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This study aimed to assess the growth of Pseudomonas spp. and psychrotrophic bacteria in chilled Pacu (Piaractus
mesopotamicus), a native South American fish, stored under chilling conditions (0 to 10 °C) through the use of
predictive models under isothermal and non-isothermal conditions. Growth kinetic parameters, maximum

ghélilll:i growth rate (Jimax, 1/h), lag time (tag, h), and (Nax, Log1o CFU/g) were estimated using the Baranyi and Roberts
Sflelf—l%fe microbial growth model. Both kinetic parameters, growth rate and lag time, were significantly influenced by
Biomarkers temperature (P < 0.05). The square root secondary model was used to describe the bacteria growth as a function

of temperature. Secondary models, \/p = 0.016 (T + 10.13) and \/p =0.017 (T + 9.91) presented a linear
correlation with R? values >0.97 and were further validated under non-isothermal conditions. The model's
performance was considered acceptable to predict the growth of Pseudomonas spp. and psychrotrophic bacteria in
refrigerated Pacu fillets with bias and accuracy factors between 1.24 and 1.49 (fail-safe) and 1.45-1.49,
respectively. Fish biomarkers and spoilage indicators were assessed during storage at 0, 4, and 10 °C. Volatile
organic compounds, VOCs (1-hexanol, nonanal, octenol, and indicators 2-ethyl-1-hexanol) showed different
behavior with storage time (P > 0.05). 'H NMR analysis confirmed increased enzymatic and microbial activity in
Pacu fillets stored at 10 °C compared to 0 °C. The developed and validated models obtained in this study can be
used as a tool for decision-making on the shelf-life and quality of refrigerated Pacu fillets stored under dynamic
conditions from O to 10 °C.

1. Introduction and breeding, ii) rapid growth, iii) easy adaptation to artificial feeding,

iv) resistance to low temperatures, v) high acceptability due its pleasant

Pacu (Piaractus mesopotamicus) is a neotropical freshwater fish native
to the Brazilian fauna. This species is widely found in the Bacia do Prata
region, mainly in the Central-West and South and Southeast Brazil
(Calcagnotto and DeSalle, 2009). Pacu is one of the most consumed
freshwater fishes in Brazil due to several factors such as i) easy handling

flavor (Urbinati and Goncalves, 2005). Besides, Pacu stands out in fish
farming as it is well-appreciated by the population due to the charac-
teristics of the meat (firm and delicious), resulting in quite profitable
sales (Urbinati and Goncalves, 2005). Despite the above, Pacu meat has
high pH (6.5-6.8), moisture (60-80 %), and lipids (8-13 %) (Tanamati
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et al., 2009; Zuanazzi, 2013), and as other fish matrices are prone to the
growth of a wide diversity of microorganisms which will result in its
spoilage (Anagnostopoulos et al., 2022; Doulgeraki et al., 2010; Doyle
et al., 2003; Zhuang et al., 2020). As such, intervention strategies have
commonly been applied to preserve and extend the shelf-life of fish
(Baptista et al., 2020; Odeyemi et al., 2018a, b; Tsironi et al., 2020).

Cold chain (ice and freezing) is the primary preservation approach
used for fishes. After fishing, ice is frequently employed until fish reach
processing plants that use chilling and ice throughout the storage and
commercialization (chilled storage). Low temperatures reduce the
metabolic activity of the spoilage microorganisms and typically extend
the shelf-life of the fish (Gram and Dalgaard, 2002). Despite this, vari-
ations in the temperature during cold chain may occur, and these fail-
ures are often related to abuse of temperature during transportation
between retail and final consumer (Gill et al., 1997; James et al., 2006;
Raab et al., 2008; Rediers et al., 2009). Nonetheless, temperature fluc-
tuations may also occur as a result of the thermal properties of the food,
variations in the environmental conditions, packaging, and the initial
product temperature. As a result, these factors may result in microbial
growth further limiting the product's shelf life (Anagnostopoulos et al.,
2022; Zhuang et al., 2020).

Fish spoilage is mainly caused by the growth of psychotropic bac-
teria, with the predominance of Pseudomonas spp., which can still grow
at temperatures below 4-7 °C. Additionally, Photobacterium spp., She-
wanella spp., and lactic acid bacteria are also related to fish spoilage,
depending on packaging and storage conditions (Anagnostopoulos et al.,
2022; Zhuang et al., 2020). The production of metabolites and off-
flavors, such as amines, sulfides, alcohols, aldehydes, ketones, or
organic acids, that are associated with fish spoilage is highly associated
with these microorganisms (Dalgaard et al., 2006; Gram and Dalgaard,
2002). Hence, measuring metabolic by-products can be a good predictor
of fish quality.

