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The brackish river prawn (Macrobrachium macrobrachion) is a species of commercial importance in West Africa.
However, like other fishery products, it is prone to deterioration due mainly to microbial activities. The present
study aimed at evaluating the spoilage characteristics of M. macrobrachion and predicting the growth of the main
spoilage bacteria as well as the shelf-life of the product as a function of storage temperature. Freshly caught
brackish river prawn samples from Lake Aheme were aerobically stored at 0, 7, 15, and 28 °C and, at pre-
determined times during storage, they were taken for microbiological, chemical, and sensory analysis. At sen-
sory rejection times, the spoilage potential of 185 isolates from specific groups of organisms enumerated was
assessed in prawn of which the endogenous microbiota was heat inactivated. Isolates capable of producing strong
off-odor were identified using 16S rRNA sequencing. Models predicting the maximum growth rate of Pseudo-
monas spp. and HpS-producing bacteria in the brackish river prawn as well as the shelf-life of the product were
developed. These models were validated using an independent experiment during which prawn was stored at 0,
4, 10, and 25 °C. Results showed that Pseudomonas spp. at 0 °C, Pseudomonas spp. and HyS-producing bacteria at
7 °C, and HaS-producing bacteria at 15 °C and 28 °C were the dominant groups of microorganisms during
storage. As expected, total volatile basic nitrogen, trimethylamine, and pH with initial values of 21.2 + 3.0 mg-
N/100 g, 4.1 + 0.8 mg-N/100 g, and 7.46 + 0.15 increased during storage reaching approximately 35 mg-N/
100 g, 10 mg/ 100 g and 8, respectively at sensory rejection times which were 7 hat 28 °C,1.2d at 15°C, 4.6 d at
7 °C, and 11.7 d at 0 °C. The main spoilage organisms were Citrobacter braakii at 28 °C, Citrobacter braakii,
Pseudomonas kurunegalensis, and Shewanella bicestrii at 15 °C, Shewanella putrefaciens, Shewanella baltica, and
Pseudomonas bubulae at 7 °C, and Pseudomonas versuta at 0 °C. The validation of the developed models showed an
adequate agreement between the predicted and observed values. This study highlights the specific spoilage
characteristics of the brackish river prawn and reveals that Gram-negative rod bacteria are the main spoilage
organisms even at high storage temperatures, contrary to many earlier reports on the spoilage of tropical fishery
products.

1. Introduction

Macrobrachium macrobrachion, known as brackish river prawn, is an
important component of the ecology of rivers and estuaries along the
West coast of Africa (Akinwunmi and Moruf, 2021; Koussovi et al.,
2023). The species was found to be the most dominant prawn species in
some West African countries. For example, in the Lagos Lagoon
(Nigeria), M. macrobrachion constitutes about 60 % of all prawn landings
and up to 83 % of all Macrobrachium fishery catches during the rainy
season (Enin, 1998; Onunkwor et al., 2022). In Benin Republic, the
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species is widely distributed in waterbodies and streams of the country
and its demand is high for local consumption as well as exportation
mainly to neighboring countries (Koussovi et al., 2023). However, it is
challenging for stakeholders to maintain the freshness of the product. In
fact, like other crustaceans, M. macrobrachion is highly prone to dete-
rioration due to its high water activity, neutral pH, and relatively high
content of free amino acids (Odeyemi et al., 2021, 2023; Zeng et al.,
2005). Microorganisms are the major cause of this deterioration and it is
well established that only a fraction of microorganisms associated with
fishery products, called “specific spoilage organism(s) (SSOs)”, really
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contribute to spoilage (Gram and Dalgaard, 2002). Knowledge of SSOs
and their metabolites, which can be used as chemical indicators of
spoilage, is of importance to develop strategies and tools for better
fishery products quality and safety management (Dabadé, 2015). For
example, mathematical models can be used to predict the progression of
spoilage processes in foods; thus they can help in decision-making
regarding food quality management (Bruckner et al., 2013; Dalgaard
and Huss, 2020). Spoilage characteristics, however, even for the same
fishery product, may depend on geographical origin and other unknown
factors interacting with microbial growth (Gram and Huss, 1996). For
example, Lalitha and Surendran (2006) identified Pseudomonas, Aero-
monas hydrophila, A. veronii boivar sobria and Shewanella putrefaciens as
the dominant spoilage organisms of the giant river prawn (Macro-
brachium rosenbergii) stored in ice in India. At room temperature (28 °C
+ 2), Jeyasekaran and Ayyappan (2002) found that in the same species
of giant river prawn, Lactobacillus sp. was dominant followed by
Staphylococcus sp. and Bacillus sp. In the white prawn Exopalaemon
modestus during ice storage, lactic acid bacteria especially, Lactococcus
garvieae was the dominant spoilage organism (Du et al., 2017). Pseudo-
monas species were found to be the dominant spoilage organisms in
Macrobrachium vollenhovenii under ice storage (Akintola and Bakare,
2011). This dynamic nature of the microbial spoilage process indicates
that the SSOs and their spoilage domains must be determined before
kinetic models can be developed (Dalgaard and Huss, 2020). To date, to
our knowledge, there is no report on specific spoilage organisms of
brackish river prawn (M. macrobrachion) nor on their spoilage domain
and spoilage level. This study aimed at (i) evaluating the quality changes
of M. macrobrachion stored at different temperatures, (ii) identifying the
major spoilage bacteria of M. macrobrachion, and (iii) developing
mathematical models predicting the growth of spoilage bacteria of
M. macrobrachion as well as the shelf-life of the product as a function of
storage temperatures.

2. Materials and methods
2.1. Prawn collection and preparation

Four independent samplings were carried out to collect the brackish
water prawn (Macrobrachium macrobrachion) from Lake Aheme, one of
the most important fishing areas in the Benin Republic (Dabadé et al.,
2014). Three independent samplings were used for mathematical model
development and the last sampling was for the validation of the devel-
oped models. At each sampling date, freshly caught prawn samples were
immediately cooled with ice and transferred to Laboratory (road
transportation) within approximately 2 h. At the Laboratory, samples
were aseptically packed loose in sealed sterile polyethylene bags
(Twirl'em sample bags, Labplas Inc., dimensions: 305 x 178 mmy;
thickness: 89 pm) and stored at 0, 7, 15, and 28 °C, for the development
of the models. As for their validation, the storage temperatures were 0,
4, 10, and 25 °C. Thermochron iButton (DS 1921G) devices were placed
in some prawn samples to record temperatures during storage. For
storage at temperatures >0 °C, Sanyo MIR-154 refrigerated incubators
were used. For 0 °C, prawn samples were stored in ice as previously
described (Dabadé et al., 2015a). Prawn samples were taken for
microbiological, chemical, and sensory analysis at pre-determined times
for each storage temperature (Table S1).

2.2. Microbiological analysis

A 25 g prawn sample was transferred aseptically to a stomacher bag,
diluted 10 times in physiological saline peptone solution (0.85 % NaCl
(SIGMA, Germany), 0.1 % peptone (OXOID, England) and mixed using a
stomacher (Seward Laboratory Stomacher 400, England). From this
primary dilution, appropriate successive decimal dilutions were
prepared.

Total Viable Counts (TVC), and HjS-producing bacteria were
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enumerated on double-layered plates of iron agar supplemented with
0.04 % L-cysteine (SIGMA) and incubated at 25 °C for 72 h as described
by Gram et al. (1987). From the same iron agar, black colonies were
counted as HyS-producing bacteria and TVC as the sum of black and
white colonies (Gram et al., 1987). Enterobacteriaceae were enumerated
on double-layered plates of violet red bile glucose (VRBG) medium
(OXOID) and incubated at 37 °C for 24 h. Pseudomonas spp. were
enumerated on spread plates of Pseudomonas agar base (OXOID) sup-
plemented with cetrimide, fucidin, and cephaloridine (CFC) (OXOID) at
25 °C for 48 h. Lactic acid bacteria (LAB) were enumerated on double-
layered plates of de Man, Rogosa, and Sharp agar (MRSA) (OXOID)
incubated at 30 °C for 72 h.

2.3. Chemical analysis

Total volatile basic nitrogen (TVBN), trimethylamine (TMA), and pH
were determined in prawn samples during storage. To determine the pH,
distilled water (20 mL) was added to 10 g of ground prawn. The mixture
was homogenized and the pH was measured in duplicate using a pH
meter (InoLab 730, Germany). TVBN and TMA were determined using
the method recommended by the European Commission (EC, 2005), as
previously described (Dabadé et al., 2015a).

2.4. Sensory analysis

The overall acceptance of the prawns based on their odor, color, and
texture was assessed using a scale with three categories: 1 = prawn with
good quality, 2 = prawn with marginal quality, but still acceptable, and
3 = spoiled prawn (Argyri et al., 2010; Dabadé et al., 2020; Dalgaard
et al., 1993) by 10 panelists experienced in prawn freshness evaluation.
Sensory rejection time was defined as the moment when 50 % of the
panelists evaluated samples to be in category 3.

