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Abstract

ATP-derived products are typically used as early indicators of fish quality loss during
storage. In this work, we explore different biochemical routes that are potentially relevant in
contributing to nucleotide degradation in hake (Merluccius merluccius). A major motivation
of this study is to get more insight on the biochemical degradation mechanisms of nucleotide
catabolites in hake muscle at fish storage and transport conditions. This requires the
identification of its relevant pathways.

To that purpose, different degradation routes proposed in the literature are considered
and a mathematical model for the degradation process is derived. First order kinetics are
assumed for all the reactions and temperature dependence is taken into account through
the Arrhenius equation. Unknown model parameters, namely activation energies and pre-
exponential Arrhenius coefficients, are estimated via fitting to experimental data. From
the estimation results, relevant routes are identified. The kinetic study is performed on
sterile fish juice to avoid coupling with microbial degradation mechanisms or possible
interferences of the food matrix that might hide biochemical interactions.

The proposed scheme adequately describes biochemical changes in nucleotide catabolites
under variable temperature profiles. It also reveals a pathway which at least seems relevant
for nucleotide degradation in hake.
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1. Introduction

The degradation of nucleotide catabolites has been
typically used as an early indicator of fish freshness
[39, 44, 33], which usually serves as an attribute of
quality during fish storage [43, 10]. Such compounds
are the result of adenosine triphosphate (ATP) degra-
dation. Within the first 24-48 hours after fish has died,
ATP quickly transforms into inosine 5’-monophosphate
(IMP), via adenosine diphosphate (ADP) and adenosine
monophosphate (AMP) degradation [24, 27]. In the or-
der of days to weeks, IMP degradation continues on a
cascade reaction that produces inosine (Ino) and hypox-
anthine (Hx), which is further decomposed into other
compounds such as xanthine and uric acid [22, 23]. IMP
contributes to the umami flavour, related to the pleasant
sweet and meaty flavors in fresh fish [25, 26, 21], whereas
Hx is responsible of unpleasant bitterness [41, 19, 29].
One of the indexes most widely employed to evaluate
freshness is the K-index, which is defined as the ratio of
the sum of Ino and Hx to the sum of all ATP degradation
products [39].

Understanding the biochemical degradation mecha-
nisms is of paramount importance to predict quality loss

∗Corresponding author. Ph: +34 986 231 930 Ext. 251
Email addresses: carlosvf@iim.csic.es (C. Vilas),

antonio@iim.csic.es (A.A. Alonso), juanherrera@iim.csic.es
(J.R. Herrera), anagarci@iim.csic.es (A. García-Blanco),
miriamr@iim.csic.es (M.R. García )

at the early stages of postmortem fish, and to improve,
in this way, storage or distribution conditions. The evo-
lution of the K-value from experimental measurements
of the ATP-derived products as well as its relation to fish
quality and shelf-life have been extensively studied - see,
for instance [39, 9, 2, 34, 7, 31, 38, 49, 40, 21] and references
therein-. However, despite all these works, studies fo-
cusing on the degradation kinetics are scarce [48]. To the
best of our knowledge, the first mechanistic approach
to describe nucleotide degradation was reported in [8]
who performed the study in an enzyme-free aqueous
solution. As complete ATP conversion into IMP occurs
during the first 24/48 hours after fish death, degradation
can be assumed to be initiated with IMP, particularly at
retail level, what results into the following pathway:

IMP Ino Hx Products

Firstly, IMP is transformed to Ino by the action of a 5’-
nucleotidase or some phosphatases [24, 14, 23, 28]. Then,
either purine nucleoside phosphorylase or inosine nu-
cleosidase convert inosine to hypoxanthine, which is in
turn degraded by xanthine oxidase into xanthine and
uric acid. In this scheme, kinetics are assumed to be
first order, with reaction rate coefficients exhibiting an
Arrhenius temperature dependence. Some extensions of
this degradation kinetics pathway have been proposed in
[22, 23]. The model incorporates mechanisms to account
for possible losses of compounds by leaching (or diffu-
sion) through the food matrix and includes the effect of
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bacteria in the transformation of Ino into Hx. A version
of this model has been employed to predict nucleotide
degradation in rainbow trout (Oncorhynchus mykiss) with
very satisfactory results [22]. In [23], kinetic parameters
were estimated from data available in the literature, cov-
ering a wide range of species stored in ice and captured
in different seasons and places. The model was able to
fit most of the data, although general conclusions could
not be drawn due to the large variability of the estimated
parameters among species.

