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Abstract
Lactic acid bacteria are the main bacterial group associated to meat spoilage. Herbal essential oils are promising alternatives that
can be used to retard lactic acid bacterial growth and extend shelf life of meat products. In this study, the influence of oregano and
rosemary essential oils on the growth of lactic acid bacteria and the physicochemical properties of refrigerated vacuum-packed
Tuscan sausage was evaluated. In addition to the control (without the addition of oil), the sausage samples were separately treated
with different concentrations of each essential oil (0.05 wt%, 0.1 wt%, 0.2 wt%, and 0.4 wt%). The shelf life was evaluated as the
time to the lactic acid bacteria population to reach the levels of 106 and 107 CFU/g. After the addition of 0.05 wt% and 0.1 wt% of
essential oil to the sausage, the rosemary essential oil provided a higher extension of the shelf life of the sausages (approximately
3 and 5 days, respectively) than the oregano essential oil (approximately 1 and 3 days, respectively). After adding 0.2 wt% and
0.4 wt% of essential oil, the oregano essential oil resulted in a larger increase of the shelf life of the samples (about 8 and 14 days,
respectively) when compared with the rosemary essential oil (about 7 to 11 days, respectively). All the treatments slowed the
growth of the lactic acid bacteria but they did not change the maximum bacterial population. New empirical models that relate the
shelf life of the sausage and the maximum specific growth rate of the lactic acid bacteria with the oil concentration were obtained.
These results can be applied to model the influence of essential oils on the shelf life of different meat products.
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Introduction

Brazil is one of the main meat producers and exporters in the
world [1, 2]. Of the different meat products, fresh sausages are
among the most commonly consumed processed meat prod-
ucts in the world [3, 4]. Lactic acid bacteria (LAB) are the

main bacterial group associated with the spoilage of meat and
meat products, especially in vacuum-packed products like
Tuscan sausage [5–7]. The growth of LAB is favored by the
combination of microaerophilic conditions in the presence of
salt (NaCl), sodium nitrite (NaNO2), sodium nitrate (NaNO3),
and the high water activity found in such products [8]. These
products are usually stored at 4 °C before consumption and
antimicrobial or antioxidant preservatives are employed to
extend their shelf lives [9].

The shelf life of fresh sausages is not easily estimated be-
cause the deterioration of these products is a complex process
which may result in the change of different sensory quality
attributes (color, odor, flavor, and taste) [9]. The most impor-
tant factor influencing these changes is the microbial growth
[10]. As a result, the amount of natural LAB can be used to
evaluate the shelf life of not only fresh sausages but also of
vacuum-packed meat products in general [11]. The acceptable
quality limits of LAB counts found in the literature for cooked
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meat products range from 6 to 8 log CFU/g [12–14]. One of
the main techniques used to extend the shelf life of fresh
sausages involves the use of chemical preservatives, such as
lactate and acetate [12, 15]. Chemical or commercial synthetic
preservatives are therefore widely employed in these products
[16].

The use of natural antimicrobial components as preserva-
tive agents has increased due to the consumer demand for
more natural food products [17, 18]. In this context, essential
oils (EOs) are complex, natural, and volatile compounds.
They can be found in aromatic plants as secondary metabolites
and have a natural and inherently strong odor. EOs are made
up of 20 to 60 components, and usually two or three major
components in relatively high concentrations are responsible
for the bioactivity [19]. Oregano essential oil (Origanum
vulgare) (OEO) and rosemary essential oil (Rosmarinus
officinalis) (REO) are known for their antimicrobial activity
and are commonly used to extend the shelf life of many food
products [20, 21]. Many studies have shown that the antimi-
crobial activity of a given essential oil can be ascribed to its
main components and to the interaction between them [22].
Regarding meat products, OEO has been added to beef fillets
[23], minced meat [24], chicken meat [25], fish meat [26], and
ham [11]. Meanwhile, rosemary essential oil (REO) has been
added to pork sausages [3], minced meat [27], and poultry
fillets [28]. Despite the large amount of studies on the influ-
ence of essential oils on different meat products, there are not
many studies that quantify the extension of the shelf life in
terms of the concentration of EO added to each product.

The purpose of this study was to assess the impacts of
different concentrations of essential oils of oregano and rose-
mary in the shelf life and some physicochemical parameters of
vacuum-packed refrigerated Tuscan sausage.