2.5. Identification of the main spoilage bacteria

2.5.1. Prawn samples inoculation and spoilage potential assessment
During the microbiological analysis of the prawn samples, at least 15
colonies of each of the following microorganisms: HyS-producing bac-
teria, Enterobacteriaceae, Pseudomonas spp., and lactic acid bacteria
capable of growing during storage at each of the tested temperatures
were randomly selected from the media used to enumerate them at
sensory rejection times. These colonies (185 in total) were checked for
purity on MRSA for lactic acid bacteria and on tryptone soya agar (TSA)
for HpS-producing bacteria, Enterobacteriaceae, and Pseudomonas spp..
Pure cultures of isolated colonies were inoculated individually to freshly
caught prawns of which the endogenous microorganisms were inacti-
vated as previously described (Dabadé et al., 2015a). The inoculated
prawn samples were stored at the temperature of the initial isolation of
the colony. Panelists assessed the ability of the inoculated culture to
spoil the prawn (off-odor production) using the three-point scale
described in 2.4. Strains having received a score of three by at least 50 %
of the panelists were considered as the main spoilage organisms of the
product and were identified following the procedure described below.

2.5.2. DNA extraction, PCR conditions, and sequencing

DNA of the isolates having shown strong spoilage activity was
extracted using the protocol described in the genomic DNA purification
kit (Promega Corporation). The DNA extracts were used to amplify the
16S rRNA gene with polymerase chain reaction (PCR) using the Lab-
cycler Basic (SensoQuest). The PCR was performed using 27F (5-
AGAGTTTGATCMTGGCTCAG-3") and 1540R (5-TACGGY-
TACCTTGTTACGACT-3") primers. The 16S rRNA gene was amplified
using the PCR conditions previously described (Houngbédji et al., 2018).
The PCR products were sequenced at Microsynth Seqlab (Germany). The
DNA Baser Sequence Assembler v5.15 (2020) (http://www.DnaBaser.
com) was used to assemble the forward and reverse sequences. The
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sequences were compared against the GenBank database using the basic
local alignment search tool (BLAST) (Altschul et al., 1990). The se-
quences were deposited in the GenBank database under the accession
numbers OP222972-0P223017.

2.6. Modeling the shelf-life of brackish river prawn as a function of
storage temperature

Three empirical models: exponential model (1), Ratkowsky model
(2) (Ratkowsky et al., 1982), and Arrhenius model (3) were fitted to the
rates of spoilage determined as the reciprocal of shelf-life (RS, day_l)

RS =b; xexp(axT) (€8]

RS = b2 X (T — Toin)’ 2)
_Ea

RS = b3 x exp (R » K) 3

With T, the storage temperature (°C); R, the gas constant 8.314 (J
mol ™! K’l); K, temperature in Kelvin. b;, a, Tryin and E, are coefficients to
be estimated.

To stabilize the variance over the temperature range, both the
models and the RS-data were In-transformed before the fitting. The
performance of the three models was assessed by fitting the models to
the In-transformed data and comparing the root mean square error of the
model (RMSEndel) as described by Dabadé et al. (2015a).

. 2
RMSE, oy = \/ >~ (observed; — fitted;) @

n—s

With observed;, observed values; fitted;, described values; n, number
of data points; s, number of parameters of the model.

2.7. Modeling the growth of the spoilage organisms as function of storage
temperature

2.7.1. Primary modeling

The reparameterized Gompertz model (Zwietering et al., 1990) (Eq.
(5)) was fitted to the microbial growth data obtained during prawn
storage at 0, 7, 15, and 28 °C using the Excel's solver function.

fomsexp(1)

In(10)
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2.7.3. Model validation

An independent experiment was performed to validate the models
developed in this study that predict the growth rate of dominant groups
of microorganisms during storage at 0, 7, 15 and 28 °C. Prawn samples
were collected and stored at 0, 4, 10 and 25 °C. At pre-determined times
(Table S1), samples were taken for microbiological analysis and sensory
analysis.

The performance of the developed models was assessed by a graph-
ical comparison of predicted and observed values. In addition, the
acceptable prediction zone method developed by Oscar (2005) was
applied. The relative errors (RE) for maximum growth were calculated
as follows:

RE for shelf-life = (predicted — observed) /predicted 7)

RE for y,,,,, = (observed-predicted)/predicted (€))

RE less than zero represents fail-safe predictions and RE above zero
represents fail-dangerous predictions (Oscar, 2005). The boundaries of
the acceptable prediction zone proposed by Oscar (2005), which were —
0.3 (fail-safe) and 0.15 (fail-dangerous) were used.

For shelf-life data, the bias (Eq. (9)) and the accuracy (Eq. (10))
factors according to Ross (1996) were calculated as follows:

B = 10( E ]Dg(’predic(ed / Tobserved ) / n ) 9

A= 10( Z|IUE(’pmdxcled/’uh\ened) |/n) (10)

toredicted are the predicted shelf-life values (in days), topservea are the
observed shelf-life values (in days). n is the number of observations. By
values higher than 1 show that the predicted shelf-life is on average
longer than the observed shelf-life. B;= 1 suggests, on average, a perfect
agreement between predicted and observed values. The accuracy factor
assesses the absolute deviation between the observed values and the
predicted values. As= 1 shows a perfect agreement between predicted
and observed values. The larger the accuracy factor, the less accurate is
the average estimate (Ross, 1996).

2.8. Shelf-life model comparison and benchmarking

The model developed in this study predicting the shelf-life of

logo(N;) = logio(No) + [log10(Nmax) — l0g10(No) |exp{ — exp

where t is time (h), N; is the number of microorganisms at time ¢t (CFU/
g), Ny is the number of microorganisms at time zero (CFU/g), Ny..x is the
maximum number of microorganisms (CFU/g), is maximum spe-
cific growth rate (b)), and 1 is the lag time (h).

Hmax

2.7.2. Secondary modeling
The Ratkowsky equation (Eq. (6)) (Ratkowsky et al., 1982) was used
to model the effect of temperature on microbial growth.

P = [b1(T = Toin) 6

where 4, is maximum specific growth rate (h™Y), T is temperature (in
degrees Celsius), b;, Trin, are coefficients to be estimated. Ty, (in de-
grees Celsius) is the minimum theoretical temperature for growth. Eq.
(6) was square-root transformed prior to the fitting.

[logl()(Nmax) - lOglo(No)]

A-=0+1 (5)

M. macrobrachium was compared to existing models predicting the shelf-
life of fishery products (Egs. (11)—(13)).

_ Shelf-life (7)

Shelf-life (T 1)
@ (1401 xT)
Shelf-life (T) = Shelf-life(Ty) x exp(—0.12 x T) (12)
650
Shelf-life (days) = 4.5 x 10~ x exp (97) 13)

In all models, T and 6 are storage temperatures in °C and K,
respectively.

Eq. (11) used as a common shelf-life prediction model for seafood
(Dalgaard and Huss, 2020), derived from the root square model (Eq. (6))
suggested for the growth of microorganisms with a Tpyi,-value of —10 °C.
Eq. (12) is the model developed typically for tropical fresh seafood shelf-
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life prediction Dalgaard and Huss (2020). Eq. (13) is the model devel-
oped for tropical brackish water shrimp (Penaeus notialis) shelf-life
prediction (Dabadé et al., 2015a).

The comparison was based on the differences between the predicted
shelf-lives by the models and the observed shelf-lives during the model
validation experiment conducted in this study.

In addition, data from literature on shelf-life of various fresh prawn
or shrimp species harvested or caught mainly from tropical regions and
stored aerobically at temperatures ranging from 0 to 30 °C were
benchmarked to compare graphically the outcomes of the model
developed in this study for the prediction of M. macrobrachium shelf-life.
The performance of the model with these data from literature on shelf-
life was also assessed using the bias factor (By) (Eq. (9)) and the accuracy
factor (Ap) (Eq. (10)).

2.9. Statistical analysis

A Student's two-tailed t-test or one-way ANOVA (IMB SPSS Statistics
19.0) followed by Tukey's test as post hoc comparison of means was used
to compare the means of bacterial concentrations, TVBN, TMA, and

A

Log (CFU/qg)

0 3 6 9 12 15 18 21 24
Storage time (hour)

Log (CFU/qg)

3+ 7 T 7 3
0 3 6 9 12
Storage time (days)
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maximum specific growth rate from prawn stored at various tempera-
tures. The significance level was set at P <0.05.