The degradation of IMP in fish muscle may involve
further pathways in which enzyme activity largely varies
among species [24]. This motivated several authors to
propose different degradation routes not considered in
the classical catabolism of nucleotides. In this regard,
[24] presented a degradation scheme for ATP, which in-
cluded the most relevant routes and some of minor im-
portance. The scheme employed in Howgate [22, 23] is
a simplified version of this one. Additional routes, not
considered in [24] were described in the literature. For
instance, [16] pointed out that IMP might directly yield
Hx and ribose-5-phosphate; whereas other authors sug-
gested the possibility of equilibrium between IMP and
Ino [14] as well as Ino and Hx [42, 14, 32]. IMP has also
been found to give rise to xanthosine monophosphate
(XMP) via IMP dehydrogenase [32, 36]. In addition, sal-
vage pathways can give rise to IMP from both Ino and
Hx via a nucleoside kinase and a phosphoribosyltrans-
ferase, respectively [36].

In this work, the above mentioned biochemical routes,
potentially relevant in contributing to nucleotide degra-
dation in fish, are explored. A mathematical model is
derived for the degradation process assuming first or-
der reaction dynamics and Arrhenius like temperature
dependence for the reaction rates. The values of the Ar-
rhenius parameters, namely pre-exponential factors and
activation energies, are computed by fitting the model
solution to the experimental data. This also allows us to
identify the relevant routes and neglect those of minor
importance. Sterile fish juice, obtained from the muscle,
is used as the experimental system. In this way, possi-
ble overlapping with microbial degradation mechanisms
for the transformation of Ino to yield Hx or nucleotide
catabolites loss by leaching are avoided, allowing us to
focus on the biochemical interactions.

This study provides evidence on the existence of alter-
native biochemical routes of IMP degradation, relevant
at least for hake at storage conditions, that have not been
considered in previous mathematical models. In this re-
gard, the study reveals an alternative biochemical route
that directly converts IMP in Hx and other degradation
products. Finally, it should be noted that, although the
model that we propose includes only biochemical path-
ways, it can be combined in a modular way with bacterial
growth models [e.g. 6, 13] to account for bacterial con-
version of Ino to Hx or with models that account for mass
transfer in the food matrix [23].

2. Materials and methods

2.1. Experimental methods
2.1.1. Preparation of juice from fish muscle

A total of 13 fresh gutted medium-sized hake (Mer-
luccius merluccius) (1.2 kg to 1.4 kg each) caught in Gali-

cian waters were purchased from the retail market in
Vigo (Spain) during the first 24 h after death. Hake was
transferred to the laboratory within 30 min in expanded
polysterene boxes with ice. Once in the lab, fish were
skinned and filleted, and fillets were thoroughly ground
by using a Dito Sama K35 cutter mixer at high speed for
10 s. Ground muscle was cooled at 4 ◦C and subsequently
centrifuged at 7500 g for 20 min at 4 ◦C.

Supernatants were collected and subject to a second
centrifugation at 40.000 g for 15 min at 4 ◦C to remove
small solids and particulate matter still present. Clear
supernatants were then collected and vacuum-filtered
sequentially through a 0.45 µm pore size and then a 0.22
µm pore size cellulose acetate membrane filter under
sterile conditions with the aim to remove all bacteria
present. Sterility was tested by spreading 0.5 mL of ex-
tracts on plate count agar (PCA) followed by incubation
during 5 days at 17 ◦C. This was performed prior to and
repeatedly during storage of samples. It is important
to mention that the organelles released after cell disrup-
tion during the preparation procedure should not be re-
moved by filtration since they are smaller than the pore
size of filters. In this way, it is reasonable to assume that
all relevant enzymes responsible of nucleotide degrada-
tion were present in the aqueous solution.