Materials and methods

Extraction and characterization of the essential oils

Dehydrated oregano and rosemary leaves were purchased in
the local commerce of the city of Chapecó, Brazil. The essen-
tial oils were extracted through steam distillation [29]. The
samples were stored in amber glass flasks at 5.0 ± 1.0 °C.

To characterize the essential oils, gas chromatography/
mass spectrometry analyses were conducted in a gas chro-
matograph (Agilent Technologies, Santa Clara, CA, USA)
coupled to a mass spectrometer (Agilent) using a capillary
column HP-5MS (30 m × 0.25 mm × 0.25 μm composed of
5% phenylmethylpolysiloxane, J &WScientific Inc., Folsom,
CA, USA). The following temperature program was
employed: 60 °C for 1 min, increased to 240 °C at
3 °C/min. Electron impact ionization at 70 eV with scan mass
range of 45–400 m/z was used. Heliumwas used as carrier gas

at 1 mL/min and the split mode at a ratio 1:20. Compounds
were identified using digital libraries (NIST14). The percent-
age of each individual compound in relation to the total
amount of detected substances was evaluated by the peak area
gas chromatography (GC) normalization method. Analyses
were conducted in triplicate.

Preparation, packaging, and storage of Tuscan
sausage

The Tuscan sausage was prepared according to Brazilian leg-
islation [30]. Forty-three kilograms of deboned pork and 13 kg
of fat were obtained from retail sale, Santa Maria, RS, Brazil,
grinded (8-mm diameter, Jamar PJ22 Grinder, Jamar Ltda.,
São Paulo, SP, Brazil) and mixed (Jamar MJI 35, Jamar) with
other ingredients (Table 1). The mixture was homogenized for
5 min at 7 °C to a paste, cured for 30 min, and divided into
nine batches (6.5 kg each). One batch was considered as con-
trol, and the other eight batches were added with OEO and
REO at 0.05 wt%, 0.1 wt%, 0.2 wt%, and 0.4 wt%. Details of
composition of each treatment are presented in Table 1.

The meat pastes were embedded in natural casings im-
mersed in a 1% acetic acid solution for 15 min for hydration.
The sausages were packed in vacuum-sealed polyethylene
bags (Selovac 200B, São Paulo, SP, Brazil) and stored at
4.0 ± 0.5 °C for 56 days.

pH measurements and water activity

pHwas measured at 0, 2, 4, 6, 8, 10, 12, 14, 20, 26, 32, 38, 44,
50, and 56 days of storage. The measurements were per-
formed with a pH meter (MPA-210, TECNOPON,
Piracicaba, SP, Brazil) using 10 g of sample mixed with
100 mL of distilled water. The water activity (aw) of the sau-
sage was measured only at the beginning of storage with a
water activity meter (Aqualab Series 4TEV, Decagon Devices
Inc., Pullman, WA, USA). All the measurements were con-
ducted in triplicate.

Color measurements

The International Commission on Illumination (CIE) color
parameters reported as lightness (L*), redness (a*), and
yellowness (b*) were recorded for all of the treatments and
the control. Measurements were determined with a spectro-
photometer (Konica Minolta CM-700D, Osaka, Japan) after
0, 7, 14, 21, 28, 35, 42, 49, and 56 days of storage. Readings
were performed using diffuse illumination, with D65 as illu-
minant, 8° geometry, and 8-mm port size, specular component
excluded. The parameters Chroma (C*) and Hue angle (h°)
were calculated according to Eqs. (1) and (2), respectively:
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C* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*2 þ b*2

p
ð1Þ

h° ¼ arctg
b*

a*

� �
ð2Þ

LAB enumeration

LAB populations were estimated at 0, 2, 4, 6, 8, 10, 12, 14, 20,
26, 32, 38, 44, 50, and 56 days of storage, when 25-g aliquots
was obtained from each treatment and batch, transferred to
sterile plastic bags, and added to 225 mL of peptone water
(0.1%, w/v, Merck, Darmstadt, Hessen, Germany). The mix-
tures were homogenized, tenfold diluted with peptone water
(0.1%, w/v, Merck), and pour plated in duplicate in de Mann,
Rogosa, and Sharpe (MRS, Liofilchem, Kasvi, Roseto, Italy)
agar; the plates were overlaid with MRS agar (Liofilchelm,
30 mL per plate) and incubated at 37 °C for 48 h, when the
formed colonies were enumerated and the results expressed in
colony-forming unities per gram (CFU/g).

