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Abstract This study addresses the application of native,

multiple strain starter cultures for standardization of game

meat sausages production. The designed starter cultures

consisting of two indigenous Lactobacillus sakei and one

Leuconostoc mesenteroides strains. These strains were used

in both, the encapsulated and non-encapsulated form, in the

game meat dough, individually or in combination, with

eight treatments in total. Microbiological and physico-

chemical characteristics of the sausages were monitored

throughout the manufacturing process, while sensory

properties, biogenic amine content, and volatile com-

pounds were evaluated in the final products. As revealed by

rep-PCR, native starter cultures, encapsulated or non-en-

capsulated, had survived the whole sausage production

process; however, to varying degrees. The application of

indigenous decarboxylase negative Lb. sakei strains sig-

nificantly (P\ 0.05) reduced tyramine content, rapidly

decreased pH and promoted the number reduction of En-

terobacteriaceae and elimination of E. coli, L. monocyto-

genes and coliforms in ready-to-eat products. A total of 84

volatile compounds were identified by SPME–GC–MS in

the eight treatment batches of game meat sausages, with

only minor differences between the treatments. No signif-

icant differences in sensory traits (P[ 0.05) between tes-

ted treatments were found, although treatment with the Lb.

sakei strains received the highest scores for the sensory

traits including cross-section, odour, hardness, aroma, and

overall acceptability. Combination of multi-strain Lb. sakei

starter cultures resulted in growth prevention of undesir-

able microbiota, reduction of tyramine content and

increased the acceptability parameters of full-ripened sau-

sages, which make them good candidates for industrial as

well as artisanal application.

Keywords Game meat sausages � Native starter cultures �
Encapsulation � Tyramine � Sensory properties � Volatile
compounds

Introduction

The consumers demand organic food of specific taste that

is minimally processed and with fewer, or preferably no

preservatives (Román et al. 2017). The production of tra-

ditional, spontaneously fermented, nitrate-free game meat

sausages is perceived to fulfill all of those criteria. How-

ever, such production is not standardized and may result in

the oscillation of sensorial as well as microbiological

quality (Žgomba Maksimović et al. 2018). Although the

utilization of starter cultures is a key food safety strategy in

industrial sausages production (Lücke 2000), many small-

scale sausages producers still rely on traditional procedures
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and do not apply starter or protective cultures (Kozačinski

et al. 2006; Žgomba Maksimović et al. 2018). However, in

the context of microbial metabolic diversity, it must be

remembered that the use of commercial starter cultures can

lead to the loss of diversity and the generation of different

metabolic activities which consequently directly influence

the sensorial properties of sausages (Garcı́a et al. 2019).

Irrespectively, if the starter cultures could ensure the

uniqueness of the sensorial properties of artisanal sausages

and enhance microbiological safety, it is reasonable to

believe that their application would be more widely dis-

tributed among the small-scale artisanal producers too.

The majority of starter cultures applied nowadays con-

tain lactic acid bacteria (LAB), due to their recognized key

role in food fermentation, positive influence on food sen-

sorial properties, and a long history of safe use (Oliveira

et al. 2018). However, not all LAB are equally efficient in

all sausage types (Palavecino Prpich et al. 2015) and

compared to commercial starter cultures, indigenous strains

isolated from traditional fermented products often express

higher metabolic activity (Frece et al. 2014; Palavecino

Prpich et al. 2015).

However, to be considered as a part of the starter cul-

ture, native strains should fulfil many requirements. As

such, besides proven antimicrobial and technological

properties, it is essential that they show no pathogenic or

toxic activities and with their application, the typical sen-

sory properties of traditional sausages need to be preserved

(Ammor and Mayo 2007). Only one strain can rarely fulfil

all those requirements and therefore, multiple strains

application is often much more preferable for expressing

the complementary beneficial features in a food matrix.

However, the capacity of starter cultures to undertake the

metabolic activities in sausages is based primarily on its

ability to multiply inside the meat product and to compete

with the natural microbiota, despite in vitro potential and

high performance under laboratory conditions (Oliveira

et al. 2018).

Against this background, wild-type LAB isolated from

game meat sausages were investigated for their potential

use as native starter cultures, which led to the design the

multiple strain starters comprising of two indigenous

Lactobacillus sakei and one Leuconostoc mesenteroides

strains. Although the application of other strains of Lb.

sakei was reviewed (Zagorec and Champomier-Vergès

2017), the use of Leu. mesenteroides for dry fermented

sausages production was not explored, even though they

represent an important part of the microbiota of artisanal

dry fermented sausages. For example, they were often

isolated from artisanal sausages containing up to 2.5% of

salt (Danilović et al. 2011; Žgomba Maksimović et al.

2018) and particular strains have contributed to the overall

sensorial acceptability of sausages (Kos et al. 2019).

As known from the literature, heterofermentative LAB

are often displaced in the process of microbial succession

in fermented food (Garcı́a et al. 2019) and additional

solutions are needed to ensure their viability throughout the

manufacturing process. As such, to protect the cells against

the harsh conditions during fermentation and in the pres-

ence of competitive microbiota, the selected strains were

encapsulated prior the application, using the ionic gelation

method with alginate as a carrier (Kavitake et al. 2018).