3. Results
3.1. Microbial growth during brackish water prawn storage

The microbial growth data of the prawn samples with the fitted
reparameterized Gompertz model are shown in Fig. 1. The calculated
kinetic parameters (Eq. (5)) are shown in Table S2. The initial total
viable count (TVC) was 5.8 & 0.5 log CFU/g. The initial concentrations
of HyS-producing bacteria, Enterobacteriaceae, Pseudomonas spp., and
lactic acid bacteria varied from 4.0 + 0.5 log CFU/g (Enterobacteri-
aceae) to 4.4 + 0.6 log CFU/g (HaS-producing bacteria). During storage,
TVC increased to reach the maximum concentration (ca. 9.4 log CFU/g)
after 21 h, 4 days, 9 days, and 18 days, at 28 °C, 15 °C, 7 °C, and 0 °C,
respectively. The dominant group of microorganisms during prawn
storage was temperature-dependent. At 28 °C and 15 °C, HyS-producing
bacteria were the dominant group of microorganisms with a maximum
concentration of approximately 9.0 log CFU/g while at 0 °C, the average

Log (CFU/g)

Log (CFUI/g)

= O

328 o 8

9 12 15 18 24
s)

Fig. 1. Evolution of total viable counts ((]), HS-producing bacteria ({)), Pseudomonas spp. (/\), Enterobacteriaceae (o), and lactic acid bacteria (=) of brackish
water prawn stored at 28 °C (A), 15 °C (B), 7 °C (C), and 0 °C (D). The reparameterized Gompertz model (solid line) was fitted to the growth data.
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maximum concentration of this group of microorganisms was below 8.0
log CFU/g, far behind that of Pseudomonas spp. which were the domi-
nant group of microorganisms at this temperature with a maximum
concentration of 9.4 log CFU/g. At 7 °C, Pseudomonas spp. and HjS-
producing bacteria co-dominated reaching a maximum concentration of
approximately 9.2 log CFU/g. Enterobacteriaceae and lactic acid bac-
teria (LAB) grew well in prawn stored at 28 °C and 15 °C, reaching a
maximum concentration of approximately 8.0 log CFU/g. No Entero-
bacteriaceae growth was observed at 0 °C while at 7 °C, slight growth
was noticed with a maximum concentration of 6.0 log CFU/g. LAB
reached a maximum concentration of approximately, 6.0 log CFU/g and
7.0 log CFU/g at 0 °C and 7 °C, respectively.

3.2. Chemical changes during brackish water prawn storage

Chemical changes occurring in brackish water prawn during storage
at various temperatures as revealed by TVBN, TMA and pH values are
shown in Fig. 2. The average initial TVBN value was 21.2 £+ 3.0 mg-N/
100 g. This value increased throughout the storage at all tested tem-
peratures but, as expected, with higher rate at high storage temperatures
reaching concentrations ranging from 65.8 &+ 7.7 mg-N/100 g (0 °C) to
221.5 +9.2mg-N/100 g (28 °C) at the end of the storage (Fig. 2A). With
an average initial value of 4.1 & 0.8 mg/100, TMA showed similar trend
like TVBN during prawn storage (Fig. 2B). The initial pH value was 7.46
+ 0.15. It also increased during storage reaching a value of approxi-
mately 8.3 at the end of storage for all the tested temperatures.

3.3. Sensory changes during brackish water prawn storage

The results of the prawn sensory evaluation are presented in Table 1.
Prawn samples were deemed to be of good quality by all panelists at the
beginning of storage time. As expected, the percentage of the panelists
evaluating the prawn samples to be of marginal or defective quality
increased with storage time. The quality of the prawn was judged
defective when there was off-odor production and/or noticeable
changes in prawn color or texture. The sensory rejection time defined as
the time when at least 50 % of the panelists evaluate prawn to be spoiled
was 7 hat 28°C,1.2dat15°C, 4.6 d at7 °C,and 11.7 d at 0 °C.

3.4. Main spoilage organisms of brackish water prawn

The spoilage assessment results and the identity of isolates with high
spoilage activity (strong off-odor production) are shown in Table 2. At
28 °C, 16/60 strains tested were capable of producing strong off-odor
according to at least 50 % of the panelists. They belong mainly to the
family of Enterobacteriaceae (n = 7), Pseudomonaceae (n = 4) and
Aeromonaceae (n = 4). Citrobracter braakii was the species having the
strongest spoilage activity based on the percentage of panelists identi-
fying it as having strong spoilage activity (90-100 %). All isolates from
Pseudomonas selective agar were identified as Pseudomonas kur-
unegalensis, except for one strain identified as Aeromonas enteropelogenes.
No Lactic acid bacteria isolates tested were found to show strong
spoilage activity in prawn during storage. At 15 °C, similar spoilage
organisms were identified with again Citrobacter species namely
C. braakii and C. freundii, and Pseudomonas kurunegalensis representing
>60 % of the potential spoilage organisms identified at this tempera-
ture. However, almost 20 % of the isolates showing strong spoilage ac-
tivity were identified as Shewanella bicestrii. At 7 °C Shewanella
putrefaciens, Shewanella baltica, and Pseudomonas bubulae were found to
be the main spoilage organisms while at 0 °C Pseudomonas versuta was
the main isolate having shown strong spoilage activity.

3.5. Modeling the maximum growth rate as a function of temperature

Of the different specific groups of microorganisms enumerated on
brackish water prawn stored at 0, 7, 15 and 28 °C, only Pseudomonas spp.
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Fig. 2. Evolution of total volatile basic nitrogen (TVBN) (A), trimethylamine
(TMA) (B), pH (C) of prawn stored at 28 °C (o), 15 °C (A\), 7 °C ([1), and 0 °C
(). Bars represent the standard deviation of three independent samples.
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Table 1
Prawn overall quality evaluation (% of panelists) during storage at 28 °C (A),
15°C (B), 7 °C (C), and 0 °C (D).

A

Score Storage time (hours)

0 3 5 7 8 10 12

1 = Prawn of good quality (no 100 733 33 0 0 0 0
defect)

2 = Prawn of marginal quality, 0 26.7 80 50 40 20 O
but still acceptable
3 = Spoiled prawn (rejected) 0 0 16.7 50 60 80 100
B
Score Storage time (days)
0 0.5 1 1.25 1.5 2 2.5
1 = Prawn of good quality 100 90 6.7 0 0 0 0
(no defect)
2 = Prawn of marginal 0 10 83.3 46.7 333 167 O
quality, but still
acceptable
3 = Spoiled prawn 0 0 10 53.3 66.7 833 100
(rejected)
C
Score Storage time (days)
0 0.5 1 2 3 4 5 6
1 = Prawn of good 100 967 90 66.7 6.7 0 0 0
quality (no defect)
2 = Prawn of 0 3.3 10 33.3 93.3 63.3 40 0

marginal quality,
but still acceptable

3 = Spoiled prawn 0 0 0 0 0 36.7 60 100
(rejected)
D
Score Storage time (days)
0 3 6 8 10 12 14 16
1 = Prawn of good 100 933 633 33 0 0 0 0
quality (no
defect)
2 = Prawn of 0 6.7 36.7 934 70 46.7 133 0
marginal quality,
but still
acceptable
3 = Spoiled prawn 0 0 0 3.3 30 533 86.7 100
(rejected)

Boldface indicates sensory rejection times.

and H,S-producing bacteria were able to grow at all these temperatures
and showed significant spoilage activities. The effect of temperature on
the maximum growth rates of these groups of microorganisms is shown
in Fig. 3. The estimated parameters of the Ratkowsky model (Eq. (6))
used were presented in Table 3. The maximum growth rate of Pseudo-
monas spp. was significantly higher than that of HyS-producing bacteria
at 0 and 7 °C, but at 15 and 28 °C, no significant differences were found.

3.6. Modeling the shelf-life of brackish water prawn as a function of
temperature

Of the three models used, the exponential model was the best fitting
model. Indeed, its root mean square error of the residuals (RMSEnodel)
was 0.11 while those of Ratkowsky and Arrhenius models were 0.28,
and 0.18, respectively. The fitted parameters from the exponential
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model a and b; were 0.135 4 0.008 (95 % CI) and 0.089 4 0.13 (95 %
CI), respectively. With these estimated parameters the shelf-life (the
reciprocal of the rate of spoilage) of tropical brackish water prawn
Macrobrachium macrobrachion could be predicted at a given storage
temperature using Eq. (14)

Shelf-life (days) = 11.2 x exp( — 0.135T) (14)

With T, storage temperature in degree Celsius.
The predicted brackish water prawn shelf-life as a function of tem-
perature is shown in Fig. 4.

3.7. Validation of the developed models

3.7.1. Validation of the model predicting prawn shelf-life at constant
storage temperatures

The observed shelf-lives from another independent experimentation
using different storage temperatures were plotted to the Figure showing
the predicted model (Fig. 4) for graphical comparison purpose. The
calculated bias factors and accuracy factors of the model were 1.05 and
1.12, respectively. Moreover, the calculated relative errors for shelf-life
Eq. (7)) were almost all within the boundaries of the acceptable pre-
diction zone proposed by Oscar (2005) (Fig. 5). These results showed
that there was an adequate agreement between the predicted and
observed shelf-life values of prawn as depicted in Table 4.