Kinetics of pH changes

An adapted version of the three-phase linear model (BUC)
[31]was used to describe kinetics of pH changes for each
treatment. Equation (3) shows the mathematical expression
corresponding to the model:

pH tð Þ ¼ pH0; if t < λ

pH tð Þ ¼ pH0−ν t−λð Þ; if λ≤ t < tmax ð3Þ
pH tð Þ ¼ pHmin; if t≥ tmax

where pH(t) corresponds to the pH of the sample t days after
storage, pH0 stands for the initial pH, λ represents a lag before
pH starts to drop during storage, ν is a rate of decrease in pH,
pHmin corresponds to an asymptotic value of pH, and tmax

represents the time at which pH reaches this asymptotic limit.

Shelf life modeling

The experimental growth data of the natural LAB microbiota
were expressed as log CFU/g. A version of the Baranyi-
Roberts growth model (BAR) [32] without lag was fitted to
the experimental data to evaluate the following kinetic growth
parameters: maximum specific growth rate, initial logarithmic
count, and final logarithmic count. Twomaximum LAB limits
were considered to establish the shelf life: 6 and 7 log (CFU/
g). According to the literature, LAB cause sensory changes,
color changes, slime formation, gas formation, and unpleasant
odors in the product above these limits, which make its con-
sumption unfeasible [33]. Non-linear regression was per-
formed through the nlsMicrobio and minpack.lm packages
from the open-source software R v. 3.5.0 [34]. The parame-
terized version of the BAR growthmodel (without lag) used in
this study is given in Eq. (4) and the net logarithmic increase
after the treatment is given in Eq. (5).

logN tð Þ ¼ log Nmaxð Þ−log 1þ 10log Nmaxð Þ−log N0ð Þ−1
� �

e−μmaxt
� �

ð4Þ

A ¼ log Nmaxð Þ−log N0ð Þ ð5Þ
where N(t) stands for the bacterial population (CFU/g) after t
days of the start of the experiment, Nmax stands for the final

Table 1 Components (g/100 g) used in the formulation of the Tuscan sausage for each treatment adopted

Ingredient Control OEO REO

0.05 wt% 0.1 wt% 0.2 wt% 0.4 wt% 0.05 wt% 0.1 wt% 0.2 wt% 0.4 wt%

Pork meat (leg) 71.50 71.45 71.40 71.30 71.10 71.45 71.40 71.30 71.10

Pork fat 21.00 21.00 21.00 21.00 21.00 21.00 21.00 21.00 21.00

Commercial mix Tuscan1 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Water 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Acidity regulator2 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

OEO – 0.05 0.10 0.20 0.40 – – – –

REO – – – – – 0.05 0.10 0.20 0.40

1 Commercial mix Tuscan (Conditec Additives and Condiments©): sodium chloride (73.25%), sucrose (10%), natural spices (10%) (garlic, coriander,
and red pepper), sodium tripolyphosphate (2.50%), monosodium glutamate (1.8%), sodium erythorbate (1.5%), sodium nitrite (0.8%), and sodium
nitrate (0.15%)
2Acidity regulator (Engenutri ©): sodium lactate (57%), lactic acid (37%), citric acid (3%), ascorbic acid (1%), sodium ascorbate (1%), and natural
spices (1%) (cardamom and anise)
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bacterial population (CFU/g), N0 represents the initial bacte-
rial population (CFU/g), μmax represents the maximum specif-
ic growth rate (days−1), and A is the net logarithmic growth
increase (log(CFU/g)).

The estimated shelf life values were modeled through a
modified version of the well-known Weibull function [35],
as shown in Eq. (6).

1

tSL
¼ 1

tSL0
−b EO½ �c ð6Þ

where tSL (days) is the shelf life of the sample after the
addition of the essential oil, tSL0 (days) corresponds to the
shelf life of the Tuscan sausage without the addition of
the essential oil, [EO] represents the concentration of es-
sential oil, b (days) and c are empirical parameters. If the
value of parameter c is higher than 1, the curve is con-
cave. If c < 1, the curve is convex and if c = 1, the curve
corresponds to a straight line.

The dependence of the maximum specific growth rate of
the LAB on the essential oil concentration was described for a
first-order kinetics model given in Eq. (7):

μmax ¼ μmax;0e
−k EO½ � ð7Þ

where μmax, 0 represents the maximum specific growth
rate of the LAB for the samples without EO addition
(days−1) and k is a rate constant. In Eq. (7), it can be seen

that the fractional decrease of μmax after the addition of
0.1 wt% of EO is given by (1 − e−0.1k).