Therefore, to investigate the feasibility of selected

multiple starter cultures for the production of nitrite-free

fermented game meat sausages, this study evaluated the

effect of a formulation of lactic acid bacteria (LAB) on the

microbiological, physicochemical, and sensory character-

istics of game meat sausages. Special focus was set against

the evaluation of survival rate and performance of encap-

sulated and non-encapsulated selected starter cultures in

game meat sausages during the ripening period of 40 days

at a local small-scale facility under artisanal conditions. It

was hypothesized that (1) the applied native starter cultures

will survive during the fermentation and ripening process,

and encapsulated cultures will have a higher survival

capacity, (2) there will be an inhibition of growth of

undesirable microbiota and a positive effect of native

starter cultures on the physicochemical properties of sau-

sages, and (3) the typical sensory quality of traditional

sausages will be preserved.

Materials and methods

Origin of LAB strains, biomass production

and encapsulation

Based on previously established results from the safety and

technological traits (Mrkonjic Fuka et al. 2020), two Lb.

sakei and one Leu. mesenteroides strains that passed safety

evaluation (were free of biogenic amine genes, sensitive to

all tested antibiotics and non-hemolytic) and showed

promising technological traits (acidification, proteolytic,

lipolytic and antagonistic activity) were selected to be

applied as native starter cultures (Table 1), alone or in

combination. The association of all three strains to

designed starter culture was determined using a compati-

bility test performed by streaking out the strains on the

Man–Rogosa–Sharpe agar (MRS) 0.5 cm apart and

observing any potential inhibitory effect.

To obtain the appropriate biomass of starter cultures, the

strains were inoculated in MRS broth (100 mL) and incu-

bated at 30 �C for 24 h. Cultures were harvested by cen-

trifugation at 80009g for 5 min and cell pellets were then

resuspended in 100 mL of sterile skim milk solution
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(1.5%) and were added directly into meat batter or as

encapsulated cells as described below.

Microspheres loaded with calcium ions and the selected

starter cultures were prepared using the ionic gelation

technique (Vinceković et al. 2016). Low viscosity sodium

alginate (Sigma Aldrich, USA) and starter culture were

homogenized and then dropped into a 1 mol dm-3 solution

of CaCl2 (Kemika, Croatia) using a Büchi-B390 encapsu-

lator (BÜCHI Labortechnik AG, Switzerland). The con-

centration of sodium alginate was 1.5% while the

microsphere diameter was determined by using a nozzle

size of 200 lm and the vibration frequency of 1100 Hz at a

pressure of 160 mbar, respectively. Before being added to

the meat dough the microcapsules were resuspended in

100 mL of sterile skim milk solution (1.5%). To determine

the number of bacterial cells that survived the process of

microencapsulation, encapsulated bacteria were released

by adding 0.06 M sodium citrate and 0.2 M sodium

bicarbonate buffer. The encapsulation yield was calculated

as described previously (Khosravi Zanjani et al. 2014).

Formulation and sampling of sausages

In this study, eight treatments were prepared in three bat-

ches (n = 24), each batch with 5 kg of meat dough. All

treatments were made from a mixture of domestic pig (Sus

scrofa domesticus L.) meat (60%) and wild boar (Sus

scrofa L.) meat (40%) and the following ingredients were

added, salt (1.9%), red chilli peppers (0.50%), garlic

(0.3%), red sweet peppers (0.2%), sugar (0.2%), and black

peppers (0.1%). Spices were added as dried and grounded.

Selected native starter cultures were applied resuspended in

sterile skim milk solution either in encapsulated or non-

encapsulated form as described in Table 2. Treatment B4

was used as a non-inoculated control (no starter cultures

were added), and treatment B5 was used as a control with

the addition of commercial starter Bitec LS-25 (Gewürz-

müller, Germany) comprised of Lb. sakei and Staphylo-

coccus carnosus. Meat dough was filled in natural casings

(pig’s small intestine) with a 38 mm diameter, and the

sausages were randomly stored in a drying chamber for

fermentation/ripening for 40 days, with four smoking

treatments under traditional conditions. Temperature and

relative humidity were monitored every 30 min using data-

logger LOG 32 TH (Dostmann electronic, Germany).

Samples (n = 72) were taken as followed: at 0, 7, and

40 days for pH and water activity measurements as well as

for complete microbiological analysis, and final products

were tested for aroma volatile compounds, biogenic amine

and sensory properties.

Table 1 Safety, technological and antagonistic properties of LAB strains applied as native starter cultures

Genotype Antibiotic

resistance1
Biogenic amine

genes2
Acidification3 Proteolytic activity4 Lypolitic

activity5
Antimicrobial

activity6

DpH after

24 h

DpH after

7 d

Casein Sarcoplasmic

proteins

Lb. sakei

LS0713 – – 0.46 2.27 – – ? ? ? Sa/W/Bc

LS0296 – – 1.92 2.24 ? – – Sa/St/Bc

Le. mesenteroides

LM0532 – – 2.06 2.43 – – ? ? Ec/St

1Antibiotic resistance was tested according to EFSA where lactobacilli and leuconostocs were tested against ampicillin (2 lg—Amp), gen-

tamicin (10 lg—Gen), erythromycin (2 lg—Ery), tetracycline (5 lg—Tet), kanamycin (30 lg—Kan), clindamycin (2 lg—Cli) and chlo-