Given the above, the estimation of the kinetic growth parameters of
psychotropic bacteria and Pseudomonas spp. during cold chain is critical
for building models capable of predicting their behavior on fluctuating
temperature conditions during transportation and commercialization of
aerobically packed fish. The kinetic growth parameters of foodborne
microorganisms have been estimated using mathematical models (Bar-
anyi and Roberts, 1994; Baranyi et al., 1995; Possas et al., 2022). Pre-
dictive models have been developed and employed to estimate kinetic
growth parameters of foodborne bacteria in several food matrixes
(Tenenhaus-Aziza and Ellouze, 2015), contributing to evaluating
different time/temperature exposure scenarios impacting the product's
shelf-life. Despite this, the predictive modeling of the impact of storage
conditions and assessment of the shelf-life of freshwater fishes, partic-
ularly of native fishes from South America, is scarce (Pino Hernandez
and Joele, 2017; Rodrigues et al., 2017; Yu et al., 2016). Thus, as pre-
dictive models comprise a milestone for quick and scientific-based de-
cisions regarding the shelf-life and quality of fishes and other foods, in
this study the growth kinetic parameters of Pseudomonas spp. and psy-
chrotrophic bacteria were estimated using a predictive modeling
approach in chilled Pacu (Piaractus mesopotamicus) stored at different
conditions. Furthermore, multiple indicators of fish spoilage during
chilling conditions of storage were also investigated.

2. Materials and methods
2.1. Fish slaughtering, filleting, packing, and storage conditions

Ungutted fresh Pacu (Piaractus mesopotamicus) samples (n = 20) were
collected in different seasons (February/December and June) from a fish
farm in the state of Sao Paulo, Brazil. The slaughter was carried out by
hypothermia, which causes brain destruction, following the protocol of
animal ethics, minimizing pain and distress in the fish. Fish samples
were washed, gutted, filleted, and transported to the laboratory on ice
within 4 h. Three fillets of 20 g each (per sample) were placed in
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individual absorbent trays, totaling about 60 g, and wrapped with PVC
films. The packaged fillets were stored under controlled isothermal
conditions (0, 2, 4, 6, and 10 °C), which comprises the range of ideal
storage conditions to abuse conditions fishes can be exposed during
commercialization. Total psychrotrophic bacteria and Pseudomonas spp.
growth was monitored at regular intervals. For each storage temperature
studied, at least 15 sampling points were obtained. At each sampling
point, triplicate samples were collected and employed for microbiolog-
ical, '"H NMR, and CG analyses.

2.2. Microbiological analysis

A total of 10 g of each sample was aseptically cut into small pieces
and transferred to a stomacher bag containing 90 mL of sterile buffered
peptone water (BPW) (Himedia, Mumbai, India) (1:10 (v/v) dilution).
The samples were then homogenized in a Stomacher 400 (Model
BA7021, Seward, London, England) for 1 min. Serial dilutions (1:10 v/v)
were prepared, and 0.1 mL were spread in duplicate in Plate Count Agar
(PCA) (Kasci, Roseto degli Abruzzi, Italy) with 0.5 % NaCl (Dinamica,
Sao Paulo, Brazil) and Pseudomonas Agar Base (PSA) (Oxoid Ltd.,
Basingstoke, Hampshire, United Kingdom). PCA with 0.5 % NaCl and
PSA agar plates were used to enumerate psychotropic bacteria and
Pseudomonas spp., respectively. PCA and PSA plates were incubated at 7
+ 1 °C for 10 days and at 25 £+ 1 °C for 48 + 2 h, respectively. Confir-
mation of Pseudomonas spp. was performed for up to 5 colonies per plate
using the Oxidase test (Laborclin, Rio Grande do Sul, Brazil) and Kligler
Iron Agar test (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom).
The results were expressed as log;o CFU/g.

2.3. Predictive model development

A typical two-step modeling approach, including primary and sec-
ondary modeling, was employed to quantify the effect of temperature on
the kinetic parameters of Pseudomonas spp. and psychrotrophic bacteria.

2.3.1. Primary modeling

Microbial growth data were collected at different temperatures (0, 2,
4, 6, and 10 °C). For each temperature, kinetic parameters, maximum
population (Npax, Logio CFU/g), maximum growth rate (jimax, 1/h), and
lag time (trag, h), were calculated by fitting the experimental data to the
primary model of Baranyi and Roberts (1994), using DMFit version 3.5
Excel® add-in.

2.3.2. Secondary modeling

The square root model proposed by Ratkowsky et al. (1982) was
employed to describe the effect of temperature on the growth rate of
bacterial growth (Eq. 1).

VHax = b(T = Ty) @

where: pmax: maximum growth rate (1/h); T temperature; T, theo-
retical minimum temperature; b: slope of the regression line.

2.3.3. Model validation under dynamic temperature conditions

Two scenarios were used to assess the predictive capability of the
secondary model of Pseudomonas spp. and psychrotrophic bacteria
growth, mimicking fish storage under non-isothermal conditions (tem-
perature fluctuation).

Pacu fillet samples were stored under non-isothermal conditions to
simulate possible time and temperature abuse that may occur during
storage and transportation. The samples were prepared as described in
Section 2.1 following refrigerated storage in two different scenarios. In
the first scenario, the Pacu fillet samples were stored twice at the
following temperature sequence: 6 °C, 0 °C, 4 °C, 2 °C, and 10 °C,
remaining 12 h at each temperature. In the second scenario, the Pacu
fillet samples were stored at the same temperature regime (6 °C, 0 °C,
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4°C, 2°C, and 10 °C), remaining 24 h at each temperature until the end
of the shelf-life. During the experiments, the temperature of Pacu fillet
samples was measured at each sampling point. All these experiments
were repeated twice. Counts of Pseudomonas spp. and psychotrophic
bacteria were performed as described in Section 2.2.