Statistical analysis

The fitting capability of the BAR growth model to describe
the experimental data measured in the present study was eval-
uated through the following statistical indices: root mean
square error (RMSE), mean absolute error (MAE), second-
order Akaike information criterion (AICC), Bayesian informa-
tion criterion (BIC), bias factor (BF), and accuracy factor
(AF). Equations (8) to (13) provide the respective mathemat-
ical expressions.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ yi−ŷið Þ2

n−p

s
ð8Þ

MAE ¼ 1

n
∑ ŷ i−yij
�� ð9Þ

AICC ¼ −2log Lpð Þ þ 2 pþ 1ð Þ þ 1½ � þ 2p pþ 1ð Þ
n−p−1

ð10Þ

BIC ¼ −2log Lpð Þ þ pþ 1ð Þ þ 1½ � log nð Þ ð11Þ

BF ¼ 10
∑log

ŷi
yi
Þ

n

� ��
ð12Þ

Table 2 Chemical composition of the OEO and of the REO evaluated through GC analysis

Composts tR
1

(min)
Weight percentage (wt%)

OEO REO

Hex-(2E)-enal 3.75 0.26 –

α-Pinene 5.38 3.81 15.37

Camphene 5.75 0.44 5.36

β-Pinene 6.48 1.96 4.95

p-Cymene 7.90 15.72 1.66

Limonene 8.03 – 1.69

1,8-Cineole 8.18 0.29 33.89

γ-Terpinene 9.04 46.33 0.61

Terpinolene 10.10 21.15 1.99

Linalool 10.52 – 1.09

Camphor 12.27 – 17.59

Borneol 13.10 2.32 6.94

α-Terpineol 14.14 – 4.03

β-Caryophyllene 23.57 7.74 4.83

1 Experimental retention time (tRÞ
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AF ¼ 10
∑

log
ŷi
yi
Þ

� ��
n

����
��

ð13Þ

In Eqs. (8) to (13), the symbol ŷi corresponds to the ith
prediction, yi represents the ith observation, Lp stands for the
likelihood function, p is the number of parameters of the mod-
el, and n is the number of experimental observations.

Results and discussion

Essential oils composition

Table 2 shows the composition of OEO and REO evaluated
through GC analysis: 52 components were identified in the
volatile fraction of OEO and 40 components in the volatile
fraction of REO. The analysis of the chemical composition of

the EOs is of paramount importance due to the large variation
in the composition depending on a number of factors, such as
geographical region, part of the plant, and environmental con-
ditions [36, 37].

The main components identified in OEO were γ-terpinene
(46.3%), terpinolene (21.2%), p-cymene (15.7%), and β-
caryophyllene (7.7%). Other authors have obtained equivalent
results with a slightly different proportion of the main compo-
nents [38, 39]. Meanwhile, the main components observed in
REO were 1,8-cineole (33.9%), camphor (17.6%), α-pinene
(15.4%), borneol (6.9%), and camphene (5.4%), correspond-
ing to the composition observed in other studies conducted
with the same plant [40, 41].

Initial characterization of the product

The following experimental results were obtained for the pH
and water activity of the fresh sausage prior to all the
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Fig. 1 Kinetic profile of the pH of the treatments during storage

Table 3 Fitted parameters (± 95% CI) and RMSE obtained after the fitting of the three-phase linear model (BUC) to the experimental data of pH
obtained with each treatment