ramphenicol (30 lg—Chl)
2Biogenic amine genes were detected by PCR assays for histamine (hdc), putrescine (odc), tyramine (tdc) and cadaverine (ldc)
3Acidification is shown as a pH change (DpH). pH change (DpH) was calculated according to the formula: DpH = pH1 - pH2, where pH1 is the

pH of lyophilized pork meat media and pH2 is the mean pH value of lyophilized pork meat media measured 7 or 24 h after the inoculation of

selected strains
4Proteolytic activity was tested on skim milk agar and media enriched with sarcoplasmic proteins. Proteolytic activity was detected as a clear

zone around colonies. The diameter of the clear zone was measured and expressed as mean value in mm and compared to the proteolytic activity

of Pseudomonas fluorescens WCS 417r
5Lypolitic activity was detected as a clear zone around colonies grown on tributyrin agar. The diameter of the clear zone was measured and

expressed as a mean value in mm and compared to the lipolytic activity of Pseudomonas fluorescens WCS 417r
6Antimicrobial activity was tested against selected indicator bacteria: Sa—Salmonella enterica subsp. enterica (DSM 14221); L—Listeria
innocua (ATCC 33090); Ec—Escherichia coli (ATCC 25922); St—Staphylococcus aureus subsp. aureus (DSM 20231); Bt—Brochotrix
termospachta (LMG 17208); W—Weissella viridescens (DSM 20410); Bc—Bacillus cereus (DSM 6791)
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Water activity, pH and microbiological analysis

Water activity (aw) was determined using a portable ana-

lyzer, HygroPalm HP23-AW-A equipped with an HC2-

AW probe (Rotronic AG, Switzerland) and pH values were

measured using a portable pH-meter IQ 150 (IQ Scientific

Instruments, USA).

For microbiological analysis, 25 g of sausages were

taken from the central part of each sausage and were

homogenized in a sterile saline solution (0.85%) using a

Stomacher Lab-Blender 400 (Seward Medical, UK). The

appropriate decimal dilutions were spread on different

selective agar media. Enterobacteriaceae and E. coli (ISO

21528-2 2004) and coliforms (ISO 4832 2006) were

determined. The presence of S. aureus was determined on

Baird-Parker agar (Labo-Life Sàrl, Switzerland) supple-

mented with a 20% egg yolk tellurite emulsion (VWR

International, Switzerland) after incubation at 37 �C for

48 h. Salmonella spp. and Listeria monocytogenes were

detected according to ISO 11290-1:1996/Amd 1 (2004) and

ISO 6579:2002/Amd 1 (2007), respectively. The abun-

dance of yeasts and moulds was monitored according to

ISO 21527-2 (2008) and enterococci were detected on

kanamycin esculin azide agar (Biolife, Italy) after incuba-

tion at 37 �C for 48 h. Additionally, Lactobacillus spp. and

Leuconostoc spp. were isolated on LamVab medium

(Hartemink et al. 1997) under anaerobic conditions after

72 h at 30 �C. Approximately 15 colonies from the Lam-

Vab medium were randomly selected from one treatment

and purified from each sampled time point (0, 7, and

40 days).

Fingerprinting of isolates

All collected LamVab isolates (n = 355) were screened

using Gram-staining and genotyped by rep–PCR with

(GTG)5 primer as described previously (Domig et al.

2014). Extraction of the template DNA for the PCR reac-

tions was performed with the Wizard Genomic DNA

Purification Kit (Promega, USA) according to the manu-

facturer’s instructions. The rep-PCR patterns were ana-

lyzed using the software BioNumerics version 7.6.1

(Applied Maths, Belgium) as described by Žgomba Mak-

simović et al. (2018) and the representatives of each cluster

group were identified by 16S rRNA gene sequencing

(Macrogen, Netherlands) using a previously established

primer set and PCR protocol (Di Cello et al. 1997). The all

obtained sequences were aligned and compared with the

sequences deposited in the GenBank database using the

BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/)

and were deposited in the GenBank database under the

accession numbers MH197045-197067 and MH231452-

231454.

Histamine and tyramine content

The histamine and tyramine content were determined by

high-performance liquid chromatography (HPLC, 1100

Table 2 Formulations of starter cultures in eight treatments, with their survival (recovery) rates

Form of application Treatment Identification (genotype code) Survival rate

(%)

Bacterial pellets resuspended in sterile skimmed milk solution B1 Lactobacillus sakei
(LS0713 ? LS0296)

84.24

B2 Leuconostoc mesenteroides (LM0532) 65.11

B3 Lactobacillus sakei
(LS0713 ? LS0296)

54.54

Leuconostoc mesenteroides (LM0532) 44.18

Control (no starter culture added) B4 n.a. n.a.

Control (lyophilized commercial starter cultures resuspended in sterile

distilled water)

B5 Lactobacillus sakei, Staphylococcus
carnosus

n.a.

Microencapsulated bacterial pellets resuspended in sterile skimmed milk

solution

B6 Lactobacillus sakei
(LS0713 ? LS0296)

64.44

B7 Leuconostoc mesenteroides (LM0532) 80.00

B8 Lactobacillus sakei
(LS0713 ? LS0296)

38.30

Leuconostoc mesenteroides (LM0532) 44.69

Survival rates are expressed as a percentage of isolates recovered from each treatment with the rep-PCR patterns corresponding to the rep-PCR

patterns of the inoculated starter culture(s)

n.a. not applicable
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Agilent Technologies, USA). Extraction and derivatization

of biogenic amines from the sausages were performed as

described previously (Eerola et al. 1993) as too was the

HPLC analysis (Žgomba Maksimović et al. 2018).