The predictive growth models under non-isothermal conditions were
developed by a set of differential equations (EDOs) as previously
described (Baranyi et al., 1995). These EDOs were replaced in the
equation described by Ratkowsky et al. (1982) for growth rate deter-
mination. The fourth-order Runge-Kutta method was applied to solve
the EDOs using the SCILAB software (Scilab Enterprises, 2012, version
6.0.1). This approach allowed the estimation of the population of each
microorganism under non-isothermal conditions.

2.3.4. Model validation
Observed and predicted growth rate (pmax) responses were compared
using the bias, B, and accuracy As factors (Ross, 1996).

2.4. Gas chromatography-mass spectrometry (GC-MS) analysis

2.4.1. Samples preparation and chromatographic analyses

The volatile compounds were extracted according to Xu et al. (2015).
After each sampling point, the samples for CG analysis were immedi-
ately stored at —80 °C to prevent the loss of analytes. Prior to the
analysis, each sample was kept at room temperature (~22 °C) for 30
min. The samples (3 g) were then transferred to 40 mL vials, where 6 mL
of sodium chloride (0.36 g/mL) were added. Next, the vials were sealed
with polyethylene and silicone septum cap and kept at 50 °C for 15 min
to let the sample and headspace equilibrate before SPME analysis.
Headspace was exposed to the SPME fiber for 15 min at 50 °C and
immediately desorbed in a gas chromatographer injector at 250 °C.

Chromatographic analyses were performed in an Agilent 7890A
linked to an Agilent 7000 triple quadrupole mass spectrometer (Agilent
Technologies, Palo Alto, CA). Helium was employed with a flow rate of
1 mL/min. Data were acquired by using the Agilent MassHunter
Workstation Software Qualitative and Quantitative Analysis for QQQ
(Agilent Technologies Inc.). National Institute of Standards and Tech-
nology (Software Mass Spectral Library Version 2.0, 2011, Gaithersburg,
Maryland, USA) MS database was employed for ion fragmentation
consultation. All analyses were performed in splitless mode, using a liner
suitable for SPME analysis. HP-5 ms capillary column 30 m x 0.25 mm
ID x 1.0 um dy (Agilent Technologies, Palo Alto, CA) was employed.
Injector and oven temperature parameters were optimized according to
Xu et al. (2015). After extraction, desorption was performed immedi-
ately on the injector in the GC injector at 250 °C. The column temper-
ature ramp was 40 °C for 1 min, then raised to 100 °C at 4 °C/min, and
elevated to 230 °C at 6 °C/min, which was the final temperature held for
1 min.

Mass spectra were acquired using electron ionization (70 eV) ion
fragmentation. Nitrogen and Helium were employed as collision gas,
followed by data acquisition at Multiple Reaction Monitoring (MRM).
The full scan was acquired prior to MRM analysis using the following
conditions: 10000 amu/s scan speed and 30-400 m/z mass range to
investigate product ions and all relevant mass transitions (Table 1).

2.4.2. Biomarkers determination

The biomarkers were chosen according to the concentration and
formation throughout the storage period at 0 °C, 4 °C, and 10 °C in three
distinct points (initial, intermediate, and final). A full scan analysis was
conducted, and the fish biomarkers were selected based on the signifi-
cant quantification area. Mass transitions (m/z) for the four elected
biomarkers are shown in Table 1.
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Table 1
Mass transitions (m/z) and respective collision energies (V) acquired on Multiple
Reaction Monitoring (MRM) mode for the elected biomarkers.

Compounds Retention Transition 1 Transition 2
time (min) m/z Collision m/z Collision
energy (V) energy (V)

1-Hexanol 12.497 56.0 5 68.9 > 5

541 41
Nonanal 13.538 56.9 5 69.9 > 5

> 41 41
Octenol 15.474 57.0 15 69.9 > 5

> 40 42
1-Hexanol, 16.644 57.0 5 69.9 > 5

2-ethyl - 41 55

2.5. 'H NMR analysis

2.5.1. Sample preparation

For 'H NMR analysis, the samples were immediately stored at
—18 °C. After freezing and before 1H NMR analysis, the samples were
lyophilized. For lyophilization, the samples were placed in sterile Petri
dishes and covered with PVC film containing small holes to allow air
circulation. The samples were returned to the freezer (—18 °C), and on
the next day, they were transferred to the freeze dryer (Terroni, LS3000,
Sao Paulo, Brazil).