Samples pH0 ν days−1
� 	

λ (days) pHmin RMSE

Control 6.05 (± 0.05) 0.23 (± 0.07) 19.84 (± 1.42) 5.13 (± 0.06) 0.051

0.05 wt% OEO 6.12 (± 0.19) 0.07 (± 0.02) 4.94 (± 1.03) 5.14 (± 0.19) 0.125

0.1 wt% OEO 6.12 (± 0.11) 0.12 (± 0.06) 6.36 (± 4.31) 5.19 (± 0.09) 0.089

0.2 wt% OEO 6.12 (± 0.07) 0.23 (± 0.11) 17.87 (± 2.80) 5.12 (± 0.09) 0.076

0.4 wt% OEO 6.12 (± 0.09) 0.07 (± 0.02) 10.50 (± 5.61) 4.99 (± 0.15) 0.081

0.05 wt% REO 6.12 (± 0.08) 0.16 (± 0.12) 16.52 (± 5.67) 5.15 (± 0.10) 0.090

0.1 wt% REO 6.15 (± 0.08) 0.26 (± 0.12) 19.10 (± 2.49) 5.13 (± 0.10) 0.088

0.2 wt% REO 6.10 (± 0.06) 0.16 (± 0.05) 18.27 (± 2.96) 5.14 (± 0.09) 0.070

0.4 wt% REO 6.09 (± 0.08) 0.06 (± 0.02) 14.37 (± 8.35) 5.07 (± 0.23) 0.090
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Fig. 2 Kinetics of change in the color parameters for the different samples treated with OEO
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Fig. 3 Kinetics of change in the color parameters for the different samples treated with REO
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treatments: pH = 6.14± 0.04 and aw = 0.966±0.001. The re-
sults are expressed as mean values±standard error. The low
standard errors observed in the results show that the samples
were very similar in composition. The pH of a fresh sausage is
directly related to its color and flavor. Thus, it can be consid-
ered as another useful index to evaluate the sausage quality. In
general, the pH of Tuscan sausage ranges between 5.90 and
6.20 [42, 43].

Kinetics of change of physical-chemical parameters

The pH of a given meat product is an important parameter that
influences its characteristics because it affects many quality
attributes, such as color, texture, water retention capacity, fla-
vor, and microbial stability [44]. Figure 1 presents the curves
obtained after the fit of Eq. (3) to the experimental data. The
values of the fitted parameters can be seen in Table 3, that

shows that the estimated results for the rate of decrease of
pH (given by the parameter ν) were lower for the samples
treated with a higher concentration (0.4 wt%) of EO, indicat-
ing that these treatments stabilized the pH of the sausages for a
longer amount of time in relation to the other treatments.
However, the asymptotic value of the pH (given by the pa-
rameter pHmin) obtained with this concentration of EOwas not
significantly lower in relation to the other treatments. This
result shows that this treatment diminishes the rate of decrease
of the pH, but it does not affect the final pH. In general, it is
possible to visualize that the addition of the essential oils
slows the decrease of the pH of the Tuscan sausage during
storage for all treatments. However, it does not affect the as-
ymptotic pH of the samples. The same behavior was observed
after the addition of OEO to black wildebeest meat [45]. This
result is associated with the stationary phase of microbial
growth. Since the LAB are the main responsible for the pH
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Fig. 4 Experimental data and fitted growth curves of LAB in Tuscan sausage stored at 4.0 ± 0.5 °C added with different concentrations of oregano
essential oil (OEO) (a) and rosemary essential oil (REO) (b)

Table 4 Growth parameters (± 95%CI) estimated by fitting of the BAR growthmodel to the experimental data obtained with the different treatments in
Tuscan sausage at 4.0 ± 0.5 °C

Samples μmax days−1
� 	

log N0

(log CFU/g)
log Nmax

(log CFU/g)
A
(log CFU/g)

tSL (days)
7 log

tSL (days)
6 log

Control 0.316 (± 0.047) 3.212 (± 0.267) 7.654 (± 0.271) 4.442 28.35 20.35

0.05 wt% OEO 0.332 (± 0.061) 2.971 (± 0.333) 7.405 (± 0.317) 4.434 29.47 21.14

0.1 wt% OEO 0.307 (± 0.062) 2.995 (± 0.345) 7.246 (± 0.345) 4.251 32.78 22.74

0.2 wt% OEO 0.248 (± 0.032) 2.919 (± 0.235) 7.415 (± 0.297) 4.496 39.90 28.80

0.4 wt% OEO 0.205 (± 0.025) 2.952 (± 0.215) 7.405 (± 0.416) 4.653 47.84 34.38

0.05 wt% REO 0.285 (± 0.027) 3.097 (± 0.174) 7.599 (± 0.206) 4.502 32.58 23.57

0.1 wt% REO 0.296 (± 0.027) 2.869 (± 0.176) 7.550 (± 0.209) 4.681 33.28 24.47

0.2 wt% REO 0.248 (± 0.027) 3.105 (± 0.236) 7.550 (± 0.236) 4.445 37.69 27.00

0.4 wt% REO 0.248 (± 0.032) 2.924 (± 0.240) 7.447 (± 0.303) 4.523 39.55 28.66
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change, if the number of viable cells remains constant, the pH
does not change as well [33]. It was also observed that the lag
before the drop in pH of the sausages was longer in the sam-
ples treated with REO when compared with the samples treat-
ed with OEO.

