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Abstract

Despite its commercial value, the shelf-
life of the Atlantic mackerel (Scomber
scombrus) during refrigerated storage was
poorly investigated. In this regard, the
Quality Index Method (QIM) was proposed
as a suitable scoring system for freshness
and quality sensorial estimation of fishery
products. This study aims to develop a
deterministic mathematical model based on
dynamic temperatures conditions and a suc-
cessive statistical analysis of the results
obtained. This model will be exploited to
predict the shelf-life of the Atlantic macker-
el based on specific storage temperatures. A
total of 60 fresh fishes were subdivided into
two groups and respectively stored in ice
for 12 days at a constant temperature of
1+0.5°C (Group A) and a fluctuating tem-
perature ranging between 1 and 7°C (Group
B). Microbiological analysis and sensory
evaluation through the QIM were per-
formed on each fish at regular time inter-
vals. A critical value of 6 Log cfu/g of
spoilage bacteria (mainly psychotropic)
associated with a significant decay of the
sensorial characteristics was exceeded after
9 days of storage for Group A and 3 days for
Group B. A reliable prediction of fish fresh-
ness was obtained by modelling the QIM as
a function of the spoilage bacteria
behaviour. A coefficient B of correlation
was determined to convert the spoilage bac-
teria load into a Quality Index score. The
adoption of mathematical predictive models
to assess microbial behaviour under differ-
ent environmental conditions is an interest-
ing tool for food industries to maximize
production and reduce waste.
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Introduction

The Atlantic mackerel (Scomber scom-
brus - Linnaeus 1758) is an epipelagic and
mesodemersal species with a mean adult
length of about 30 cm. Scomber scombrus is
widespread in cold and temperate areas,
especially in the North Atlantic Ocean, east-
ern Atlantic, Black Sea and Mediterranean
Sea (Collette and Nauen, 1983). In Italy, the
main fishing area is the Adriatic Sea. The
Atlantic mackerel has a relevant commer-
cial value, and it is mainly traded fresh,
frozen, smoked and canned. Despite the
commercial relevance and the importance
of this species in human nutrition, there are
only a few studies concerning its shelf-life
during refrigerated storage (Andrade ef al.,
1997). Instead, the effects of processing
technologies on the quality and shelf-life of
mackerel were studied more in-depth. The
influence of smoking on the physicochemi-
cal and microbiological quality of mackerel
has been investigated for a long time and
are still the subject of numerous studies
today (Kolodziejska et al., 2002; Popelka et
al., 2021) while new preservative tech-
niques have been proposed more recently
such as hyperbaric cold storage (Otero et
al., 2019) and the use of essential oils
(Karoui and Hassoun, 2017). It is generally
known that loss of freshness of fish is relat-
ed to post-mortem biochemical, physico-
chemical and microbiological processes as
well as of several extrinsic factors such as
the handling onboard and land, and techno-
logical processing. These changes are
appreciable in sensory terms and can be
evaluated by sight, touch, smell and taste.

The Quality Index Method (QIM) is a
scoring system for freshness and quality
sensorial estimation of fishery products,
developed by the Tasmanian Food Research
Unit (Bremner, 1995) and, in the last
decade, has been developed for several
species and products (Calanche et al., 2020;
Giuffrida et al., 2017; Tsironi et al., 2011).
A range of demerit points is assigned to a
set of characteristic attributes for several
parameters; the scores are added up obtain-
ing an overall sensory score, the Quality
Index (QI).

Several authors have reported a linear
correlation between the QI score and the
time of storage in ice, providing a predic-
tion of freshness for a given fishery product
(Huidobro et al., 2000; Hyldig G, Green-
Petersen, 2004). On this background, sever-
al mathematical models have been proposed
for the seafood shelf-life prediction
(Dalgaard, 1995; Giarratana et al., 2020;
Ratkowsky et al., 1983).

In a previous study, we proposed a pre-
dictive approach to model the evolution of
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Quality Index scores of Gilthead seabream
(Sparus aurata) based on the prediction of
spoilage microflora (Specific Spoilage
Organisms — SSOs) (Giuffrida et al., 2013;
Gram et al., 1987, Valenti et al., 2016). This
model was validated against the QI scores
derived by two different sets of tempera-
tures and reproduced, with a good agree-
ment, the observed data.

This work aims to apply the above
model in its simplified form in order to pre-
dict the QI score evolution of Atlantic
mackerel stored under two different temper-
ature profiles.