Analysis of volatile compounds

Extraction of volatile compounds was performed by

headspace solid-phase microextraction (SPME), using a

fused silica fiber (20 mm in length) coated with a 50/

30 lm DVB/Carboxen/PDMS (Supelco, USA). Samples

(5 g) were homogenized in distilled water saturated with

NaCl (25 mL) using the Ultra-turrax (IKA, Germany).

Following this, 10 mL of the mixture was placed in a

20 mL vial and 100 lL of 4-methyl-2-pentanol (1.2 mg/

kg) was added as an internal standard. The vial was tightly

capped with a PTFE septum. The vial was placed in

a thermoblock at 40 �C, the SPME fiber was then exposed

to the headspace for 180 min. After extraction, the SPME

fiber was injected into the 6890 N gas chromatograph

coupled to a 5975i mass selective detector (Agilent Tech-

nologies, USA). A capillary column DB-5 ms

30 m 9 0.25 mm and a film thickness of 0.25 lm (Agilent

Technologies, USA) were used, with helium as a carrier

gas at a flow rate of 1.0 mL/min. The temperature program

and mass spectrometry parameters were carried out as

previously described (Petričević et al. 2018). An in-house

mixture of C8–C20 n-alkanes was run under the same

chromatographic conditions to calculate the retention

indices of each of the detected compounds. The software,

AMDIS 3.2 version 2.62 was used for identification of

components using the NIST 2005 version 2.0 spectral

library (NIST, USA), in addition to a comparison being

made between the obtained retention indices and noted

literature values (Adams 2007).

Sensory properties

To evaluate the influence of the native starter cultures on

the final sensorial characteristics of the product but to avoid

overloading of consumers, only the sausages made with

non-encapsulated strains were subjected to a consumer

evaluation. Sensory analysis was performed by a non-

trained panel of consumers comprised of 80 participants

from both genders (47.3% male and 52.7% female), with

ages ranging from 18 to 64 years old. A 9-point structured

scale was used where 1 meant ‘‘extremely disliked’’ and 9

meant ‘‘extremely liked’’. Six sensory traits based on

likeability were evaluated; cross-section, odour, taste,

hardness, aroma, and overall. In total, five samples coded

with three-digit numbers were given to each subject and

presented in a completely balanced block design. Samples

were cut into a thickness of 2 mm using a knife at an angle

of 45�. Subjects were placed in separate booths and were

instructed to use tap water and unsalted bread as palate

cleansers before every sample.

Statistical analysis

The data obtained were analyzed by the SAS Studio

University Edition 3.4 (SAS Institute 2015). The analysis

of the viable cell counts, pH, aw, tyramine, and volatile

compounds was performed using one-way ANOVA with

treatment as a fixed factor and batch as a random effect.

Sensory data were analyzed using mixed model repeated

measures ANOVA with treatment as a fixed effect, and

judge and batch as a random effect. Tukey test was used as

post hoc test when the main effects/interactions analyzed

were significant at P\ 0.05. The CORR procedure was

used for the correlation analysis and the results were

expressed as a Pearson correlation coefficient (r).

Results and discussion

Biomass production and encapsulation yield

To ensure that a starter culture is effective, appropriate

bacterial biomass should be produced and applied to the

meat dough. The level of culture to be added depends on

the product specifications, but a high viable number of cells

is generally used, ranging from 5 to 9 log CFU g-1 (Oli-

veira et al. 2018). In this study, the viable cell counts of the

non-encapsulated starters were 9.30, 9.48 and 9.63 log

CFU mL-1 for B1, B3 and B2 and of encapsulated one

7.50, 8.62 and 9.38 log CFU mL-1 for B6, B8 and B7,

accounting for 80.05 (B6), 90.92 (B8) and 97.48% (B7)

encapsulation efficiency respectively. Furthermore, based

on the compatibility test, no suppression of growth was

noticed among the three selected strains when grown

together (data not shown).

The survival rate of inoculated starter cultures

The ability of the starter culture to compete with the natural

microbiota and to undertake the metabolic activities to

improve the nutritional and microbiological quality of meat

products is based on its ability to survive and multiply

inside the meat product (Oliveira et al. 2018). In non-

inoculated control sausages, none of three applied strains

was detected. The control sausages were characterized by

the highest diversity on the strain level, with a total of 27

different clusters (Supplementary Figure S1b) whereas the

inoculated batches showed a reduced intraspecies diversity,

especially treatment B1 (Supplementary Figure S1a) where

only two clusters and domination of inoculated Lb. sakei
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strains were observed. Based on the rep-PCR analysis, the

indigenous starter cultures had survived the whole pro-

duction process, however, to varying degrees (Table 1).

The highest survival rate was noted for the non-encapsu-

lated Lb. sakei strains (B1). Despite encapsulation being

superior in prolonging the viability of Leu. mesenteroides,

the effect was not noticed for the treatments where Lb.

sakei were used alone or in combination with Leu.

mesenteroides (Table 1). However, the encapsulating

biopolymers can act as a physical barrier limiting mass

transfer between the bead core and the external environ-

ment (Garcı́a et al. 2019; Heidebach et al. 2012; Kavitake

et al. 2018). The mass transfer resistance depends on the

morphology and size of the capsule, the microorganisms

involved and even the fermentation medium (De Prisco

et al. 2017). Moreover, the differences noticed in our study

could be also related to the fact that these bacteria react

differently (via the production of different metabolites) in

the limited space which may lead to the mechanical

stresses on the matrix and cause cell leakage from the

calcium alginate microspheres into the surrounding media.