Results obtained for the kinetics of the color parameter
changes are shown in Figs. 2 and 3 for the samples treated
with OEO and REO, respectively. Both Figs. 2 and 3 only
present values obtained until day 49 because results ob-
served for color parameters after this period are no longer
consistent due to spoilage of the sausage. It can be seen
that the lightness increased in the first 14 days of storage
for all of the samples, including the control, after which it
decreased. A detailed analysis of values obtained for light-
ness must be considered cautiously, since some studies
reported an increase in this parameter in minced beef

treated with OEO after storage [46] and others described
a decrease in the lightness over time [47]. The values of b*

and C* decreased during storage, suggesting a browning of
both the treated and untreated samples [46, 48]. By the end
of storage, no difference was observed in the color param-
eters of the control and the samples with EO.

Regarding the difference in the results obtained with sam-
ples treated with OEO and REO, the values of L* were gen-
erally higher for the samples treated with OEO in relation to
REO.When lower doses of EO (0.05 wt% and 0.1 wt%) were
added to the sausages, the values for the remaining parameters
were equivalent in both EOs. However, after the addition of
higher doses of EO (0.2 wt% and 0.4 wt%) the values were
higher for OEO than for REO.

LAB consist in a substantial part of the natural microbiota
of meat products. However, the formation of slimes and off-

Table 5 Statistical indices obtained by the BAR growth model to the experimental data obtained with the different treatments in Tuscan sausage at 4.0
± 0.5 °C

Samples Statistical indices

RMSE MAE AICC BIC BF AF

Control 0.241 0.174 8.261 7.093 1.014 1.218

0.05 wt% OEO 0.260 0.203 14.195 13.028 1.019 1.281

0.1 wt% OEO 0.274 0.228 15.729 14.562 1.022 1.337

0.2 wt% OEO 0.211 0.154 7.569 6.660 1.014 1.223

0.4 wt% OEO 0.202 0.147 4.452 5.377 1.009 1.214

0.05 wt% REO 0.145 0.119 − 3.334 − 4.502 1.005 1.124

0.1 wt% REO 0.148 0.126 − 2.844 − 4.012 1.005 1.131

0.2 wt% REO 0.172 0.150 1.148 0.239 1.003 1.153

0.4 wt% REO 0.214 0.192 8.136 7.226 1.018 1.218
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Fig. 5 Microbiological shelf life of Tuscan sausage as a function of EO concentration obtained for the treatments considering as the microbiological limit
a concentration of LAB equal to 7 log CFU/g. Dark shadow represents 95% CI and light shadow represents 95% prediction interval
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flavors as a result of their metabolic activity can make the
consumption of the product inappropriate [13]. In the current
study, two different LAB concentrations were adopted as mi-
crobiological limits for the sensory and microbiological qual-
ity of fresh sausages: 6 log (CFU/g) and 7 log (CFU/g). The
period of time (in days) before the LAB concentration reached
these limits was therefore adopted in the current study as the
microbiological shelf life of the Tuscan sausage. After the fit
of the BAR growth model to the LAB data, the microbiolog-
ical shelf life of the Tuscan sausage was estimated with Eq.
(4). Figure 4a presents the results obtained for the LAB con-
centration for OEO and Fig. 4b shows the results obtained for
REO.

The initial logarithmic count of the LAB for the different
treatments ranged between 2.46 log (CFU/g) and
3.13 log (CFU/g). As can be seen in Fig. 4, no sharp lag phase
was observed for any of the treatments used in this study.
Since the LAB are part of the natural microbiota of the

sausage, it is probable that the bacteria were previously
adapted to the environment when the study was carried out.
In addition, the net logarithmic bacterial increase given by the
difference between the final and the initial bacterial load (pa-
rameter A) was not affected by the different treatments in
relation to the control sample. Similarly, for the same reason,
it was not observed a lag phase for LAB in vacuum-packed
cooked meat emulsions at the storage temperatures of 0 °C,
8 °C, and 15 °C [49].