Materials and methods

Fish, storage conditions and sam-
pling plan

A batch of Atlantic mackerel (Scomber
scombrus) consisting of 60 fishes (400 —
500g) was purchased from a local cold
store, after 12 hours from harvest. The batch
was divided into two groups: the first group
(“Group A”: 30 samples) was packed in
expanded polystyrene boxes with perforat-
ed bottom, covered by a plastic film with
ice flakes on top and stored at 1+0.5°C for
12 days (288 hours). The second group
(“Group B”: 30 samples) was packed as the
first one but stored under a fluctuating tem-
perature ranging from 1 to 7°C in 24 hours
for 12 days (288 hours). Each box was
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refilled with ice approximately every 24
hours. In both groups, temperature (T) was
monitored by three data loggers (FT 800,
Econorma, Vendemmiano, Italy) placed in
the gill chambers under the opercula of
three different fishes, recording the T value
every 8 minutes. Microbiological and sen-
sorial evaluations were carried out after 0,
72,144, 216 and 288 hours from the storage
beginning, by sampling six fishes for each
time interval. Microbiological assays were
performed by sampling from each fish, with
sterile instruments, dorsal skin, gills, and
dorsal flesh. Dorsal flesh sample was
obtained from the opposite side where the
skin was sampled, rinsing the skin with
70% ethanol, and removing the flesh asepti-
cally. Therefore, the sampling plan pro-
duced six growth curves of spoilage bacte-
ria for each sampling site (skin — series
“sk”, gills — series “g” and flesh — series
“f’) for the two-sample series (Group A at
1+0.5°C and Group B under a fluctuating
temperature profile).

Microbiological analysis

For microbiological analysis 10 g of
dorsal skin, 5 g of gills and 20 g of dorsal
flesh were separately transferred to a stom-
acher bag and homogenized for 60 s at 230
rpm by a stomacher (Stomacher® 400
Circulator, International PBI s.p.a., Milan,
Italy) with 0.1% peptone water, added with
a ratio of 1:9 (w/v). One ml from serial ten-
fold dilutions in 0.1 % peptone water of the
homogenized samples was plated, in dupli-
cate, in Iron Agar (Lyngby) (Oxoid LTD.,
Basingstoke, Hampshire, England) (Gram
et al., 1987) and incubated at 20°C for 3
days for the counts of SSOs. After 3 days of
incubation black colonies were recorded as
sulphide-producers, whereas white colonies
were counted as sulphide non-producers.

A representative percentage of colonies,
during each analysis session and for each
group, was cultured on Trypticase Soy Agar
(Biolife, Milano, Italy) at 30°C for 48
hours. In detail, 20% of both white and
black colonies, if present, were selected
from those grown in the plates, choosing the
well-defined and isolated ones. These iso-
lates were identified with matrix-assisted
laser desorption ionization-time-of-flight
mass spectrometry (MALDI-TOF MS) sys-
tem by using VITEK MS (bioMérieux,
Firenze, Italy) in association with
SARAMIS software (Spectral ARchive and
Microbial Identification System - Database
version V4.12 — Software year 2013,
bioMérieux, Firenze, Italy), according to
the protocol described by Ziino et al.
(2019).

A mix of each kind of sample (dorsal
skin, gills, and dorsal flesh) at each time
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interval was analysed for pH value too
(pHmeter HI90023CW - Hanna Instruments
— with electrode Mettler Toledo InLab 427).

Sensorial evaluation

For sensorial evaluation, the QIM
scheme developed by Andrade ef al. (1997)
for raw whole Atlantic mackerel was used
with some modifications. The original QIM
method considers parameters relating to
“general appearance (0-8 demerits point)”,
“eyes (0-7 demerits point)”, “gills (0-5
demerits point)”, “abdomen (0-3 demerits
point)”, “peritoneum (0-2 demerits point)”,
“guts (0-2 demerits point)”, “flesh (0-2
demerits point)” with a maximum of 29
demerit points. For the present study, in
order to facilitate the construction of a pre-
dictive model according to the following
section “Mathematical predictive model”, it
was rearranged into a maximum of 16
points (Table 1). The QIM scheme has been
applied by an expert panel of ten people,
previously trained in developing and using
fish QIM schemes.

vpress

Mathematical predictive model

To construct the predictive model, QIM
parameters were grouped in three main cat-
egories: QIMy, including scores for general
“appearance” and “eyes” (0 — 6 demerit
points); QIM,; related to gills scores (0 — 4
demerit points); QIM, that considers the
score assigned to the flesh, abdomen and
gut evaluation (0 — 6 demerit points).
OIMg, QIM; and QIM, were associated
with the bacterial counts on Iron Agar of
skin, gills and flesh, respectively; therefore,
for the dynamic prediction of each QIM cat-
egory as a function of the time was used the
following general differential equation:

dQMisk—g-f) _ Wik-g-1)
dt = dt ﬁ(sk a-f) [1]

where N is the concentration (Log cfu/g) of
spoilage bacteria at time ¢ (h), bis the coef-
ficient that translates bacterial concentra-
tion into demerit points.