2.1.2. Storage trials
Fish muscle juice was diluted in mili-Q sterile water at

a ratio 1:1 and distributed in 2 ml-aliquots into glass test
tubes. Tubes were divided into three batches which were
stored under typical range of storage/transport condi-
tions, including situations that involve the interruption
of the cold chain storage. In this regard, a first batch was
stored at 2 ◦C for 30 days. A second batch was stored
at 5 ◦C for 16 days followed by 14 days at 16 ◦C. The
last batch was stored for 20 ◦C for 6 days followed by
24 days at 10 ◦C. A thermocouple was placed in each
cabinet to continuously record the temperature through-
out the storage period. Three tubes were taken out of
cabinets on working days during storage for nucleotide
catabolites analysis.

2.1.3. Nucleotide catabolites analysis
The analysis is based on the method described in [35].

A 1.5 ml-aliquot of cold 0.6 m perchloric acid was added
onto each tube and thoroughly mixed by vortexing for 10
s in an ice-water bath. Mixtures were stored at -20 ◦C for
10 min and then centrifuged at 1000 g for 10 min at 4 ◦C.
Supernatants were collected and immediately potassium
hydroxide was added up to reach a pH between 6.5-6.8.
Once neutralized, homogenates were kept for 30 min in
an ice-water bath for precipitation of potassium perchlo-
rate and subsequently filtered through a wet Whatman
No. 1 filter paper. Filtrates were stored at -80 ◦C until
chromatographic analysis were carried out.

Nucleotide catabolites analysis was carried out by
reverse-phase high-performance liquid chromatography
(RP-HPLC) by using an Agilent Model 1200 Series chro-
matograph (Agilent, Waldbronn, Germany) equipped
with a variable wavelenght detector (Agilent UV-VIS
G1314B) and a binary pump (Agilent G 1312A). A
Spherisorb ODS2 (C18) column (5 µm particle size, 4.6
× 250 mm) (Waters, Ireland) was installed inside a ther-
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mostated compartment (Agilent TCC G1316A) for use at
a temperature of 22 ◦C.

Standards for ATP-derived products (adenosine 5’-
triphosphate (ATP), adenosine 5’-diphosphate (ADP),
adenosine 5’-monophosphate (AMP), inosine 5’-
monophosphate (IMP), inosine (Ino) and hypoxanthine
(Hx)) as well as potassium phosphate salts were pur-
chased from Sigma-Aldrich Chemical Company (Poole,
Dorset, UK).

Chromatograpphic separation was achieved by using
gradient elution with phosphate buffer (mobile phase A)
and acetonitrile (mobile phase B). Chromatographic con-
dition for analysis are shown in Table 1. Mobile phase A

Time Mobile Mobile Flow rate Maximum
Phase A (%) Phase B (%) (ml min−1) Pressure (bar)

0.00 100.0 0.0 1.00 400
8.00 97.5 2.5 1.00 400
10.00 95.0 5.0 1.00 400
12.00 70.0 30.0 1.00 400
17.00 0.0 100.0 1.00 400
20.00 100.0 0.0 1.00 400

Table 1: HPLC gradient profile used for separation of nucleotide
catabolites.

consisted of a 50:50 mixture of 0.04mpotassium dihydro-
gen phosphate (KH2PO4) and 0.06 m potassium mono-
hydrogen phosphate (K2HPO4) in Milli-Q water (HPLC
grade) adjusted to pH 7.0 with 0.1 m potassium hydrox-
ide. Solutions were prepared on a daily basis and filtered
through GH Polypro (hydrophilic polypropylene) mem-
brane disc filters (0.45 µm pore size) (Gelman Sciences,
Northampton, UK). Acetonitrile (HPLC grade) (Merk,
Darmstadt, Germany) was used as mobile phase B. In-
jection volume was 20 µL and detection was monitored
at 254 nm. Total run time was 20 min.

A calibration curve was obtained for each nucleotide
catabolite within the range 0.1-1-0 mm. Correlation co-
efficients between peak area and concentration as well
as coefficients of variation were determined for each nu-
cleotide catabolite after injection of 5 replicates of each
standard solution.

3. Model description and mathematical tools for pa-
rameter estimation

As mentioned in the introduction, degradation of IMP
in fish involves a series of complex pathways, what mo-
tivated several authors to propose alternative degrada-
tion routes. Such routes, indicated in the introduction,
are schematically represented in Figure 1.