2.5.2. Monitoring the metabolites by 'H NMR spectroscopy and molecular
identification

The 'H NMR analysis procedures were performed as described in
Baptista et al. (2020). Fish samples (100 mg) were directly mixed with
800 pL of a stock solution of buffered deuterate water (D20) (99.8 %)
containing 56.16 mg/mL of disodium phosphate (NapHPO4) and 48.17
mg/mL of NAH,PO4 and 0.13 mg/mL of trimethylsilyl propanoic acid
(TMSP-d4) (internal standard to 6 0.0). The mixture was stirred at 1.500
rpm for 3 min at room temperature and then centrifuged at 806.4 g for 5
min. The supernatant was collected into 5 mm NMR tubes. This pro-
cedure was performed in quadruplicate for each storage temperature
(0°Cand 10 °C).

The 'H NMR experiments were performed on an Agilent 600-MHz
spectrometer with a 5 mm (H-F/>N-3'P) inverse detection One
Probe™ with an actively shielded Z-gradient. The 'H NMR spectra were
acquired in triplicate under quantitative conditions using the PRESAT
pulse sequence for water suppression at § 4.86, calibrated pulse to 90°
(9.62 s pulse length at 58 dB of power), 32 scans, 64 k of time domain
points with a spectral window of 20.0 ppm, acquisition time of 5.0 s,
relaxation delay of 25.0 s. A pre-fixed value of 36 for receiver gain was
used for all the acquisitions, and the temperature was controlled to 298
K. The spectra were processed by applying exponential multiplication of
the FIDs by a factor of 0.3 Hz and Fourier transformation of 64 k points.
Phase correction was manually performed, and the baseline correction
was applied over the entire spectral range (Alves Filho et al., 2017).

The sample compounds were identified through the 2D-NMR ex-
periments of COSY (correlation spectroscopy), HSQC (heteronuclear
single quantum coherence), and HMBC (heteronuclear multiple bond
correlation) by comparison using an open access database (www.hmdb.
ca) and literature reports (Alves Filho et al., 2016; Cai et al., 2014; Lin
et al., 2017; Shumilina et al., 2016; Wagner et al., 2014; Wei et al.,
2017). The molecular structures, 'H and '*C chemical shifts, multiplic-
ity, correlations and constant coupling, 2D-NMR data acquisition and
processing are available in the Supporting Information.

The compounds that presented high variations in chemometrics and
did not exhibit overlapping resonances were quantified using the
external reference method provided by the VnmJ™ program (version
4.2, Agilent). The quantitative results were evaluated using the ANOVA
single factor. The Origin™ 9.4 software was applied for the statistical
analysis at the significance level of 0.05. Tukey's test was used for mean
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comparison and Levene's test for variance homogeneity. The combined
uncertainties were based on the analytical errors, replicates of the
sampling, and standard deviation of the triplicate of 'H spectra acqui-
sitions (Alves Filho et al., 2017).

2.5.3. Chemometric analysis

Chemometric analysis was performed to investigate the variability of
the composition of the fish samples stored under temperatures of 0 °C
and 10 °C during two different batches (February/December and June).
The 'H NMR spectra (acquired in triplicate for each sample replicate -
totaling 24 'H NMR spectra) were converted to American Standard Code
for Information Interchange (ASCII) format to matrix construction,
which was exported for chemometric analysis using The Unscrambler
X™ program 10.4 (CAMO software, Woodbridge, NJ, USA). The Sin-
gular Value Decomposition (SVD) algorithm was used to decompose the
matrix (24 samples x 6947 variables = 166,728 NMR data) to reduce
data dimension and to observe trends of the sample variability with a
confidence level of 95 % (Hotelling, 1933).

To overcome problems related to signal shifts (misalignment tends)
due to minor variations in pH and temperature, the compounds' signals
commonly present in the spectra were assigned using the COW (Corre-
lation Optimized Warping) method, even after the TMSP-d4 calibration.
PCA was carried out after the mean-centered processing over the sam-
ples and baseline correction with normalization over the variables since
these pretreatments enhanced the differences between the sample
compositions (Sucupira et al., 2017).

3. Results and discussion

3.1. Predictive modeling of Pseudomonas spp. and psychrotrophic
bacteria

The present study aimed to develop and validate models to predict
the growth of Pseudomonas spp. and psychrotrophic bacteria in refrig-
erated Pacu fillets at temperatures from O to 10 °C. This temperature
range was chosen to simulate conditions that the Pacu fillets may be
exposed to during commercialization, from ideal to abuse. Pseudomonas
spp. was chosen for monitoring because it is an essential and well-known
genus linked to the spoilage of foods of animal origin, which contain
significant amounts of protein and fats (Anagnostopoulos et al., 2022;
Zhuang et al., 2020). Besides, Pseudomonas spp. is one of the principal
genera belonging to the group of psychrotrophic bacteria, and as such,
tends to be present in high abundance in fish and seafood (Koutsoumanis
et al., 2006; Koutsoumanis and Nychas, 1999, Miks-Krajnik et al., 2016,
Odeyemi et al., 2018a, b; Parlapani, 2021; Parlapani et al., 2014). Be-
sides, in this study, psychrotrophic bacteria were also monitored as this
microbial group is an indicator of the total bacterial population in
chilled foods and their counts are often associated with the reduction of
the product’s shelf life (Anagnostopoulos et al., 2022; Zhuang et al.,
2020).