3.7.2. Validation of the model predicting the maximum growth rates of
Pseudomonas spp. and H,S-producing bacteria as a function of temperature

For graphical comparison purposes, the observed growth rates from
another independent experimentation using different storage tempera-
tures were plotted to the Figure showing the models predicting the
maximum growth rate as function of temperature (Fig. 3). In addition,
like with the model predicting the shelf-life, the calculated relative er-
rors for maximum growth rates (Eq. (8)) were in majority, within the
boundaries of the acceptable prediction zone proposed by Oscar (2005)
at all storage temperatures tested except for the highest temperature
(25 °C) where most of calculated relative errors were the above the
upper limit of the acceptable zones (Fig. 5).

3.8. Comparison of the model predicting the shelf-life of
M. macrobrachion to other models and its benchmarking with shelf-life
data of prawn or shrimp from literature

With a shelf-life of 11.7 d at 0 °C (the average found in our study), the
common model (Eq. (11) (Table 4) used for fresh seafood shelf-life
prediction gives satisfactory predictions (<20 % differences between
predicted and observed values) at low storage temperatures (<10 °C)
but unrealistic predictions at high storage temperatures, with >180 %
difference between predicted and observed values at 25 °C. The tropical
fresh seafood shelf-life prediction model developed by Dalgaard and
Huss (2020) (Eq. (12)) (Table 4) gives a better prediction than the
common model at 25 °C, since the difference was 75 % instead of 187.5
%, but this difference is still high. Even at 10 °C, the difference between
the predicted and observed shelf-life was >40 % with this tropical fresh
seafood shelf-life prediction model. The model developed for the pre-
diction of shelf-life of tropical brackish water penaeid shrimp (Penaeus
notialis) (Eq. (13)) (Dabadé et al., 2015a) gives satisfactory predictions
with the palaemonid shrimp (Macrobrachium macrobrachion) at tem-
peratures <10 °C, but up to 50 % difference between the predicted and
the observed shelf-life was recorded at 25 °C, while only 12.5 % dif-
ference was obtained with the new developed model in this study
(Table 4).

As shown in Fig. 6, the model predicting the shelf-life of Macro-
brachium macrobrachion gives, overall, a satisfactory prediction of
shrimp or prawn based on the reported shelf-lives in the literature. The
By and Ay values obtained were 0.81 and 1.35, respectively.
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Table 2
Spoilage potential assessment and identities of isolates capable of producing strong off-odor at 28 °C, 15 °C, 7 °C and 0 °C.
T Culture Number of Number of isolates with % Similarity and GeneBank GenBank given % of panelists judging the isolates to have
(°C)  media isolates tested strong spoilage activity closest relatives accession number strong spoilage activity (n = 10)
28 VRBGA" 15 5 99.6 % Citrobacter braakii 0P222977 100
99.7 % Citrobacter arsenatis 0OP222978 70
99.8 % Klebsiella variicola 0OP222979 50
99.2 % Escherichia coli 0OP222980 80
99.9 % Enterobacter ludwigii 0OP222981 80
Iron Agar* 15 6 98.5 % Aeromonas veronii 0P222994 50
99.8 % Citrobacter braakii 0P222995 100
99.6 % Citrobacter braakii 0OP222996 90
99.8 % Aeromonas veronii 0P222997 50
99.9 % Aeromonas dhakensis 0P222998 50
98.7 % Shewanella bicestrii 0OP222999 50
PSA‘ 15 5 99.7 % Aeromonas 0P223013 60
enteropelogenes
99.8 % Pseudomonas 0P223014 50
kurunegalensis
99.8 % Pseudomonas 0OP223015 70
kurunegalensis
99.8 % Pseudomonas OP223016 70
kurunegalensis
99.7 % Pseudomonas 0P223017 80
kurunegalensis
MRSA® 15 0 - - -
15 VRBGA 15 5 99.4 % Citrobacter braakii 0P222972 80
99.4 % Citrobacter freundii 0P222973 70
99.2 % Citrobacter braakii 0OP222974 80
99.6 % Citrobacter pasteurii 0P222975 920
99.7 % Escherichia coli 0OP222976 60
Iron Agar 15 7 99.7 % Aeromonas caviae 0P222987 60
99.7 % Aeromonas caviae 0OP222988 50
99.5 % Citrobacter braakii OP222989 80
98.8 % Shewanella bicestrii 0OP222990 50
99.9 % Shewanella bicestrii 0OP222991 70
99.5 % Citrobacter freundii 0OP222992 50
99.2 % Shewanella bicestrii 0OP222993 50
PSA 15 4 99.9 % Pseudomonas OP223009 80
kurunegalensis
99.9 % Pseudomonas 0P223010 50
kurunegalensis
99.1 % Pseudomonas 0OP223011 60
kurunegalensis
99.8 % Pseudomonas OP223012 70
kurunegalensis
MRSA 15 0 - - -
7 Iron Agar 15 5 99,5 % Shewanella 0P222982 60
putrefaciens
99,5 % Shewanella baltica 0P222983 50
99,5 % Aeromonas veronii 0P222984 60
99,9 % Shewanella baltica 0P222985 50
99,5 % Shewanella 0P222986 60
putrefaciens
PSA 15 5 99.7 % Shewanella baltica OP223004 60
99.8 % Pseudomonas bubulae 0OP223005 50
99.8 % Pseudomonas bubulae 0OP223006 60
99.9 % Pseudomonas bubulae 0OP223007 50
99.4 % Shewanella baltica OP223008 60
0 PSA 20 4 99.9 % Pseudomonas versuta 0OP223000 100
99.8 % Pseudomonas bubulae 0OP223001 80
99.9 % Pseudomonas versuta 0OP223002 90
99.9 % Pseudomonas versuta 0OP223003 90
Iron Agar 15 0
Total 185 46 - - -

2 Temperature, the strains were isolated from naturally contaminated prawns and assessed for spoilage potential at the same storage temperature.
b Violet red bile glucose agar

¢ Only black colonies so HyS-producing bacteria were tested.

4 pseudomonas selective agar.

¢ de Man, Rogosa and Sharp agar.
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Fig. 3. Maximum specific growth rate of Pseudomonas spp. (A) and H,S-pro-
ducing bacteria (B) in brackish water prawn as function of temperature
modelled by the Ratkowsky equation (on square root scale) (solid line) with
model-dependent data (/\) and data from an independent experimentation for
the validation of the model (o).

Table 3
Parameters (with 95 % C.I.) of the temperature growth rate dependency esti-
mated with the Ratkowsky equation (Eq. (6)).

Microorganisms Tnin b

—8.2(-10.7, —5.6)
-3.8(-6.1, -1.5)

0.026 (0.022, 0.030)
0.030 (0.026, 0.034)

Pseudomonas spp.
H,S-producing bacteria
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Fig. 4. Predicted brackish water prawn shelf-life (solid line) with model-
dependent data (/\) and observed shelf-lives from an independent experi-
mentation for the validation of the model (o)

Legend: time is in days.

4. Discussion

This study aimed to evaluate the quality changes of M. macrobrachion
stored at different temperatures, to identify the major spoilage bacteria
of M. macrobrachion, and to develop mathematical models predicting the
growth of spoilage bacteria of M. macrobrachion as well as the shelf-life
of the product as a function of storage temperatures, and to validate the
models.

Although Macrobrachium macrobrachion is called “prawn” in this
study like in many other previous studies (Akinwunmi and Moruf, 2021;
Koussovi et al., 2023; Lawal-Are and Owolabi, 2012) it is also called
“shrimp” by other authors (Ekanem et al., 2011; Eume et al., 2022;
Ezemonye et al., 2019).

In Benin, Macrobrachium spp. (family of Palaemonidae) are known as
fresh water “shrimp” in contrast to Penaeus spp. (family of Penaeidae)
known as marine or brackish water shrimp. Although both crustaceans
can be found in brackish waters in Benin (lakes and lagoons), it is
important to note that Macrobrachium spp. are found in these brackish
waters only when their salinity is nearly O %o due to the flood of the
rivers that brings freshwater to these brackish waters, usually from
September to December each year. During this period, Penaeid shrimps
are absent from the brackish waters (Dabadé, 2015). The spoilage
characteristics of Penaeid shrimp, namely Penaeus notialis from brackish
waters in Benin have been previously reported from various studies
(Dabadé, 2015; Dabadé et al., 2020; Dabadé et al., 2022). For the first
time, insight has been given into the spoilage characteristics of Palae-
monid “shrimp”, namely M. macrobrachion from the same brackish
waters.

The initial total viable counts in M. macrobrachion (5.8 log CFU/g)
are similar to that reported in tropical Penaeid shrimp (Dabadé et al.,
2015a; Shamshad et al., 1990) and in tropical Palaemonid shrimp such
as Macrobrachium vollenhovenii in Nigeria (Jimoh et al., 2017). Although
these initial total viable counts are high, it seems to be the reality of
tropical shrimp microbiology as pointed out by ICMSF (2005) stating
that tropical shrimps carry higher initial numbers of bacteria, 5-6 log
CFU/g, than cold-water species, 2-4 log CFU/g.