To prevent, or to enable higher survivability of cells (cell

leakage), lower density alginate could be used (Abd El-

Salam and El-Shibiny 2015).

Microbial evolution, physicochemical properties,

and biogenic amine content

At day 0, the number of LAB was between 3.78 ± 0.26

(control) and 7.10 ± 0.03 log CFU g-1 (B3) (Table 3). At

day 7, the number of LAB was found to be above 8.90 log

CFU g-1 for all treatments with non-encapsulated starters

as well as for the treatment with the commercial starter

culture (B5). However, significantly lower levels of LAB

were detected in the control treatment (B4) (7.82 ± 0.01

log CFU g-1) as well as treatments with encapsulated

starters (7.86 ± 0.03, 8.34 ± 0.09, and 8.09 ± 0.03 log

CFU g-1, respectively) (P\ 0.05). The number of LAB

remained stable from day 7 till the end of production for all

treatments except 1 and 2, where it was found to be

reduced by up to 9.5% (P\ 0.05).

Although the initial number of E. coli reached the value

above 3.35 ± 0.10 log CFU g-1, E. coli was vanished or

significantly reduced in the first week of fermentation and

it was not present in all final products. Enterobacteriaceae

and coliforms, initially present in amounts higher than

3.95 ± 0.08 log CFU g-1, were also affected by the

acidification (r = 0.77 and r = 0.69, respectively). In the

final products, coliforms were not detected in treatments

B1, B3, B5, and B8 and Enterobacteriaceae were not

present in B1 and B5; however, they were detected in all

other sausages at a level higher than 2.00 log CFU g-1

which is a limit value that is considered satisfactory (HPA

2009).

Enterococci and yeasts were present as background

microbiota throughout the whole production process.

Despite the number of enterococci being positively corre-

lated with the pH values (r = 0.48) and significantly

decreasing towards the end of the production, they were

still present in all final products (except B5) with values

above 2.10 ± 1.05 log CFU g-1. S. aureus and Salmonella

spp. were not present in any of the treatments at any time

point, however, L. monocytogenes was detected in all

treatments throughout the production process, except in B1

with non-encapsulated Lb. sakei where it was absent at day

7 and not detected in the final products.

No significant differences were found between treat-

ments at any sampling point for aw (P[ 0.05). At the

beginning of production, aw was 0.96 ± 0.00 in all 8

treatments, which slightly declined after 7 days of pro-

duction (0.95 ± 0.00) and reached between 0.87 ± 0.01

and 0.89 ± 0.01 in the final products (Table 3).

Even though the manufacturing process regarding tem-

perature and relative humidity was not favourable or typ-

ical for fermented sausage production, there was a clear

and significant pH drop, leading to the conclusion that

starters used are capable of fermenting even in non-optimal

artisanal production conditions. The decrease of pH was

significantly correlated (r = - 0.75) to the increase of the

viable LAB count (Table 3) and decrease of spoilage and

pathogenic microbiota. The drop of the pH values at day 7

was found to be statistically significant for all treatments,

except for the control B4 and the encapsulated B6. The

lower cell counts of lactobacilli (P\ 0.05) observed in

these treatments at the initial stages of production could

explain the slower acidification rates observed. This is

supported by the opposite being seen in B1 and B5, where

the highest number of LAB and the lowest pH values were

detected (P\ 0.05).

In the current study, the histamine content was found to

be less than 5 mg kg-1 in all ripened sausages. However,

the tyramine concentration varied between the different

treatments, from 31.90 ± 4.50 (B1) to 97.20 ± 13.60

(B4). The tyramine concentration was significantly lower

in batches inoculated with the indigenous decarboxylase

negative, Lb. sakei strains (P\ 0.05) and the highest

concentration of tyramine was found in the non-inoculated

control sausages (Fig. 1).

Metabolite profile and sensorial quality

A total of 84 volatile compounds were identified by

SPME–GC–MS (Table S1) in the 8 treatment batches of

game meat sausages, with only minor differences seen

between the treatments. The volatile profiles were

J Food Sci Technol (February 2021) 58(2):710–719 715

123



T
a
b
le

3
M
ic
ro
b
io
lo
g
ic
al

an
al
y
si
s,
a w

an
d
p
H

v
al
u
es

o
f
sa
u
sa
g
es

p
ro
d
u
ce
d
b
y
th
e
ap
p
li
ca
ti
o
n
o
f
n
at
iv
e
st
ar
te
r
cu
lt
u
re
s

T
re
at
m
en
ts

D
ay
s

S
el
ec
ti
v
e
m
ic
ro
b
io
lo
g
ic
al

m
ed
ia

(l
o
g
C
F
U

g
-
1
)

W
at
er

ac
ti
v
it
y

(a
w
)

p
H

L
am

V
ab

(l
ac
to
b
ac
il
li
an
d

L
eu
co
n
o
st
o
c

K
A
A

(e
n
te
ro
co
cc
i)