Growth data of Pseudomonas spp. and psychrotrophic bacteria were
collected at different refrigerated isothermal conditions (0, 2, 4, 6, and
10 °C) (Fig. 1). The data was fitted to the Baranyi model, and the kinetic
parameters maximum growth rate (Umayx, 1/h), lag time (trag, h), and
maximum population (Npyax, Log CFU/g) were estimated (Table 2). The
determination coefficient (Rz) values were > 0.96 for all fitted curves at
isothermal temperatures. Pseudomonas spp. and psychotrophic bacteria
showed a similar bacterial growth profile, with an initial population of
3.6 + 0.41log CFU/g and 3.9 + 0.4 log CFU/g, respectively (Fig. 1). Both
microbial groups reached a maximum population density (Npax) of 9.8
+ 0.3 log CFU/g at all studied temperatures.

The temperature increase resulted in an increase in the growth rates
and a reduction in lag time duration. At 10 °C, both Pseudomonas spp.
and psychrotrophic bacteria grew nearly seven times faster than at 0 °C
(Table 2). Increasing the storage temperature from 2 °C to 4 °C resulted
in significant (P < 0.05) differences between Pseudomonas growth rates.
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Fig. 1. Growth curves (mean =+ se) of Pseudomonas spp. (a) and psychrotrophic
bacteria (b) in chilled Pacu fillets at isothermal temperatures (0 °C, 2 °C, 4 °C,
6 °C, and + 10 °C), fitted (solid lines) with Baranyi and Roberts model.

The maximum population density (Npax) did not show a significant
correlation with the storage temperature. This parameter is a time-
dependent linear function for each obtained ppax. While the lag time
duration increased from 0.34 to 3.8 days at 10 °C and 0.6 to 4.4 days at
0C, respectively.

Temperature is the main factor affecting the kinetic parameters of
bacterial growth (Koutsoumanis et al., 2006). Temperature affects the
microbial enzymatic reactions, accelerating the metabolic rate. On the
other hand, very low temperatures can freeze the plasma membrane and
inhibit electron transport, the proton gradient, and enzymes (Zhang
etal., 2011). Hence, as the storage temperature decreases, the microbial
metabolism becomes slower. Likewise, several authors observed the
dependence and significant influence of temperature on the pmax and
trag Of Pseudomonas spp. in chilled fish or meat stored aerobically
(Churchill et al., 2016; Zhang et al., 2011; Taoukis et al., 1999).

The major challenge of the fish industry is temperature control along
the production chain (Anagnostopoulos et al., 2022; Zhuang et al.,
2020). In Brazil, temperature monitoring in the fish industry is crucial
for microbiological load control due to the tropical climate. Tempera-
ture fluctuations occur mainly in the interfaces of the operational pro-
cess, that is, in refrigerated warehouses and markets. Such cold chain
breaks are due to common logistical problems, such as the lack of good
quality roads, the lack of proper temperature control, the lack of effec-
tiveness of the authorities in inspecting these facilities, and commercial
establishments that do not comply with legal temperature regulations.
The ideal storage temperature to mitigate microbiological growth and
ensure an adequate shelf-life for chilled fish in Brazil varies from 2 to
3 °C (Brasil, 2013). When the microbial population reaches about 10”7
CFU/g, the fish commonly presents signs of spoilage (ICSMS, IC on MS
for F, 1986). In the present study, it has been observed that Pseudomonas
spp. and psychotrophic bacteria reached a population of 10”7 CFU/g in
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Table 2
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Kinetic growth parameters of Pseudomonas spp. and psychotrophic bacteria in chilled pacu at isothermal temperatures (0-10 °C).

Temp. (°C) Pseudomonas spp. Psychrotrophic bacteria

Hmax (1/h)* tiag ()" Ninax (Log CFU/) R Hmax (1/h)* tiag ()" Ninax (Log CFU/g) R
0 0.016 + 0.002* 93.19 + 3.69* 9.97 + 0.19* 0.97 +£ 0.01 0.015 + 0.000? 106.24 + 5.19* 9.57 + 0.19° 0.96 + 0.00
2 0.025 + 0.000? 76.33 + 1.01° 9.88 + 0.01* 0.98 + 0.01 0.024 =+ 0.006* 87.56 + 0.58" 9.88 + 0.08* 0.98 £+ 0.01
4 0.041 + 0.004" 35.13 £ 4.67¢ 9.24 + 0.04* 0.98 +0.01 0.035 =+ 0.005" 25.02 + 3.99° 9.63 £+ 0.19* 0.98 £ 0.12
6 0.053 =+ 0.005" 19.66 + 0.56¢ 9.68 + 0.36" 0.99 + 0.00 0.050 + 0.003¢ 22.59 + 2.14¢ 9.91 + 0.06* 0.99 + 0.00
10 0.075 + 0.003¢ 8.21 + 1.51°¢ 9.87 + 0.02% 0.99 + 0.01 0.072 =+ 0.002¢ 14.47 + 4.56° 9.84 + 0.04* 0.98 £+ 0.01

imax: Maximum specific growth rate, t ., lag phase duration, N,y maximum cell concentration.
" Different letters within the same column indicated significant (P < 0.05) differences among different storage temperatures revealed by Tuckey's test.