During the storage of the brackish river prawn, Pseudomonas spp. and
HjS-producing bacteria were the dominant microorganisms at low
(<7 °C) and high storage temperatures, respectively as it was the case
with the tropical brackish water shrimp Penaeus notialis caught from the
same Lake (Dabadé et al., 2015b). However, the conceptual minimal
temperature Ty, for pseudomonad growth in M. macrobrachion
(Table 3) is higher than that of pseudomonad growth in Penaeus notialis
-12.0 £+ 1.1 (95 % CI), but are similar to some previously values (—8 to
—5 °C) reported for the same group of microorganisms (Li et al., 2020a;
Manthou et al., 2019). Strains variability and the nutritional composi-
tion of the products could explain the diffences in Ty,;;; values obtained
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Fig. 5. Relative errors for brackish water prawn shelf-life (/\), maximum specific growth rate of Pseudomonas spp. (o), and maximum specific growth rate of H,S-
producing bacteria ([7J) plot against storage temperature with an acceptable prediction zone from an RE of —0.30 to 0.15. The dotted lines indicate the boundaries of

acceptable prediction zone.

Table 4
Comparison between the predicted shelf-lives using various models and the
observed ones of brackish river prawn during storage at constant temperatures.

Storage Types of Observed Predicted Difference”(%)

temperature model” shelf-life (h) shelf-life (h)

(9]

0 Eq. 14) 280 269 +3.9
Eq. (13) 238 +15

4 Eq. (14) 170 157 +7.6
Eq. (11) 143 +15.9
Eq. (12) 174 —2.4
Eq. (13) 143 +15.9

10 Eq. 14) 60 70 -16.7
Eq. (11) 70 -16.7
Eq. (12) 85 —41.7
Eq. (13) 68 -13.3

25 Eq. 14) 8 9 -12.5
Eq. (11) 23 —187.5
Eq. (12) 14 -75.0
Eq. (13) 12 -50

Shelf-life (T) was considered to be 11.7 days (the average found in this study).
Predictions from the model developed in this study, observed values from the
validation experiment carried out in this study and the differences between these
predicted and observed values are in bold.

Shelf-life (days) =11.2xexp(-0.135T) (14)

Model developed in this study.

Shelf-life (7;)
(1+0.1xT)
Common shelf-life prediction model for seafood Dalgaard and Huss (2020)

Shelf-life (7') = (1)

a Shelf-life (T) = Shelf-life(T, ) x exp(—OA 12xT ) (12)

Model developed typically for tropical fresh seafood shelf-life prediction Dalgaard and Huss (2020)
i 9650
Shelf-life (days) =4.5x10 % exp(T) (13)

Model developed for tropical brackish water shrimp (Penaeus notialis) shelf-life prediction

Dabadé et al. (2015a)
In all models 7 and @ are storage temperaturein (°C and K, respectively

b Difference between observed and predicted shelf-life values.

(De Filippis et al., 2019; Koutsoumanis, 2001). The conceptual minimal
temperature Ty, for  HoS-producing  bacteria  growth  in
M. macrobrachion obtained in this study is within the same range of that
reported by Hoel et al. (2017) in sushi (a dish containing raw fish).
Pseudomonas isolates were detected as active spoilers of

M. macrobrachion during storage at all tested temperatures but the
prevailing Pseudomonas species were temperature-dependent: P. versuta
during iced storage, P. bubulae at chilling temperatures and
P. kurunegalensis at high storage temperatures (>15 °C). P. versuta has
also been found to be an active of blunt snout bream (Megalobrama
amblycephala) a freshwater fish species, during storage at 4 °C (Li et al.,
2020b). So far, no reports on the other species as active spoilers of
fishery products have been documented.

Although HyS-producing bacteria were able to grow at 0 °C, their
maximum growth rate was significantly lower than that of Pseudomonas
spp., but no significant differences were obtained between both groups
of microorganisms at 7 °C, 15 °C or 28 °C (data not shown). At the
sensory rejection times of the prawn at 0 °C (11-12 days), HyS-pro-
ducing bacteria were still on lag phase (Fig. 1D) that could be the reason
why isolates from this group of microorganisms did not show any strong
spoilage activity. Therefore, our findings were not in agreement with the
reports by Gram and Dalgaard (2002) and Vogel et al. (2005) who
showed that HoS-producing bacteria of the genus Shewanella especially
S. baltica and S. putrefaciens, were the main spoilage bacteria of iced
marine fish. In line with our finding, Gram et al. (1990) reported that
S. putrefaciens played no significant role in the spoilage of tropical fish
(Nile perch) during ice storage. However, S. baltica and S. putrefaciens
were identified at 7 °C as active spoilers of M. macrobrachion. They can
be considered as psychrotrophic Shewanella as classified by Vogel et al.
(2005). Shewanella bicestrii is another species of the genus identified in
this study only during storage at 15 °C and 28 °C. This is the first time
this organism was identified as spoilage organism of a fishery product
and might be classified as mesophilic Shewanella. At high storage tem-
peratures, other members of HyS-producing bacteria isolated as active
spoilers of M. macrobrachion were Aeromonas spp. This is in agreement
with the experiment by Gram et al. (1990) in which Aeromonas spp. were
able to produce hydrogen sulfide (H5S) and were the dominant spoilage
organisms in tropical fish (Nile perch) stored at ambient temperature. In
farm reared freshwater prawn Macrobrachium rosenbergii in India, Lali-
tha and Surendran (2006) also reported the presence of Aeromonas spp.
producing H,S and dominant at 20 °C. Citrobacter braakii and C. freundii
were two species of Enterobacteriaeae isolated in this study among HsS-
producing bacteria at 15 °C and 28 °C. To our knowledge, this is the first
report on Citrobacter braakii as an active spoiler of a fishery product. The
organism has been isolated however in raw milk and possessed protease
activity (Pukancikova et al., 2016).

It is well documented that at high storage temperatures, Entero-
bacteriaceae species are actively involved in fishery products spoilage
producing metabolites such as indole and putrescine, which cause strong
off-odor (Dabadé et al., 2015a; Mendes et al., 2002). The spoilage
characteristics of M. macrobrachion are in agreement with these reports.

What is surprising regarding the spoilage characteristics of the
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Fig. 6. Comparison of predicted brackish river prawn shelf-life (solid line, Eq. (14)) and observed prawn or shrimp shelf-life in literature (Don et al., 2018; Fonseka
et al., 1995; Kpoclou et al., 2023; Leitao and Rios, 2000; Liu et al., 2022; Marshall and Wiese-Lehigh, 1997; Matches, 1982).

brackish river prawn is the total absence of lactic acid bacteria isolates
on the list of its potential spoilage microorganisms. In fact, in tropical
brackish water shrimp Penaeus notialis caught from the same Lake
Aheme, lactic acid bacteria, namely Vagococcus spp., Lactococcus gar-
vieae, Carnobacterium maltaromaticum were found to part of the main
spoilage organisms during storage of the product at temperatures
varying between 0 and 28 °C (Dabadé, 2015). Also, in other prawn of the
same family (Palaemonidae) of that of Macrobrachium macrobrachion,
Du et al. (2017) reported that Lactococcus garvieae was the dominant
spoilage organism in white prawn (Exopalaemon modestus) during ice
storage. Even, in the same genus Macrobrachium, Jeyasekaran and
Ayyappan (2002) found that Lactobacillus sp. was dominant in tropical
freshwater prawn Macrobrachium rosenbergii during storage at room
temperature (28 °C + 2). These results support the assertion that even
for the same seafood product, spoilage may develop differently (Gram
and Huss, 1996). A controversial role of LAB in fresh meat spoilage was
also documented as sometimes they can cause perceivable spoilage signs
and sometimes fail to do so (Pothakos et al., 2015). It is known that there
is an intra-species variation in the ability of LAB strains to cause spoilage
(Bjorkroth et al., 1998; Pothakos et al., 2014). The absence of lactic acid
bacteria isolates on the list of potential spoilage microorganisms of
Macrobrachium macrobrachion in this study might be justified by the
types of LAB strains associated with the product.

The initial value of TVBN (21.2 mg-N/100 g) in fresh brackish river
prawn Macrobrachium macrobrachion is similar to that of fresh Macro-
brachium rosenbergii reported by Azam et al. (2013) (20.9 mg-N/100 g)
and Haque et al. (2020) (19.3 mg-N/100 g). In contrast, this initial value
is lower than that of fresh brackish water shrimp (Penaeus notialis)
caught from the same Lake, which was 30 mg-N/100 g (Dabadé¢, 2015).
At sensory rejection times, TVBN values obtained in this study in Mac-
robrachium macrobrachion (32-35 mg-N/100 g) were less than half of
Penaeus notialis caught from the same Lake (Dabadé et al., 2015b).
Various factors, namely fish species, catching season and region, fish
size, age, sex, and microbial activity can affect TVBN values (Garcia
et al., 2022; Goulas and Kontominas, 2007) and as a result, standard
rejection values cannot be applied to all species of shrimp (Chinivasa-
gam et al., 1996; Dabadé, 2015).