According to the Baranyi and Roberts

Table 1. Modified version of the QI scheme by Andrade ez al. (1997) for Scomber scom-

brus.

Surface appearance Strong blue; traslucent slime 0
Loss of bright colours; pale golden tinge; slime slightly cloudy 1
Golden tinge overall all body; milky/yellowish slime 2

Pupil Shiny jet-black/blue 0
Black, cloudy (in the centre) 1
Grey 2
Cornea Convex 0
Plane 1
Concave 2
Colour Uniformly red with blood, slime translucent 0
Brownish with slime 1
Dark brown with abundant slime 2
Smell Fresh, seaweedy 0
Neutral 1
Fish - ammonia 2
Postgill (belly-burst) Firm 0
Stretchmarks, soft 1
Torn 2
Appearance Normal and bright 0
Slight decomposition and less bright 1
Strong decomposition, dull 2
Texture and colour Very firm and fresh bloom, bright 0
Less firm, less bright 1
Soft, opaque 2

Total demerit points 0-16.
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(1994) model, the bacterial concentration N

at time ¢ is generically expressed as follows:
dN Q N
ar L

(2]

= L
dt Hmax Mo

Here g, (h") is the maximum specific
growth rate and N, (cfu/g) is the theoreti-
cal maximum population density of bacteri-
al species under monospecific growth con-
ditions; Q represents the physiological state
of the species and, as expressed in Egs. (3a-
b), allows to calculate the Lag-time (1)
duration (hours) (Baranyi and Roberts,
1994):

A=- [3a]

[3a]

Equation [2] was solved by the intro-
duction of a secondary model (equation [4])
for  psychrotolerant = pseudomonads
(Martinez-Rios et al., 2016), which are rec-
ognized as the most important spoilage bac-
terial population for whole fish, in order to
calculate the ,,,, according to environmen-
tal observed parameters (T profile and pH).

T= Timin
Tref= Tmin

)z (1 — 10P¥min-pH)) [4]

Pmax = r“r'anS‘C(

According to Martinez-Rios et al.
(2016), Wyeprsec = 0.62; T, = -7.01; pH,,;, =
4.85. The complete model (equation [2] and
[4]) has been used for fitting each growth
curve to calculate O, N, and to evaluate
the predictive performance. After that, the
complete predictive model has been incor-
porated into equation [1] which was solved
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against the mean observed microbiological
data for each series (series “sk”, series “g”,
series “f”) and both temperature profiles.
Afterwards, a second fitting procedure has
been applied for calculating the coefficients
by, b, and b,in order to predict QIM values.

Model was numerically solved by
Eulero method, and the “Solver” function of
Microsoft Excel (Office 365) was used for
each growth curve of each data set. The
Root Mean Square Error (RMSE) was used
to evaluate the goodness of our model com-
paring the predicted values and the
observed ones.

Results

Microbiological and sensorial analy-
sis

The count of spoilage bacteria on Iron
Agar together with the related temperature
profile, appeared always higher for skin
samples (Series sk) than gills and flesh
(Figure 1). This difference was more evi-
dent in samples of Group B (fluctuating
temperature profile) where the critical value
of Log 6 cfu/g was exceeded after 3 days of
storage while for Group A (140.5°C) this
value was approximatively observed after 9
days. Concerning the “g” and “f” series, the
growth rate of the spoilage bacteria
observed in the samples of group A was
lower than in group B as can be seen by the
always lower microbial loads during each
analysis session (Figure 1). For both
Groups, series “f” showed always the low-
est bacterial load and the microbial counts
of flesh samples of Group A never exceeded
Log 6 cfu/g.

Concerning these bacterial populations,
overall, the MALDI-TOF identifies the
83.0% of strains as belonging to genera

a 10,00 |

Log cfulg

Pseudomonas spp. (61.8%) and Shewanella
putrefaciens (21.2%). The remaining per-
centage of colonies belonged to genera
Citrobacter spp. (9.6%) and Proteus spp.
(7.4%). In particular, the 100% of white
colonies were Pseudomonas spp., whereas
the 55.5% of the black colonies were
Shewanella putrefaciens, the 25.13% were
Citrobacter spp. and 19.36% were Proteus
spp.