V
R
B
G

(E
n
te
ro
b
a
ct
e-

ri
a
ce
a
e)

D
R
B
C

(y
ea
st
s)

C
C
A

(E
.
co
li
)

C
C
A

(c
o
li
fo
rm

s)

B
1

0
6
.9
3
±

0
.0
4
c

4
.3
3
±

0
.0
5

3
.9
5
±

0
.0
8
a

3
.1
2
±

0
.0
3
b

3
.7
7
±

0
.0
7
a

4
.1
5
±

0
.0
4
a

0
.9
6
±

0
.0
0
a

5
.5
8
±

0
.0
1
a

7
9
.1
6
±

0
.1
6
a

4
.2
1
±

0
.0
4

3
.3
9
±

0
.0
7
b

\
1
.0
0
c

0
.6
9
±

0
.6
9
b

2
.1
9
±

0
.0
1
b

0
.9
5
±

0
.0
0
a

5
.0
7
±

0
.0
1
b

4
0

8
.4
6
±

0
.1
1
b

3
.2
2
±

0
.0
1

2
.0
7
±

0
.0
7
c

5
.3
2
±

0
.0
0
a

\
1
.0
0
b

\
1
.0
0
c

0
.8
8
±

0
.0
1
b

5
.1
1
±

0
.0
2
b

B
2

0
7
.0
6
±

0
.0
2
c

4
.3
7
±

0
.0
1

4
.2
7
±

0
.1
5
a

3
.7
0
±

0
.0
1
b

3
.6
7
±

0
.0
4
a

4
.3
8
±

0
.0
1
a

0
.9
6
±

0
.0
0
a

5
.5
6
±

0
.0
1
a

7
9
.0
5
±

0
.1
3
a

4
.1
6
±

0
.0
1

3
.2
5
±

0
.0
1
b

3
.3
7
±

0
.0
5
b

2
.3
4
±

0
.0
7
b

3
.0
5
±

0
.0
1
b

0
.9
5
±

0
.0
0
a

5
.2
2
±

0
.0
1
c

4
0

8
.1
9
±

0
.0
7
b

3
.4
6
±

0
.0
3

2
.4
8
±

0
.0
3
c

4
.7
2
±

0
.0
9
a

\
1
.0
0
c

1
.5
1
±

0
.7
6
c

0
.8
8
±

0
.0
1
b

5
.3
1
±

0
.0
2
b

B
3

0
7
.1
0
±

0
.0
3
b

4
.2
5
±

0
.0
3
a

4
.1
7
±

0
.0
1
a

4
.2
0
±

0
.0
8
b

3
.6
3
±

0
.0
3
a

4
.1
4
±

0
.0
2
a

0
.9
7
±

0
.0
0
a

5
.5
5
±

0
.0
2
a

7
8
.9
1
±

0
.1
2
a

4
.1
6
±

0
.0
4
a

3
.2
4
±

0
.0
6
b

3
.2
4
±

0
.0
6
c

\
1
.0
0
b

2
.4
1
±

0
.0
5
b

0
.9
5
±

0
.0
0
b

5
.1
4
±

0
.0
0
b

4
0

8
.4
7
±

0
.0
8
a

2
.1
0
±

1
.0
5
b

2
.1
5
±

0
.0
2
c

5
.4
5
±

0
.0
1
a

\
1
.0
0
b

\
1
.0
0
c

0
.8
8
±

0
.0
1
c

5
.1
5
±

0
.0
2
b

B
4

0
3
.7
8
±

0
.2
6
b

4
.1
7
±

0
.0
4

4
.7
7
±

0
.1
2
a

4
.2
2
±

0
.0
5
b

3
.5
3
±

0
.2
2
a

3
.9
1
±

0
.1
2
a

0
.9
6
±

0
.0
0
a

5
.5
9
±

0
.0
2
a

7
7
.8
2
±

0
.0
1
a

4
.2
6
±

0
.0
3

3
.9
7
±

0
.0
2
b

3
.2
9
±

0
.0
2
c

2
.0
5
±

0
.0
3
b

2
.9
1
±

0
.0
3
b

0
.9
5
±

0
.0
0
a

5
.5
0
±

0
.0
1
a
,b

4
0

7
.7
5
±

0
.1
2
a

3
.6
8
±

0
.0
2

2
.6
8
±

0
.0
2
c

5
.2
5
±

0
.0
6
a

\
1
.0
0
c

1
.6
2
±

0
.8
1
c

0
.8
7
±

0
.0
1
b

5
.4
3
±

0
.0
2
b

B
5

0
5
.8
6
±

0
.0
5
b

4
.2
5
±

0
.0
3
a

4
.5
6
±

0
.0
9
a

4
.4
2
±

0
.0
4
b

3
.5
2
±

0
.0
8
a

4
.4
2
±

0
.0
1
a

0
.9
6
±

0
.0
0
a

5
.5
8
±

0
.0
1
a

7
9
.0
7
±

0
.0
8
a

4
.1
9
±

0
.0
2
a

\
1
.0
0
b

3
.0
3
±

0
.0
3
c

\
1
.0
0
b

\
1
.0
0
b

0
.9
5
±

0
.0
0
b

5
.0
0
±

0
.0
0
b

4
0

9
.1
2
±

0
.0
4
a

\
1
.0
0
b

\
1
.0
0
b

5
.4
0
±

0
.0
7
a

\
1
.0
0
b

\
1
.0
0