The initial value of TMA (4.1 mg-N/100 g) found in the present study
was similar to that reported by Haque et al. (2020) in M. rosenbergii and
by Dabadé et al. (2015a) in Penaeus notialis. The TMA values at sensory
rejections times were 6 mg-N/100 g at 0 °C and approximately 10 mg-N/
100 g at all other storage temperatures tested. These values are similar to

10

the limit of TMA for acceptable pink shrimp (11.4 mg-N/100 g) (Mendes
et al., 2005). It is well documented that trimethylamine oxide (TMAO)
present in many fishery products can be reduced to TMA during spoilage
(Gram and Dalgaard, 2002). Although, to our knowledge, the concen-
tration of TMAO in the brackish water prawn (Macrobrachium macro-
brachion) has not yet been reported in the literature, Lalitha and
Surendran (2006) found that several spoilage organisms including Aer-
omonas spp., Shewanella putrefaciens, Enterobacter, and Citrobacter also
isolated in this study, were able to reduce TMAO to TMA in sterile
Macrobrachium rosenbergii broth.

The initial value of pH (7.5) is comparable to the initial values re-
ported in other shrimp species by Dabadé et al. (2015a) (7.4), Zeng et al.
(2005) (7.41), Lopez-Caballero et al. (2007) (7.3), but higher than re-
ported by Sriket et al. (2012) (6.5) in M. rosenbergii. Basic compounds
production during storage as a result of microbial or enzymatic activity
could explain the increase in pH value observed.

In the present work, good correlations were found between TVBN
and TMA values and sensory scores (R? > 0.90) (data not shown) as it
was observed with tropical brackish water shrimp (Dabadé et al.,
2015a).

Although some empirical models have been developed to satisfactory
predict the shelf-life of fishery products, they may fail to give adequate
predictions in certain cases depending on the types of the fishery
products (Dalgaard and Jorgensen, 2000). The types of spoilage or-
ganisms associated with the fishery products and the shift in the domi-
nant spoilage organisms according to the storage temperatures could
explain the differences in the predictions by a given model for a given
fishery product. In M. macrobrachion, we found that even at high storage
temperatures, Gram-negative rod bacteria (Aeromonads, Shewanella,
Pseudomonas, Enterobacteriaceae) were dominant and contributed
actively to the spoilage of the product, while the active spoilers at high
storage temperatures in Penaeus notialis were lactic acid bacteria and
Enterobacteriaceae. This difference in spoilage organisms' composition
may explain why a shorter shelf-life is obtained at high storage tem-
peratures for M. macrobrachion.

The validation of the developed model predicting the shelf-life of
M. macrobrachion by comparison of predictions and shelf-life observed
in other studies with various tropical prawn or shrimp species from
different regions in the world, leads to less precision than that obtained
using the observed shelf-life from our validation experiment with the
same prawn species (the bias factors and accuracy factors of the model
were 1.05 and 1.12 with our own validation data with same prawn
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species, while they were 0.81 and 1.35, respectively with shelf-life data
in other studies). This finding is not surprising since spoilage charac-
teristics can vary from one species to another. However, the By value of
0.81 obtained shows that the model gives acceptable predictions even
with prawns or shrimp from various species since this value ranged
between 0.75 and 1.25 (Dalgaard, 2000). Therefore, the model devel-
oped in this study for the prediction of shelf-life of fresh
M. macrobrachion stored aerobically at constant temperatures can be
used as a tool in decision-making regarding the management of the
quality of tropical brackish water mainly but also other fresh shrimp or
prawn caught or harvested from tropical regions worldwide and stored
aerobically at constant temperatures.

In conclusion, the present work shows that during storage of the
brackish river prawn M. macrobrachion at low or high temperatures,
Gram-negative rod bacteria are the main spoilage organisms. The active
spoilers were identified as Pseudomonas versuta at 0 °C, P. bubulae,
Shewanella baltica and S. putrefaciens at 7 °C, P. kurunegalensis, S. bicestrii,
Citrobacter braakii, C. freundii, C. pasteurii, Aeromonas veronii at 15 °C,
and P. kurunegalensis, Citrobacter braakii, C. arsenatis, Escherichia coli, and
Aeromonas spp. at 28 °C. As expected, Total volatile basic nitrogen
(TVBN) trimethylamine (TMA) and pH increased during storage but
with a high rate at higher storage temperatures. TVBN value of 35 mg-
N/100 g can be set as the limit for Macrobrachion macrobrachium. A
model predicting the shelf-life of M. macrobrachium during storage at
constant temperatures was developed and its validation shows that it
can be used to appropriately predict the shelf-life of the product.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2023.110344.

Declaration of competing interest
None.
Data availability

Data will be made available on request.

Acknowledgments

This study was financially supported by the International Foundation
for Science (IFS), IFS grant agreement [No. E/ 5891-2].

References

Akintola, S.L., Bakare, S.B., 2011. Microbiological Changes in Freshwater Prawn
(Macrobrachium vollenhovenii, Herklots 1857) Stored in Ice. https://agris.fac.org/ag
ris-search/search.do?recordID=AV2012045965.

Akinwunmi, M.F., Moruf, R.O., 2021. Aspects of the bionomics of brackish water prawn
(Macrobrachium macrobrachion: Herklots 1851) in the interconnecting lagoons of
South-Western Nigeria. Egypt. J. Basic Appl. Sci. 8, 222-234.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215, 403-410.

Argyri, A.A., Panagou, E.Z., Tarantilis, P.A., Polysiou, M., Nychas, G.J., 2010. Rapid
qualitative and quantitative detection of beef fillets spoilage based on Fourier
transform infrared spectroscopy data and artificial neural networks. Sensors
Actuators B Chem. 145, 146-154.

Azam, A.K.M.S., Mansur, M.A., Asadujjaman, M., Rahman, M., Sarwer, M.G., 2013.
Quality and safety aspects of fresh and frozen prawn (Macrobrachium rosenbergii),
Bangladesh. Am. J. Food Sci. Technol. 1, 77-81.

Bjorkroth, K.J., Vandamme, P., Korkeala, H.J., 1998. Identification and characterization
of Leuconostoc carnosum, associated with production and spoilage of vacuum-
packaged, sliced, cooked ham. Appl. Environ. Microbiol. 64 (9), 3313-3319.

Bruckner, S., Albrecht, A., Petersen, B., Kreyenschmidt, J., 2013. A predictive shelf-life
model as a tool for the improvement of quality management in pork and poultry
chains. Food Control 29, 451-460.

Chinivasagam, H.N., Bremner, H.A., Thrower, S.J., Nottingham, S.M., 1996. Spoilage
pattern of five species of Australian prawns: deterioration is influenced by
environment of capture and mode of storage. J. Aquat. Food Prod. Technol. 5,
25-50.

Dabadé, D.S., 2015. Shrimp Quality and Safety Management along the Supply Chain in
Benin. Doctoral dissertation. Wageningen University and Research, pp. 1-158.

11

International Journal of Food Microbiology 405 (2023) 110344

Dabadé, D.S., den Besten, H.M.M., Azokpota, P., Nout, M.J.R., Hounhouigan, D.J.,
Zwietering, M.H., 2014. Quality perceptions of stakeholders in Beninese export-
oriented shrimp chain. J. Food Prot. 77, 1642-1648.

Dabadé, D.S., den Besten, H.M., Azokpota, P., Nout, M.R., Hounhouigan, D.J.,
Zwietering, M.H., 2015a. Spoilage evaluation, shelf-life prediction, and potential
spoilage organisms of tropical brackish water shrimp (Penaeus notialis) at different
storage temperatures. Food Microbiol. 48, 8-16.

Dabadé, D.S., Azokpota, P., Nout, M.R., Hounhouigan, D.J., Zwietering, M.H., den
Besten, H.M., 2015b. Prediction of spoilage of tropical shrimp (Penaeus notialis)
under dynamic temperature regimes. Int. J. Food Microbiol. 210, 121-130.

Dabadé, D.S., Nago, E., Adebiayé, J.A., Ali, J.T., Azokpota, P., Hounhouigan, D.J., 2020.
Effects of antimelanosis agents on quality and shelf-life of tropical Brackish water
shrimp (Penaeus notialis) during storage at 0 °C and 7 °C. J. Aquat. Food Prod.
Technol. 29, 132-145.

Dabadé, D.S., Zannou, O., Azokpota, P., Hounhouigan, D.J., 2022. Modeling the growth
of HaS-producing bacteria in tropical brackish water shrimp under fluctuating
temperature regimes. Discover Food 2 (1), 32. https://doi.org/10.1007/s44187-022-
00035-3.

Dalgaard, P., 2000. Fresh and lightly preserved seafoods. In: Man, C.M.D., Jones, A.A.
(Eds.), Shelf-Life Evaluation of Food. Aspen Publishing, Maryland, USA,
pp. 110-139.