Concerning the QIM scores, as Fig. 2a
shows, QIMq; scores of Group A samples
had an increase slower than Group B sam-
ples. Furthermore, the former did not reach
the maximum score (16) within 12 days
conversely of Group B samples which
reached the highest demerit score after 10
days. Figures 2B, 2B and 2D, where the
trend of single components of QIMyy
scores (QIMg,, QIM; and QIM;) are shown,
stress the aforementioned differences
between Group A and B.

Predictive model

The complete predictive model
obtained by incorporating equation [4] into
equation [2] has allowed calculating the
average of basic parameters such as Q, and
N, particularly, the former was always set
at 0.1704+0.03 while the N, mean values
have been Log 9.0+0.3 cfu/g, Log 7.7+0.25
cfu/g and Log 6.25+0.2 cfu/g respectively
for series “sk”, “g” and “f’. The complete
model produced a prediction for each mean
growth curve of each series, in good agree-
ment with the observed ones (Figure 3).
Particularly, the RMSE values for Group A
(samples refrigerated in ice) have been
0.42, 0.32 and 0.61 respectively for series
“sk”, “g” and “f”, while for Group B sam-
ples the RMSE values have been 0.84, 0.56
and 0.29 respectively for series “sk”, “g”
and “f”. These predictions were used for
calculating beta values of equation [1] by a
fitting procedure. The obtained values,

Figure 1. Count of spoilage bacteria at three different sampling sites - skin (sk), gills (g) and flesh (f) - in specimens of Scomber scom-
brus stored at different temperature profiles: (A) 1+0.5°C for 12 days; (B) fluctuating temperature ranging from 1 to 7°C in 24 hours

for 12 days.
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valid for both temperature profiles, were
0.113+0.06 for g, 0.090+0.04 for g, and
0.150+0.05 for A The prediction of QIMyqy
values is shown in Figure 4; also, in this
case, the predictions appear in good agree-
ment with the observed trend and highlight
that the model accounts correctly for exper-
imental data also under fluctuating temper-
ature conditions too.

Discussions and conclusions

Predictive food microbiology allows an
increasingly pragmatic approach to manag-
ing food safety and quality. Here we pre-
sented a study carried out by varying envi-
ronmental parameters such as the tempera-
ture and performing successively a statisti-
cal analysis on the results obtained. The
deterministic model herein implemented
can be suitable operational support in the
food industry considering the increasing
demand for rapid methods for determining
the shelf-life of the fresh fish. Indeed, pre-
dicting microbial behaviour and associated
sensory variations under different environ-
mental conditions supports managerial
decisions in establishing or running a man-

)
(=]

QIM score
o

i O

QIM score

ufacturing operation as well as assessing the
impact of process deviations on microbio-
logical safety and product quality (Doyle et
al., 2019). Furthermore, with a view to sus-
tainable development, the implemented
model could be useful for maximizing pro-
duction and reducing waste (Kibler ez al.,
2018).

In the present study, the mathematical
model was developed to reliably predict the
shelf-life of the Atlantic mackerel, based on
different storage temperatures. The same
mathematical model was previously pro-
posed to model the storage life of Gilthead
Seabream obtaining performing results
(Giuffrida et al., 2013; Gram et al., 1987,
Valenti et al., 2016). Fresh seafood is char-
acterized by a short shelf-life which mostly
depends on microbial activity (Arab et al.,
2020; Ozogul et al., 2020; Trabelsi et al.,
2019). The metabolism of certain specific
spoilage bacteria leads to the formation of
products responsible for off-flavors, off-
odors and color variations once reached cer-
tain loads (Cheng and Sun, 2015). In this
regard, according to other studies (Giuffrida
et al., 2013; Huss, 1995), the results of the
present manuscript demonstrate that most
relevant quality modifications of the whole
refrigerated Atlantic mackerel are especial-

vpress

ly explained by the bacterial growth on skin
and gills which are always, as well known,
more contaminated than the flesh.
Moreover, the mucus of these sites is rich in
proteins, glucides and lipids as well as in
several ammonia excreta which can be
metabolised in off-flavour substances by
bacteria (Gram and Huss, 1996; Trabelsi et
al., 2021).

Most of the bacterial population detect-
ed in this study, belonged to genera
Pseudomonas and Shewanella and critical
values of Log 6 cfu/g were observed in con-
junction with a decay of the organoleptic
qualities. These isolations are in agreement
with other results (Gram and Huss, 1996;
Koutsoumanis and Nychas, 2000) concern-
ing fish caught or harvested in temperate
waters and explain the kind of spoilage of
the Atlantic mackerel, which is character-
ized by the development of offensive fishy,
rotten, H,S-off-odours and -flavours. This
sensory impression is distinctly different for
some tropical fish and freshwater fish,
where fruity, sulphydryl off-odours and -
flavours are more typical (Gram and Huss,
1996).