Figure 4 also shows that all treatments extended the shelf life
of the Tuscan sausage in relation to the control. It can also be
observed that the higher the concentration of EO added to the
product, the longer the extension of the shelf life. A comparison
of the results obtained for the different oils reveals that the shelf
life estimated with REO was higher in relation to OEO when
lower concentrations of EO (0.05 wt% and 0.1 wt%) were added
to the sausage. On the other hand, when higher concentrations of
oil (0.2 wt% and 0.4 wt%) were added to the sausage, the shelf
life obtained with OEO was greater than with REO (Table 4).

Table 4 summarizes the results obtained after the fit of the
BAR growth model to the experimental data. As can be seen,
the LAB population of the control sample reached the level of
6 log (CFU/g) after 20.35 days of storage and the level of
7 log (CFU/g) after 28.35 days of storage. Moreover, after this
period of storage (20.35 and 28.35 days), the addition of
0.4 wt% of OEO and 0.4 wt% of REO resulted in a difference
of approximately 1.5 log (CFU/g) in the LAB population in
relation to the control (Fig. 4). This concentration of OEO
extended the shelf life of the Tuscan sausage to 34.38 and
47.84 days, according to the first (7 log CFU/g of LAB) or
second criterion (6 log CFU/g of LAB), respectively. In
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Fig. 6 Microbiological shelf life of Tuscan sausage as a function of EO concentration obtained for the treatments considering as the microbiological limit
a concentration of LAB equal to 6 log CFU/g. Dark shadow represents 95% CI and light shadow represents 95% prediction interval

Table 6 Statistical indices obtained after fit of Eq. 3 to the estimated
values of the shelf life according to the different criteria adopted as
microbiological limits

Samples Statistical indices

AIC BIC RMSE MAE AF BF

7 log (CFU/g) OEO 21.500 19.938 0.933 0.847 1.140 1.003

REO 18.135 16.572 0.667 0.511 1.079 1.001

6 log (CFU/g) OEO 20.602 19.040 0.853 0.774 1.180 1.004

REO 9.482 7.922 0.281 0.209 1.043 1.003
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general, adding OEO will increase the shelf life of meat prod-
ucts. For instance, after the addition of 0.1 wt% of OEO in red
porgy meat, a shelf life extension of 11 to 16 days was obtain-
ed in relation to the control treatment [27]. Regarding the
REO, the shelf life extension was of 28.66 and 39.55 days
for the first and second criteria, respectively. Even though
the shelf life increased with the amount of oil added to the
sausages, the application of lower concentrations (0.05 wt%
and 0.1 wt%) of OEO or REO can be useful for practical
applications. Actually, these doses do not significantly affect
the sensory properties of different meat products [50, 51].

In general, a better fit was obtained when REO was added
to the sausage instead of OEO. The addition of different con-
centrations of OEO and REO significantly affected the param-
eters μmax and tSL, as can be seen in Table 4. The maximum
specific growth rate estimated for the non-treated sample was
0.316 days−1. A similar value for this parameter was obtained
for untreated minced pork meat stored under modified atmo-
sphere packaging at 5 °C [52]. The results obtained for the
samples treated with 0.05 wt%, 0.1 wt%, 0.2 wt%, and
0.4 wt% of OEO were 0.332, 0.307, 0.248, and 0.205 days−1,
respectively. On the other hand, the values of μmax obtained
for the samples treated with 0.05 wt%, 0.1 wt%, 0.2 wt%, and
0.4 wt% of REO were 0.285, 0.296, 0.248, and 0.248 days−1,
respectively. One could therefore conclude that although the

maximum bacterial level observed after the treatment does not
depend on the oil concentration (see results for log (Nmax) in
Table 4), the LAB grew slower when lower concentrations of
REO were added to the Tuscan sausage in relation to lower
concentrations of OEO. The same analysis shows that their
growth was slower when higher doses of OEO were added to
the Tuscan sausage in relation to the same doses of REO.

According to the literature, the antimicrobial activity of
OEO is related to the compounds γ-terpinene and p-cymene
[53] and the antimicrobial activity of REO can be ascribed to
the terpene derivatives and the 1,8-cineole naturally occurring
in the essential oil [54, 55]. As a matter of fact, due to the
lipophilic nature of the compounds present in the oils, they
promote a rupture of the bacterial cell membrane and affect the
cell’s vital functions. Both OEO and REO have been success-
fully applied to extend the shelf life of different meat products
[56, 57]. The addition of OEO and REO to vacuum-packed
fresh Bologna sausage stored during 24 days at 4 °C was also
shown to reduce the LAB count [51, 52].