Dalgaard, P., Huss, H.H., 2020. Mathematical modeling used for evaluation and
prediction of microbial fish spoilage. In: Shahidi, F., Jones, Y.M., Kitts, D. (Eds.),
Seafood Safety, Processing, and Biotechnology. CRC Press, Boca Raton, pp. 73-89.

Dalgaard, P., Jorgensen, L.V., 2000. Cooked and brined shrimps packed in a modified
atmosphere have a shelf-life of >7 months at 0 °C, but spoil in 4-6 days at 25 °C. Int.
J. Food Sci. Technol. 35, 431-442.

Dalgaard, P., Gram, L., Huss, H.H., 1993. Spoilage and shelf-life of cod fillets packed in
vacuum or modified atmospheres. Int. J. Food Microbiol. 19, 283-294.

De Filippis, F., La Storia, A., Villani, F., Ercolini, D., 2019. Strain-level diversity analysis
of Pseudomonas fragi after in situ pangenome reconstruction shows distinctive
spoilage-associated metabolic traits clearly selected by different storage conditions.
Appl. Environ. Microbiol. 85 (1), e02212-e02218.

Don, S., Xavier, K.M., Devi, S.T., Nayak, B.B., Kannuchamy, N., 2018. Identification of
potential spoilage bacteria in farmed shrimp (Litopenaeus vannamei): application of
relative rate of spoilage models in shelf life-prediction. LWT 97, 295-301.

Du, L., Fan, X., Liu, F., Zhou, Q., Yuan, J., Ju, X., 2017. Changes of dominant spoilage
bacteria and biogenic amines of Taihu white prawn (Exopalaemon modestus) during
ice storage. J. Food Prot. 80, 2099-2104.

EC (European Commission), 2005. Commission Regulation No 2074/2005, annex II,
section II, chapter III. Determination of the concentration of TVBN in fish and fishery
products. Off. J. Eur. Union L338, 27-59.

Ekanem, A.P., Asuquo, F.E., Ndick, E.J., 2011. Toxicity of crude oil to fresh water shrimp,
Macrobrachium macrobrachion and Macrobrachium vollenhovenii from Nigerian
coastal water. Bull. Environ. Contam. Toxicol. 86, 394-397.

Enin, U.L, 1998. The Macrobrachium fishery of the Cross River estuary, Nigeria. Arch.
Fish. Mar. Res. 46, 263-272.

Eume, T.L., Willy, L.S., Camille, N.I., Pascal, I.M., Victor, P.K., 2022. Contribution to the
knowledge of freshwater shrimps (Crustacea, Decapoda) and their spatial
distribution in the Malebo Pool (Congo River), RD Congo. Annu. Res. Rev. Biol. 37,
30-43.

Ezemonye, L.I., Adebayo, P.O., Enuneku, A.A., Tongo, 1., Ogbomida, E., 2019. Potential
health risk consequences of heavy metal concentrations in surface water, shrimp
(Macrobrachium macrobrachion) and fish (Brycinus longipinnis) from Benin River,
Nigeria. Toxicol. Rep. 6, 1-9.

Fonseka, T.S.G., Ranjini, 1.V., Island, C., 1995. Storage Life of Pond Cultured Shrimp
(Penaeus monodon) Held in Melting Ice and at Ambient Temperature. Cochin, India.
FAO, pp. 61-70.

Garcia, M.R., Ferez-Rubio, J.A., Vilas, C., 2022. Assessment and prediction of fish
freshness using mathematical modelling: a review. Foods 11 (15), 2312.

Goulas, A.E., Kontominas, M.G., 2007. Combined effect of light salting, modified
atmosphere packaging and oregano essential oil on the shelf-life of sea bream (Sparus
aurata): biochemical and sensory attributes. Food Chem. 100, 287-296.

Gram, L., Dalgaard, P., 2002. Fish spoilage bacteria-problems and solutions. Curr. Opin.
Biotechnol. 13, 262-266.

Gram, L., Huss, H.H., 1996. Microbiological spoilage of fish and fish products. Int. J.
Food Microbiol. 33, 121-137.

Gram, L., Trolle, G., Huss, H.H., 1987. Detection of specific spoilage bacteria from fish
stored at low (0°C) and high (20°C) temperatures. Int. J. Food Microbiol. 4, 65-72.

Gram, L., Wedell-Neergaard, C., Huss, H.H., 1990. The bacteriology of fresh and spoiling
Lake Victorian Nile perch (Lates niloticus). Int. J. Food Microbiol. 10, 303-316.

Haque, M., Chowdhury, P., Islam, A.A., 2020. Studies on the quality and safety aspects of
giant tiger prawn (Macrobrachium rosenbergii) and Bombay Duck (Harpodon nehereus)
of the Bay of Bengal along the Cox’s Bazar Coast of Bangladesh. Asian Food Sci. J.
19, 39-48.

Hoel, S., Jakobsen, A.N., Vadstein, O., 2017. Effects of storage temperature on bacterial
growth rates and community structure in fresh retail sushi. J. Appl. Microbiol. 123,
698-709.

Houngbédji, M., Johansen, P., Padonou, S.W., Akissoé, N., Arneborg, N., Nielsen, D.S.,
Hounhouigan, D.J., Jespersen, L., 2018. Occurrence of lactic acid bacteria and yeasts
at species and strain level during spontaneous fermentation of mawe, a cereal dough
produced in West Africa. Food Microbiol. 76, 267-278.

ICMSF, 2005. Microbiology in Foods 6: Microbial Ecology of Food Commodities, 2nd ed.
Kluwer Academic/Plenum Publishers, New York.

Jeyasekaran, G., Ayyappan, S., 2002. Postharvest microbiology of farm-reared, tropical
freshwater prawn (Macrobrachium rosenbergii). J. Food Sci. 67 (5), 1859-1861.


https://doi.org/10.1016/j.ijfoodmicro.2023.110344
https://doi.org/10.1016/j.ijfoodmicro.2023.110344
https://agris.fao.org/agris-search/search.do?recordID=AV2012045965
https://agris.fao.org/agris-search/search.do?recordID=AV2012045965
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0010
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0010
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0010
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0015
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0015
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0020
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0020
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0020
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0020
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0025
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0025
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0025
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0030
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0030
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0030
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0035
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0035
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0035
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0040
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0040
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0040
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0040
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0045
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0045
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0050
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0050
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0050
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0055
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0055
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0055
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0055
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0060
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0060
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0060
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0065
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0065
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0065
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0065
https://doi.org/10.1007/s44187-022-00035-3
https://doi.org/10.1007/s44187-022-00035-3
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0075
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0075
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0075
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0080
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0080
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0080
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0085
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0085
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0085
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0090
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0090
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0095
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0095
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0095
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0095
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0100
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0100
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0100
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0105
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0105
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0105
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0110
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0110
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0110
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0115
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0115
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0115
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0120
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0120
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0125
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0125
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0125
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0125
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0130
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0130
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0130
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0130
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0135
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0135
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0135
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0140
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0140
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0145
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0145
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0145
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0150
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0150
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0155
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0155
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0160
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0160
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0165
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0165
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0170
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0170
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0170
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0170
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0175
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0175
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0175
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0180
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0180
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0180
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0180
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0185
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0185
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0190
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0190

D.S. Dabadé et al.

Jimoh, A., Okhiria, E., Olowu, R., Whenu, O., 2017. Microbial load of farm-reared
Macrobrachium vollenhovenii (Herklots, 1857) and the health implications. Global J.
Fish. Aquac. 5, 439-444.

Koussovi, G., Niass, F., Montcho, S.A., Bonou, C.A., Montchowui, E., 2023. Geographical
variation of the structure and population parameters of the freshwater prawn
Macrobrachium macrobrachion (Herklots, 1851) in West African coastal
hydrosystems: insights from Benin. Aquac. Fish Fish. 2023, 1-14. https://doi.org/
10.1002/aff2.105.

Koutsoumanis, K., 2001. Predictive modeling of the shelf-life of fish under non-
isothermal conditions. Appl. Environ. Microbiol. 67, 1821-1829.

Kpoclou, Y.E., Anihouvi, V.B., Azokpota, P., Soumanou, M.M., Douny, C., Igout, A.,
Galanakis, C.M., Scippo, M.L., Hounhouigan, D.J., 2023. Preservation practices and
safety of fresh shrimp (Penaeus notialis) sold in Beninese markets. Discover Food 3,
4. https://doi.org/10.1007/544187-023-00042-y.

Lalitha, K.V., Surendran, P.K., 2006. Microbiological changes in farm reared freshwater
prawn (Macrobrachium rosenbergii de Man) in ice. Food Control 17, 802-807.

Lawal-Are, A.O., Owolabi, A.T., 2012. Comparative biology of the prawns Macrobrachium
macrobrachion (Herklots) and Macrobrachium vollenhovenii (Herklots) from two
interconnecting fresh/brackish water lagoons in south-west Nigeria. J. Marine Sci.
Res. Dev. 2, 1-8.