b

0
.8
8
±

0
.0
1
c

5
.0
3
±

0
.0
2
b

B
6

0
4
.1
2
±

0
.0
3
b

4
.2
8
±

0
.0
6

4
.5
0
±

0
.1
5
a

4
.4
7
±

0
.1
5
a

3
.7
3
±

0
.1
4
a

4
.1
8
±

0
.0
9
a

0
.9
6
±

0
.0
0
a

5
.5
7
±

0
.0
1

7
7
.8
6
±

0
.0
3
a

4
.2
2
±

0
.0
2

3
.8
1
±

0
.0
1
b

3
.3
1
±

0
.0
7
b

\
1
.0
0
b

2
.8
2
±

0
.0
1
b

0
.9
5
±

0
.0
0
b

5
.5
0
±

0
.0
0

4
0

7
.9
4
±

0
.0
4
a

3
.7
4
±

0
.0
3

2
.7
4
±

0
.0
6
c

4
.7
5
±

0
.0
3
a

\
1
.0
0
b

2
.4
5
±

0
.0
5
b

0
.8
8
±

0
.0
1
c

5
.4
8
±

0
.0
2

B
7

0
6
.0
7
±

0
.0
3
b

4
.1
9
±

0
.0
5

4
.3
6
±

0
.1
1
a

4
.3
4
±

0
.0
2
b

3
.3
5
±

0
.1
0
a

4
.3
4
±

0
.0
1
a

0
.9
6
±

0
.0
0
a

5
.5
6
±

0
.0
1
a

7
8
.3
4
±

0
.0
9
a

4
.1
9
±

0
.0
4

3
.3
4
±

0
.0
3
b

3
.2
5
±

0
.1
4
c

\
1
.0
0
b

3
.0
4
±

0
.0
2
b

0
.9
5
±

0
.0
0
b

5
.3
6
±

0
.0
2
b

4
0

8
.0
0
±

0
.1
1
a

3
.4
3
±

0
.1
1

2
.6
6
±

0
.0
2
c

4
.7
9
±

0
.0
1
a

\
1
.0
0
b

\
1
.0
0
c

0
.8
9
±

0
.0
1
c

5
.4
3
±

0
.0
2
b

B
8

0
6
.1
9
±

0
.0
7
b

4
.3
0
±

0
.0
7

4
.2
3
±

0
.1
0
a

4
.1
6
±

0
.0
7
b

3
.4
6
±

0
.0
4
a

4
.0
3
±

0
.0
1
a

0
.9
6
±

0
.0
0
a

5
.5
7
±

0
.0
2
a

7
8
.0
9
±

0
.0
3
a

4
.1
6
±

0
.0
4

\
1
.0
0
c

3
.1
4
±

0
.0
5
c

\
1
.0
0
b

2
.3
9
±

0
.0
2
b

0
.9
5
±

0
.0
0
a

5
.2
1
±

0
.0
1
b

4
0

8
.4
8
±

0
.0
9
a

3
.4
4
±

0
.1
0

2
.5
2
±

0
.0
2
b

5
.1
5
±

0
.0
8
a

\
1
.0
0
b

\
1
.0
0
c

0
.8
9
±

0
.0
1
b

5
.4
9
±

0
.0
3
a

D
at
a
w
er
e
ex
p
re
ss
ed

as
m
ea
n
±

S
E

L
am

V
ab
—

L
a
ct
o
b
a
ci
ll
u
s
A
n
ae
ro
b
ic

M
R
S
(d
e
M
an
,
R
ag
o
sa

an
d
S
h
ar
p
e
A
g
ar
)
w
it
h
V
an
co
m
y
ci
n
an
d
B
ro
m
o
cr
es
o
l
G
re
en

(H
ar
te
m
in
k
et

al
.
1
9
9
7
).
K
A
A

=
K
an
am

y
ci
n
A
es
cu
li
n
A
zi
d
e
A
g
ar
.

V
R
B
G

=
V
io
le
t
R
ed

B
il
e
G
lu
co
se

A
g
ar
.
D
R
B
C

=
D
ic
h
lo
ra
n
R
o
se

B
en
g
al

C
h
lo
ra
m
p
h
en
ic
o
l
A
g
ar
.
C
C
A

=
C
h
ro
m
o
g
en
ic

C
o
li
fo
rm

A
g
ar
.
B
1
an
d
B
6
=
L
b
.
sa
ke
i;
B
2
an
d
B
7
=
L
e.

m
es
en
-

te
ro
id
es
;
B
3
an
d
B
8
=
m
ix
tu
re

o
f
L
b
.
sa
ke
i
an
d
L
e.

m
es
en
te
ro
id
es
;
B
4
=
u
n
-i
n
o
cu
la
te
d
co
n
tr
o
l;
B
5
=
co
m
m
er
ci
al

st
ar
te
r
cu
lt
u
re
s.
B
1
–
B
3
n
o
n
-e
n
ca
p
su
la
te
d
;
B
6
–
B
8
en
ca
p
su
la
te
d
in

so
d
iu
m
-

al
g
in
at
e

a
,b
,c
W
it
h
in

a
tr
ea
tm

en
t,
m
ea
n
s
w
it
h
o
u
t
a
co
m
m
o
n
su
b
sc
ri
p
t
d
if
fe
r
(T
u
k
ey

h
o
n
es
t
T
es
t,
at

P
B

0
.0
5
)

