (MHC), were significantly 
degraded. Protein degradation was considered 
one of the primary biochemical transformations in 
the sausage fermentation process, contributing 
to texture development and flavor. Endogenous 
enzymes such as cathepsins were believed to have 
initiated the proteolytic process, while microbial 
enzymes from starter cultures played an important 
role, particularly during the later stages of ripening.40  

Conclusion
In conclusion, L. plantarum accelerated fermentation, 
lowered pH, improved water-holding capacity, and 
preserved color, but also caused higher cooking 
loss and a softer texture due to proteolysis. In 
contrast, A. niger exhibited slower acidification, 
firmer texture, and lower cooking loss, but resulted in 
darker color. Both cultures reduced moisture and fat, 
promoted protein degradation, and showed distinct 
microstructural changes. Overall, L. plantarum is 
preferable for enhancing WHC and color, whereas 
A. niger is more effective in preserving firmness and 
reducing cooking loss. These findings help guide the 
choice of starter cultures to improve sausage quality 
and support future research on fermentation. 
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