Leitao, M.F.D.F., Rios, D.D.P.A., 2000. Microbiological and chemical changes in
freshwater prawn (Macrobrachium rosembergii) stored under refrigeration. Braz. J.
Microbiol. 31, 177-182.

Li, J., Wei, Q., Huang, L., Fang, T., Chen, B., Jiang, Y., 2020a. Mathematical modeling
Pseudomonas spp. growth and microflora composition variation in Agaricus bisporus
fruiting bodies during chilled storage. Postharvest Biol. Technol. 163, 111144.

Li, Y., Jia, S., Hong, H., Zhang, L., Zhuang, S., Sun, X., Liu, X., Luo, Y., 2020b. Assessment
of bacterial contributions to the biochemical changes of chill-stored blunt snout
bream (Megalobrama amblycephala) fillets: protein degradation and volatile organic
compounds accumulation. Food Microbiol. 91, 103495.

Liu, Y., Zhu, Y., Yang, Y., Hu, S., Jiang, W., 2022. Quality improvement of shrimp
(Litopenaeus vannamei) during refrigerated storage by application of Maillard
peptides/water-soluble chitosan coating. Food Sci. Nutr. 10, 2980-2988.

Lopez-Caballero, M.E., Martinez-Alvarez, O., Gomez-Guillén, M.D.C., Montero, P., 2007.
Quality of thawed Deepwater pink shrimp (Parapenaeus longirostris) treated with
melanosis-inhibiting formulations during chilled storage. Int. J. Food Sci. Technol.
42, 1029-1038.

Manthou, E., Tarlak, F., Lianou, A., Ozdemir, M., Zervakis, G.I., Panagou, E.Z.,
Nychas, G.J.E., 2019. Prediction of indigenous Pseudomonas spp. growth on oyster
mushrooms (Pleurotus ostreatus) as a function of storage temperature. LWT 111,
506-512.

Marshall, D.L., Wiese-Lehigh, P.L., 1997. Comparison of impedance, microbial, sensory,
and pH methods to determine shrimp quality. J. Aquat. Food Prod. Technol. 6,
17-31.

Matches, J.R., 1982. Effects of temperature on the decomposition of Pacific coast shrimp
(Pandalus jordani). J. Food Sci. 47, 1044-1047.

12

International Journal of Food Microbiology 405 (2023) 110344

Mendes, R., Huidobro, A., Lopez Caballero, E., 2002. Indole levels in deepwater pink
shrimp (Parapenaeus longirostris) from the Portuguese coast. Effects of temperature
abuse. Eur. Food Res. Technol. 214, 125-130.

Mendes, R., Goncalves, A., Pestana, J., Pestana, C., 2005. Indole production and
Deepwater pink shrimp (Parapenaeus longirostris) decomposition. Eur. Food Res.
Technol. 221, 320-328.

Odeyemi, O.A., Dabade, D.S., Amin, M., Dewi, F., Waiho, K., Kasan, N.A., 2021.
Microbial diversity and ecology of crustaceans: influencing factors and future
perspectives. Curr. Opin. Food Sci. 39, 140-143.

Odeyemi, O.A., Dabadé, D.S., Amin, M., Dewi, F.R., Kasan, N.A., Onyeaka, H.,
Anyogu, A., Dada, A.C., Stratev, D., 2023. Microbial diversity of bivalve shellfish and
the use of innovative technologies for preservation, monitoring and shelf-life
extension. Food Res. 7 (2), 209-221.

Onunkwor, B.O., Oguntade, R., Babayemi, D.O., Ademolu, K.O., Dele-OshinbanJo, J.S.,
2022. Toxicology impacts of heavy metal pollution of Ogun and Lagos fishing waters
by sewages on the antioxidant status and nutritional value of Prawn (Macrobrachium
macrobrachion). Niger. J. Anim. Prod. 49 (1), 194-214.

Oscar, T.E., 2005. Validation of lag time and growth rate models for Salmonella
Typhimurium: acceptable prediction zone method. J. Food Sci. 70, M129-M137.

Pothakos, V., Snauwaert, C., De Vos, P., Huys, G., Devlieghere, F., 2014. Psychrotrophic
members of Leuconostoc gasicomitatum, Leuconostoc gelidum and Lactococcus piscium
dominate at the end of shelf-life in packaged and chilled-stored food products in
Belgium. Food Microbiol. 39, 61-67.

Pothakos, V., Devlieghere, F., Villani, F., Bjorkroth, J., Ercolini, D., 2015. Lactic acid
bacteria and their controversial role in fresh meat spoilage. Meat Sci. 109, 66-74.

Pukancikova, L., Lipnicanovd, S., Kac¢aniova, M., Chmelova, D., Ondrejovi¢, M., 2016.
Natural microflora of raw cow milk and their enzymatic spoilage potential. Nova
Biotech. Chim. 15, 142-155.

Ratkowsky, D.A., Olley, J., McMeekin, T.A., Ball, A., 1982. Relationship between
temperature and growth rate of bacterial cultures. J. Bacteriol. 149, 1-5.

Ross, T., 1996. Indices for performance evaluation of predictive models in food
microbiology. J. Appl. Bacteriol. 81, 501-508.

Shamshad, S.I., Kher, U.N., Riaz, M., Zuberi, R., Qadri, R.B., 1990. Shelf life of shrimp
(Penaeus merguiensis) stored at different temperatures. J. Food Sci. 55, 1201-1205.

Sriket, C., Benjakul, S., Visessanguan, W., Hara, K., Yoshida, A., 2012. Retardation of
post-mortem changes of freshwater prawn (Macrobrachium rosenbergii) stored in ice
by legume seed extracts. Food Chem. 135, 571-579.

Vogel, B.F., Venkateswaran, K., Satomi, M., Gram, L., 2005. Identification of Shewanella
baltica as the most important HyS-producing species during iced storage of Danish
marine fish. Appl. Environ. Microbiol. 71, 6689-6697.

Zeng, Q.Z., Thorarinsdottir, K.A., Olafsdottir, G., 2005. Quality changes of shrimp
(Pandalus borealis) stored under different cooling conditions. J. Food Sci. 70,
S459-5466.

Zwietering, M.H., Jongenburger, 1., Rombouts, F.M., Van ‘t Riet, K., 1990. Modeling of
the bacterial growth curve. Appl. Environ. Microbiol. 56, 1875-1881.


http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0195
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0195
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0195
https://doi.org/10.1002/aff2.105
https://doi.org/10.1002/aff2.105
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0205
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0205
https://doi.org/10.1007/s44187-023-00042-y
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0215
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0215
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0220
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0220
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0220
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0220
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0225
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0225
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0225
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0230
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0230
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0230
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0235
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0235
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0235
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0235
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0240
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0240
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0240
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0245
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0245
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0245
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0245
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0250
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0250
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0250
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0250
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0255
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0255
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0255
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0260
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0260
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0265
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0265
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0265
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0270
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0270
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0270
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0275
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0275
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0275
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0280
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0280
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0280
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0280
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0285
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0285
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0285
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0285
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0290
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0290
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0295
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0295
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0295
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0295
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0300
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0300
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0305
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0305
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0305
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0310
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0310
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0315
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0315
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0320
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0320
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0325
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0325
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0325
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0330
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0330
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0330
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0335
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0335
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0335
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0340
http://refhub.elsevier.com/S0168-1605(23)00260-X/rf0340

	Quality changes, potential spoilage organisms, and shelf-life prediction of brackish river prawn (Macrobrachium macrobrachi ...
	1 Introduction
	2 Materials and methods
	2.1 Prawn collection and preparation
	2.2 Microbiological analysis
	2.3 Chemical analysis
	2.4 Sensory analysis
	2.5 Identification of the main spoilage bacteria
	2.5.1 Prawn samples inoculation and spoilage potential assessment
	2.5.2 DNA extraction, PCR conditions, and sequencing

	2.6 Modeling the shelf-life of brackish river prawn as a function of storage temperature
	2.7 Modeling the growth of the spoilage organisms as function of storage temperature
	2.7.1 Primary modeling
	2.7.2 Secondary modeling
	2.7.3 Model validation

	2.8 Shelf-life model comparison and benchmarking
	2.9 Statistical analysis

	3 Results
	3.1 Microbial growth during brackish water prawn storage
	3.2 Chemical changes during brackish water prawn storage
	3.3 Sensory changes during brackish water prawn storage
	3.4 Main spoilage organisms of brackish water prawn
	3.5 Modeling the maximum growth rate as a function of temperature
	3.6 Modeling the shelf-life of brackish water prawn as a function of temperature
	3.7 Validation of the developed models
	3.7.1 Validation of the model predicting prawn shelf-life at constant storage temperatures
	3.7.2 Validation of the model predicting the maximum growth rates of Pseudomonas spp. and H2S-producing bacteria as a funct ...

	3.8 Comparison of the model predicting the shelf-life of M. macrobrachion to other models and its benchmarking with shelf-l ...

	4 Discussion
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