Pacu fillets stored at 2 °C with 7.5 and 10.6 days, respectively. There-
fore, if the storage conditions can be adequately kept at these temper-
atures during commercialization, the fish stored at 2 °C should be
consumed prior to 7 days. Nonetheless, it is known that temperature
variations are common throughout the production and commercializa-
tion chain. Therefore, a secondary model was used to estimate the
impact of temperature variation on the growth kinetic parameters of
Pseudomonas spp. and psychotrophic bacteria.

Ratkowsky equation was used to describe the influence of tempera-
ture on the growth rate (pmax) of Pseudomonas spp. and psychrotrophic
bacteria. The models showed a strong linear correlation for the growth
rate of Pseudomonas spp. and psychotrophic bacteria, with R? > 0.97.
The estimated parameters are presented in Table 3 and minimum tem-
peratures (Tpin), —10.1 °C and —9.9 °C were estimated for Pseudomonas
spp. and psychotrophic bacteria growth, respectively. Once the sec-
ondary models were developed, the study's next step prior to model use
comprised the external validation. An external validation, varying the
temperature profile, was performed to evaluate the performance of the
models in predicting the handling, storage, and distribution of actual
conditions. The modeling of Pseudomonas spp. and psychotrophic bac-
teria growth under non-isothermal conditions is presented in Fig. 2. The
predicted results were compared with the observed growth rates (pmax)-
Bias and accuracy factors were calculated, Bf = 1.24 and Af = 1.49 for
Pseudomonas spp., and Bf = 1.45 and Af = 1.49 for psychotrophic bac-
teria. The bias factors >1 show that developed models result in fail-safe
predictions, i.e., the models predicted the growth of Pseudomonas spp.
and psychotrophic bacteria in refrigerated Pacu fillets before it occurs.
For studies dealing with shelf-life estimation, the bias factor is expected
to be >1 for the model to estimate the shelf-life before an organoleptic
alteration occurs in the product (Zurera-Cosano et al., 2006). The pre-
sent study demonstrated that the growth model for Pseudomonas spp.
and psychotrophic bacteria can be used to make decisions regarding the
shelf-life and quality control of refrigerated Pacu fillets under isothermal
and dynamic conditions from 0 to 10 °C.

3.2. GC-MS analyzes

Several Volatile Organic Compounds (VOCs) are produced during
storage and can be used as indicators of freshness or deterioration of the
product. The main volatile compounds in fish are alcohols and alde-
hydes, and to a lesser extent ketones, aromatic compounds, and esters,

Table 3
Secondary model parameters of the effect of temperature (0-10 °C) on the
Pseudomonas spp. and psychotrophic bacteria growth rates.

Microorganism Square root models R? R?
adjusted
Pseudomonas spp. \/um.-;x =0.016 + 0.0014 (T+10.13 0.981 0.981
+1.23)
Psychotrophic \/szix =0.017 £+ 0.00084 (T+9.91 0.974 0.974
bacteria +0.68)

lmax: Maximum specific growth rate (1/h), tiag: lag time duration in days, T (°C)
is temperature. Estimated parameters =+ standard error.

among others (Selli and Cayhan, 2009). In the present study, 4 VOCs
were selected for monitoring and quantification by gas chromatography:
3 alcohols (1-octen-2-ol, 1-hexanol, and 2-ethyl-1-hexanol) and 1 alde-
hyde (nonanal). These VOCs were chosen for monitoring since they
exhibited an appropriate analytical signal. This signal presented a
chromatographic peak with a relative area of at least 1 % of the highest
peak area in the chromatogram. The obtained results (peak area) are
presented in Table 4.

Analyzing the influence of storage time, each one of the VOCs
studied presented the same behavior over storage at the different tem-
peratures analyzed (0, 4, and 10 °C). The nonanal concentration
increased during chilled storage, showing a good correlation with the
time. However, this increase was not significant (P > 0.05). The 1-octen-
2-ol and 2-ethyl-1-hexanol compounds showed a reduction in the vola-
tile fraction. This reduction was only significant for octenol at 0 °C and
2-ethyl-1-hexanol at 0 and 10 °C (P < 0.05). 1-Hexanol was the only
volatile compound that did not present a standard behavior during
chilled storage.

A reduction in the concentration of the alcohols (1-hexanol, octenol,
and 2-ethyl-1-hexanol) was observed with the increase in temperature.
This reduction was only significant for 2-ethyl-1-hexanol and octenol at
intermediate points and 1-hexanol at the storage endpoint (P < 0.05).

The 1-octen-2-ol, 1-hexanol, 2-ethyl-1-hexanol, and nonanal com-
pounds are derived from the oxidation of unsaturated fatty acids,
naturally present in fish tissues (Fakruddin et al., 2013). Some studies
reported that these VOCs may also be associated with the activity of
Pseudomonas spp., Carnobacterium, and other fish spoilage, providing an
additional contribution to the production of VOCs (Ercolini et al., 2011;
Ercolini et al., 2010; Ferrocino et al., 2013; Odeyemi et al., 2018a, b).
The behavior found for 1-hexanol and nonanal in the present study
agrees with other studies conducted during fish storage (Li et al., 2018;
Odeyemi et al., 2018a, b; Polo et al., 2014; Tuckey et al., 2013). In this
study, a reduction in the concentration of 1-octen-2-ol and 2-ethyl-1hex-
anol was observed through the time of storage. According to Moreira
et al. (2013), 1-octen-2-ol showed a significant concentration reduction
after 2 weeks of storage. Moreover, Padda et al. (2001) reported that
alcohols may be oxidized to ketones or esterified with carboxylic acids to
ester during storage (Peterson and Chang, 1982), which justifies the
reduction of these compounds.