716 J Food Sci Technol (February 2021) 58(2):710–719

123



dominated by smoke-derived volatile phenols

(23.37–40.98%) which were found to be crucial com-

pounds for the unique aroma and taste of many smoked

meat products (Petričević et al. 2018). Samples with the

highest content of phenols were from the non-inoculated

control batches; while the samples derived from B1 and B3

had the lowest phenol content (P\ 0.05). The differences

in the volatile phenol profiles were mainly related to

4-methyl phenol, which was detected in most of the sam-

ples but was present in quite a large quantity in samples

taken from the control treatment. Spice-derived terpenes

formed the second largest group (22.15–29.13%) and they

were detected in comparable amounts in all sausages

(P[ 0.05). Additionally, aldehydes were in a similar range

in all samples (13.49–22.67%). However, larger quantities

of the pentanal and hexanal forms of the above compounds

were found in samples from B1 (P\ 0.05). High con-

centrations of this volatiles usually signal flavour deterio-

ration in meat products and consequently leads to lower

consumer acceptability scores (Pham et al. 2008); however,

in the current study, this was not the case.

The volatile compounds that are generated as reaction

products of lipid autoxidation and microbiological meta-

bolism (alcohols and ketones) were similar in all treatments

which are possibly due to the antioxidant and antimicrobial

effects of the smoke and spices (Lorenzo et al. 2013). A

few sulfur compounds, aliphatic hydrocarbons, acids, and

nitrogen compounds were also detected in comparable

quantities in all samples. Finally, esters were found to be

the least abundant of all the aroma compounds. Since esters

mainly originate from bacterial metabolism, such results

indicate a limited microbial impact on the volatile flavour

formation in the analyzed sausages (Olivares et al. 2015).

However, although, in comparison to other samples, esters

were present in larger quantities in control B4, it was not

relevant, due to the overall low esters level (0.10–1.03%)

in all samples.

The sensory evaluation of the sausages inoculated with

the non-encapsulated strains is presented in Fig. 2. No

significant differences in sensory traits between tested

treatments were found, although B1 with the Lb. sakei

strains received the highest scores for the sensory traits

including cross-section, odour, hardness, aroma, and

overall acceptability. Additionally, frequency distribution

Fig. 1 Tyramine concentration

of eight game meat sausage

treatments (error bars represent

standard error). Treatments

without a common subscript

significantly differ at P B 0.05.

B1 and B6 = Lb. sakei; B2 and

B7 = Le. mesenteroides; B3 and

B8 = mixture of Lb. sakei and
Le. mesenteroides; B4 = un-

inoculated control;

B5 = commercial starter

cultures. B1-B3 non-

encapsulated; B6-B8

encapsulated in sodium-alginate

Fig. 2 Consumer likeability scores of game meat sausages produced

by the application of non-encapsulated native starter cultures.

B1 = Lb. sakei; B2 = Le. mesenteroides; B3 = mixture of Lb. sakei
and Le. mesenteroides; B4 = un-inoculated control; B5 = commercial

starter cultures
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was calculated as the percentage of the sum of the scores 7,

8, and 9 (the upper third), which were assigned to the

highly expressed likeability of traits. The average score

percentage in the upper third of all traits was the highest in

B1 (66.67%), followed by B3 (63.33%), B2 (63.13%), and

B5 (59.17%) while the non-inoculated control B4 had the

lowest score percentage (57.50%). Due to the low presence

of aromatic compounds of microbial origin in this study,

the effect of starter cultures on the sensory traits and

volatile compound profiles was of low importance, often

also reported by others (Elias et al. 2014; Frece et al. 2014;

Lorenzo et al. 2016). Despite the differences in the fre-

quency distribution and the overall better score of B1 with

the Lb. sakei starters, it appears that likeability of sausages

was not significantly affected by the addition of native

starter cultures and the same can be concluded for the

volatile compounds profile. However, this was found

beneficial, because expected sensory traits were not

degraded by the addition of the native starter cultures in

this study.

In conclusion, two indigenous Lb. sakei strains were

found to be superior in suppressing the growth of unde-

sirable microbiota in our study, and in reducing the content

of tyramine while preserving or even improving the typical

sensory quality of traditional sausages. Despite the manu-

facturing process under artisanal conditions was not

favourable for fermented sausage production, used multiple

starter cultures were capable of acidification even in non-

optimal production conditions which make them good

candidates for industrial as well as artisanal application.

The clear and positive effect of encapsulation on bacterial

viability and sausage quality was not observed. Even

though encapsulation prolonged the viability of Leu.

mesenteroides, the effect was not noticed for the treatments

where Lb. sakei were used alone or in combination with

Leu. mesenteroides. Encapsulation is therefore not recom-

mended for the strains applied in our study as neither, the

viability of applied multiple starter cultures or quality of

sausages was improved in comparison to non-encapsulated

counterpart. However, encapsulation could still be an

excellent tool to protect the cells if their survival and

viability in complex food matrix are jeopardized. In par-

ticular, for application of functional starter cultures with

proven probiotic potential, the combination of non-encap-

sulated and encapsulated bacterial cultures could be

effective in order to improve the hygienic and sensory

properties of fermented sausages, but also to deliver pro-

biotics in final products.
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