Table 5 exhibits the statistical indices (RMSE, MAE,
AICC, BIC, BF, and AF) obtained after the fit of the BAR
model to the experimental data. In general, RMSE and MAE
are employed to measure model performance because they
summarize the mean difference in the same units of the exper-
imental data. The RMSE values obtained for all the studied
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Fig. 7 Maximum specific growth rate as a function of EO concentration. Dark shadow represents 95% CI and light shadow represents 95% prediction
interval

Table 7 Fitted parameters (± 95% CI) and RMSE obtained after the fitting of the first-order kinetics model to the estimated data of maximum specific
growth rate

Samples μmax;0 days−1
� 	

k RMSE MAE

OEO 0.334 (± 0.013) 1.225 (± 0.235) 0.014 0.012

REO 0.305 (± 0.116) 0.624 (± 0.210) 0.013 0.012
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treatments were lower than 0.274, suggesting a good fit of the
BAR model to the experimental data. These results are of the
samemagnitude as those obtained with other studies that eval-
uated the natural microbiota of meat products, in which the
RMSE ranged between 0.409 and 1.330 [58–60]. The bias and
accuracy factors are commonly used statistical indexes in the
field of predictive microbiology. A perfect agreement between
observation and prediction results in bias and accuracy factors
of 1. In the current study, the BF and AF values obtained for
the different treatments ranged between 1.003–1.022 and
1.124–1.337, respectively, indicating that the model can de-
scribe the experimental data accurately.

After the fit of Eq. (6) to the estimated values of the shelf
life for all treatments, the following empirical expressions
were obtained to describe the microbiological shelf life as a
function of the oil concentration when the natural LAB mi-
crobiota assumed as microbiological limit is equal to
7 log (CFU/g). These equations can provide useful insights
concerning the amount of oil that can be added to the sausage
in order to increase its shelf life.

1

tSLO
¼ 1

27:943
−0:031 OEO½ �0:758 ð14Þ

1

tSLR
¼ 1

28:327
−0:015 REO½ �0:398 ð15Þ

where tSLO and tSLR represent the microbiological shelf life of
the Tuscan sausage treated with oregano and rosemary, re-
spectively, [OEO] and [REO] correspond to the concentra-
tions (wt%) of OEO and REO, respectively.

Equations (16) and (17) provide the empirical expressions
corresponding to a microbiological limit of 6 log (CFU/g).

1

tSLO
¼ 1

20:030
−0:046 OEO½ �0:806 ð16Þ

1

tSLR
¼ 1

20:337
−0:020 REO½ �0:368 ð17Þ

Figures 5 and 6 present the curves obtained after the fit of
the modified Weibull model to the data of the shelf life.
Because parameter c is less than one for all the curves (see
Eqs. (14) to (17)), it can be concluded that all of them are
convex in shape. Figures 5 and 6 show that when a lower
concentration of EO is added to the sausages, a small amount
of REO leads to a larger increase in the shelf life in relation to
the OEO. However, when higher doses of EO are added to the
Tuscan sausage, the increase of the shelf life becomes less

pronounced, as can be seen in the asymptotic behavior of
the curves. The predictions obtained were accurate, as can
be easily observed in Table 6.

Figure 7 shows the fit of the first-order kinetics model,
given in Eq. (7), to the data of the maximum specific growth
rate as a function of the concentration of essential oil. Table 7
shows the results obtained for the fitted parameters. Table 7
reveals that as the amount of EO added to the sausages in-
creases, there is a larger decrease in the growth of the native
LAB in the sausages. According to the values of the parameter
k, on average, the addition of 0.1 wt% of OEO slows LAB
growth at about 11.5% and the addition of REO slows LAB
growth at about 6.0%. This result does not consider if smaller
or higher doses of EO were added; it takes into account the
overall behavior of the data.

Conclusions

This work explored the potential of the addition of the essen-
tial oils from oregano and rosemary to extend the microbio-
logical shelf life of vacuum-packed Tuscan sausage. Both
rosemary and oregano oils are alternatives to conventional
preservatives and resulted in a larger increase in the shelf life
in relation to the control. The advantages derived from the use
of oregano and rosemary essential oils make them promising
alternatives for the preservation of Tuscan sausage due to their
effectiveness in slowing the growth of lactic acid bacteria,
which are the main culprits for the spoilage of many meat
products, in addition to reducing the reliance on chemical
and synthetic additives commonly used in these products.
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