Regarding the influence of temperature on VOC production, a
reduction in the concentration of the alcohols (octenol, 2-ethyl-1-hexa-
nol, and 1-hexanol) with the increase in temperature was observed. Selli
and Cayhan (2009) reported that the production of volatile alcohols
occurs by the action of the lipoxygenase enzyme inn — 3 andn — 6
polyunsaturated fatty acids. It is known that lipoxygenase activity is
directly influenced by storage temperature. Hsieh et al. (1988) showed
that at 0 °C, the lipoxygenase activity in rainbow trout gills corresponds
to 60 %, thus a high enzymatic activity, while at temperatures between
10 °C, the activity is 90 %. Therefore, the increase in temperature
contributes to a higher activity of the enzymes and, consequently, a
higher production of VOCs. However, the reduction in the concentration
of VOCs may be associated with the oxidation of alcohols to ketones,
which occurs near the end of the storage period.
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Fig. 2. The observed growth of Pseudomonas spp. (a), and psychrotrophic bacteria (b) on chilled Pacu fillets under non-isothermal storage conditions: (i) twice at
periodically changing temperature (12 h at each temperature: 6 °C, 0 °C, 4 °C, 2 °C and 10 °C), totalizing120 hours, followed by (ii) 24 h at each temperature:6 °C,

0°C, 4 °C, 2 °C and 10 °C, until the end of the shelf life.

3.3. 1H NMR analyzes

The storage temperatures (2 °C and 8 °C) did not significantly impact
the 'H NMR profiles of the Pacu fillets (data not shown), which impeded
the achievement of relevant component variability (crowded scores).
Therefore, only the results obtained for the fish stored at the most drastic
conditions (0 °C and 10 °C) were presented. Fig. 3 illustrates the me-
tabolites assignment with a comparison among representatives 'H NMR
spectra of fish fillets stored at two different temperatures (0 °C and
10 °C) and sampled during two seasons (February/December and June).
Different metabolites were assigned, such as amino acids, organic acids,
and other compounds.

The primary identified compounds in Pacu fillets were lactic acid
(doublet at § 1.34 and quadruplet at § 4.13), creatine and phosphocre-
atine (singlet at 5 3.05 and 6 3.95), and taurine (doublet of doublets at §
3.30 and § 3.44). In the aromatic region (5§ 6.5-9.0), the main com-
pounds detected were ATP/ADP (singlet at § 8.57) and their decompo-
sition products inosine (singlet at § 8.48) and hypoxanthine (singlet at §
8.23 and § 8.24).

Pacu fillets stored at 0 °C presented higher amounts of ATP, lactic
acid, creatine, and/or phosphocreatine, and lower amounts of inosine
and hypoxanthine than the samples stored at 10 °C. Soon after fish

slaughter, phosphocreatine is used as an energy source to generate ATP
from ADP, with a consequent increase in creatine (Shah et al., 2010). In
parallel, glucose is used to generate energy. The compound is cleaved
anaerobically, resulting in the accumulation of lactic acid during stor-
age. The reduction in lactic acid activity observed in the present study
can be attributed to the microbiological activity of lactic acid bacteria
and Enterobacteriaceae, which are reported to consume or produce
lactate during post-mortem (Drosinos and Nychas, 1997). Subsequently,
in the post-mortem, ATP will be used for muscle contractions and
dephosphorylated in ADP and AMP through endogenous enzymes. The
AMP will be decomposed, with chain formation of inosine and hypo-
xanthine, originating mainly from bacterial spoilage (Wyss and
Kaddurah-Daouk, 2000). Therefore, the results of the present study
indicate that Pacu fillets presented a greater degree of spoilage at the
temperature of 10 °C than at 0 °C due to the increase of the activity of
endogenous enzymes and microbial activity.

In addition, the samples stored at 10 °C showed higher amounts of
valine, leucine, isoleucine, phenylalanine, alanine, acetic acid, taurine,
and lower amounts of histidine when compared to fillet fish stored at
0 °C confirming that Pacu fillets present high spoilage degree at the
highest temperature. Amino acids such as valine, leucine, isoleucine,
phenylalanine, tyrosine, and alanine highly increase during the storage
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Table 4
Volatile compounds in chilled pacu stored at 0, 4 and 10 °C.