As highlighted in the present study, the
evaluation of the sensory modifications in
fresh mackerel by the QIM showed satisfac-

&
&
—e—QIMTOTA s —&--QiMsk A
=] —o—QlIMsk B
—8— QM TOTB
A B
e
s
—e—QiMg B s —o—QIMIB
3
—&--QlMg A -8 QIMf A
C D

Figure 2. QIM trend for Group A (1+0.5°C) and Group B (fluctuating temperature profile): A trend of total QIM score (QIMyy); B
trend of QIM related to skin (QIMsk); C trend of QIM related to gills (QIMg); D trend of QIM related to flesh (QIMS).
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tory correlations with the determination of
the storage time. Not surprisingly, numer-
ous schemes have been implemented over
the years for several other species of blue
fish both whole fish such as Mediterranean
anchovies (Engraulis encrasicholus) (Pons-
Sanchez-Cascado et al., 2006), herring
(Clupea harengus L.) (Nielsen and Hyldig,
2004) and horse mackerel (7Trachurus
mediterraneus) (Mbarki et al., 2009) and
fillets or portions of fish such as fresh yel-
lowfin tuna (Thunnus albacares) steaks
(Alexi et al., 2021). However, if on one
hand the QIM is suitable for detecting
trends in sensory quality during the shelf-
life, on the other hand, this method mixes
subjective and objective sensory evalua-
tions, requires trained and experienced pan-
ellists and it does not provide information
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on the remaining shelf life by itself.

The observed and predicted time for the
rejection of the whole fish under refrigerat-
ed storage is similar to those reported in
previous studies (Karoui and Hassoun,
2017; Svanevik and Lunestad, 2011).
Considering a possible cause-effect rela-
tionship between data obtained by the sen-
sory evaluation and the microbiological
analysis, the achieved results were fitted to
a differential equation in which QI score is
expressed as a function of the concentration
of specific spoilage bacteria. A coefficient 3
of correlation was determined to relate the
spoilage bacteria load with the QI scores.
The constant value of § allows evaluating
the fish freshness as the microbial concen-
tration changes under different tempera-
tures and storage conditions. The developed

10,00
9,00
8,00
7.00
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predictive model was capable of reliably
predicting the shelf-life of Atlantic macker-
el under isothermal and fluctuating temper-
ature storage conditions. However, certain
aspects of population kinetics such as lag
phase and growth rate are difficult to predict
especially under dynamic conditions and
even more in real food where several fac-
tors need to be considered in addition to the
temperature variation (Giarratana et al.,
2020). The environmental parameters that
influence microbial behaviour are several
and include the combined effects of intrin-
sic and extrinsic factors (Giuffrida et al.,
2008; Giuffrida et al., 2017). Interaction
between groups of microorganisms and sev-
eral physicochemical properties of the sub-
strate needs to be considered for a reliable
prediction of a proper shelf-life. The pro-

0 Obs SS80sk B
——Pred SSOsk B

150 200 250 300 1
Hours
© Obs §S0g B
——Pred 580g B
150 200 250 300 2
Hours
© Obs 8S0OfB
——Pred SSOf B
100 150 200 250 300 3
Hours

Figure 3. Observed growth of spoilage bacteria (Obs SSO) and related predictions (Pred SSO) at three different sampling sites — (1)
skin (sk), (2) gills (g) and (3) flesh (f) - in specimens of Scomber scombrus stored at different temperature profiles: (A) 1+0.5°C for 12
days; (B) fluctuating temperature ranging from 1 to 7°C in 24 hours for 12 days.
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O Obs QIMisA
—— Pred QIMrorA

© Obs QIMyB
——Pred QIMryrB

50 100 150 200 250 300

Hours

Figure 4. Observed total mean QIM values (Obs QIM ;) and related predictions (Pred QIMTOT) at three different sampling sites in
specimens of Scomber scombrus stored at different temperature profiles: (A) 1+0.5°C for 12 days; (B) fluctuating temperature ranging

from 1 to 7°C in 24 hours for 12 days.

posed model can be considered as an eftec-
tive tool for the improvement of quality
management within the fish supply and dis-
tribution chain. This shelf-life study pro-
vides a time-temperature relationship useful
to determine the quality decay during some
stages of the Atlantic mackerel commercial
life. Further studies are desirable to improve
the proposed mathematical model. It could
be thought of inserting new equations
which allow to consider and reproduce the
time behaviour of other environmental vari-
ables as well as to evaluate a probabilistic
approach in which variations in environ-
mental parameters are taken into account.
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