Compounds Sampling Temperature (°C)
point
0 4 10
1-Hexanol Intermediate 21.10 + 49.51 + 1.40 +
9.59% 4,283 0.48%A
Final 343.34 + 18.51 + 2.09 +
18.48% 49828 0.2728
Nonanal Intermediate 8.14 +2.97°" 475+ 2.91 +
2.01%4 1.33%4
Final 14.44 + 6.00 & 5.84 +
7.31% 11.20% 5.423A
Octenol Intermediate 6.04 +2.35° 2,89 + 1.8+
1.21%8 1.17%8
Final 4.62 +1.86*  0.75 + 0.79 +
0.24%A 0.64%A
2Ethyl-1- Intermediate 132.00 + 41.10 + 23.80 £
hexanol 25.10%* 1.80%8 5.08%8
Final 44.60 + 15.30 + 10.70 +
34.90" 4,65 1.36"

The values represent the means of the 2 fish batches, with two replicate packages
and are reported as arbitrary units (10%).

aPDijfferent letters indicate significantly different between storage times (P <
0.05).

ABDifferent letters indicate significantly different among storage temperatures
(P < 0.05).

due to protein hydrolysis, either by the action of proteolytic enzymes
present in the food matrix or originated from the microbiological
metabolism of the Pseudomonas, Bacillus, Aeromonas, and Vibrio spp.
(Liao et al., 2018; Rao et al., 1998). Moreover, the histidine amino acid
comes from decarboxylated amino acid histamine as a result of the ac-
tivity of spoilage bacteria, such as Morganella morganii, Klebsiella pneu-
moniae, Hafnia alvei, Pseudomonas putrefaciens, and Clostridium
perfringens (Chen et al., 1987; Marrow et al., 1991; Middlebrooks et al.,
1988). Additionally, acetic acid is metabolized in the fish matrix,
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exclusively associated with bacterial activity. Acetic acid production is
associated with B. thermosphacta, lactic acid bacteria, S. putrefaciens, and
P. phosphoreum growth (Gram et al., 2002; Macé et al., 2013; Nychas
et al., 2008).

The taurine signal was also observed in Fig. 4. Taurine is a non-
protein amino acid widely found in animal-origin products; its concen-
tration differs widely between protein sources. This amino acid is not
involved in autolysis reactions. However, it can be used by strains of
Pseudomonas spp. as an energy source (Shimamoto and Berk, 1979).
Additionally, some unknown metabolic activities contribute to its slight
growth trend, according to the results in the present study at 10 °C (Tan
et al., 2018).

Due to the complexity of the 'H NMR data and the inherent similarity
among the fish composition, the PCA method was performed to inves-
tigate the variability of the composition of Pacu fillets stored using
different temperatures and different batches (December/February and
June). Fig. 4 presents the PCA results for the evaluation of the storage
temperatures on the fish fillets. The results showed essential variations
based on the first two principal components (PCs) with 86.4 % of the
total variance. Clear tendencies were observed in the scores graph
(Fig. 4a) with the Pacu fillets stored at 0 °C in positive scores of PC1 and
those stored at 10 °C in negative values of the same axis. The loadings
graph (Fig. 4b) indicates that the fish stored at 0 °C presented the highest
amounts of lactic acid, creatine phosphocreatine, and histidine. The
storage temperature at 10 °C influenced the valine, leucine, isoleucine,
alanine, acetic acid, taurine, and choline increase.

Additionally, an opposite behavior was detected between ATP and
the compounds inosine, hypoxanthine, and phenylalanine in the aro-
matic region (§ 6.0-9.0). This finding can be explained by the fact that
after fish death a series of enzymatic reactions lead to decomposition of
ATP to inosine and hypoxanthine (Zhuang et al., 2021), which were
favored by the temperature increase. Therefore, the Pacu fillets stored at
0 °C presented higher amounts of ATP and lower amounts of inosine,
hypoxanthine, tyrosine, and phenylalanine than those stored at 10 °C.
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Fig. 3. Comparison of "H NMR spectra with identified compounds in chilled Pacu fillets stored at 0 °C and 10 °C and sampled from two different batches (December/

February and June).
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The compounds that presented variations in chemometric analysis
and did not exhibit overlapping resonances were quantified, and the
results are shown in Fig. 4. Based on the ANOVA single factor, the same
tendencies observed in PCA results were detected in quantitative results
(corroborated analyses). This finding demonstrated the advantage of
multivariate analysis compared to univariate analysis (as quantification)
for evaluating the organic variability in foodstuff matrices. In addition,
chemometric analysis was applied to quickly obtain information by
high-quality evaluation of the organic changes, improving the compre-
hension of the effect of different storage conditions. This approach is
helpful since the compounds and their degradation products are only
sometimes known, and the acquisition of certified standards is some-
times complex.

4. Conclusion

The present study demonstrated that the predictive growth model
developed for Pseudomonas spp. and psychrotrophic bacteria can be used
as a tool for decision-making on the quality of refrigerated Pacu fillets
under isothermal and dynamic conditions from 0 to 10 °C. The 'H NMR
analysis indicated that Pacu fillets presented higher spoilage degrees at
10 °C than at 0 °C. Specific compounds indicated an increased activity of
endogenous enzymes and microbiological activity. There was also an
increase in non-volatile metabolites during storage, highlighting the
impact of temperature and time on the spoilage of Pacu fillets during
commercialization.
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