IMP
k1

k2
Ino

k3

k4
Hx k5 Prod.

Prod.

k6

k7

k8

Prod.

k9

Figure 1: Postmortem degradation scheme of IMP in fresh fish with
alternative degradation pathways reported in the literature.

Assuming that enzymatic degradation of IMP, Ino and
Hx follow first order kinetics, the mathematical model

for the scheme in Figure 1 is of the form:

dIMP
dt

= −(k1 + k6 + k7)IMP + k2Ino + k8Hx (1)

dIno
dt

= −(k2 + k3 + k9)Ino + k1IMP + k4Hx (2)

dHx
dt

= −(k4 + k5 + k8)Hx + k3Ino + k7IMP (3)

where ki with i = 1, ..., 9 are the reaction rate coefficients
whose dependency on the storage temperature is de-
scribed by the Arrhenius equation:

ki = Ai exp
(
−

Ea,i

RT

)
; (4)

with Ea,i and Ai being, respectively, the activation energy
and the pre-exponential factor of each reaction i; R =
1.987 kcal K−1 kmol−1 is the universal gas constant and T
in K is the storage temperature.

In this work, the solution of Eqns (1)-(3) is numeri-
cally computed using the CVODEs solver [20], which in-
cludes the well-established Backward Differentiation For-
mula (BDF) as an integration method.

In order to equip the model with predictive capabili-
ties, unknown model parameters must be estimated from
experimental data. Parameter estimation is formulated
as an optimization problem where the objective is to ob-
tain the parameter values that minimize the distance be-
tween model predictions and experimental data [46]. A
good measure of such distance can be obtained through
the log-likelihood function which, for normally and in-
dependent distribution data, corresponds to [47]:

J(θ) = −
1
2

nc∑
k=1

nxk∑
i=1

 log (2π) + log
(
σ2

xk,i

)
+

xk,i(θ) − xexp
k,i

σxk,i


2

(5)

with xk being the concentration of each of the considered
compounds (i.e. x1 = IMP, x2 = Ino and x3 = Hx) and
nxk being the number of sampling points per component
(for instance nx1 is the number of time measurements for
IMP). θ corresponds with the unknown model param-
eters to be estimated. xk,i(θ) and xexp

k,i represent the con-
centration of compound xk at time ti computed from the
model and measured in the experiments, respectively.
Finally, σxk,i corresponds with the variability of measure-
ment xk at time ti. It is clear that function J(θ) depends on
the nature of data noise and data variability, and gives
more relevance to those data with lower variability.

Maximum likelihood estimates correspond with the
maximum of Eqn (5). Maximization of J(θ) (or equiv-
alently minimization of −J(θ)) subject to the model dy-
namics (1)-(3) is computed using a numerical solver. Op-
timization for most solvers involves the following steps:
i) assign values to the unknown parameters within the al-
lowed range; ii) solve the model equations; iii) compute
J(θ) using the model solution and experimental mea-
surements at times ti; iv) obtain new candidates for θ
using J(θ) and previous values of θ; v) repeat steps 1-4
till convergence.
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It is often the case that function J(θ) has several min-
ima (suboptimal solutions). Details about the different
methodologies to numerically minimize a given function
can be found elsewhere in the literature -see, for instance,
[11, 12, 37] and references therein-. Hybrid optimization
methods, which profit from the advantages of global
and local approaches, are preferred to efficiently find the
best solution [4]. In this work, the toolbox AMIGO2 [5]
is used to find the minimum of J(θ).

The unknown parameters to be estimated in this work
are those of the Arrhenius equation (4), i.e. activation
energies and pre-exponential factors.

It should be noted that solving Eqns (1)-(3) requires
the value of the nucleotide catabolites at t = 0 (initial
conditions), i.e. IMP(t = 0), Ino(t = 0) and Hx(t = 0).
In this work, t = 0 corresponds with the beginning of
fish juice storage trial, i.e. when the first experimen-
tal measurement is taken. One way to proceed is to
use such measurement as the initial condition. How-
ever, this approach is very sensitive to measurement er-
rors as divergences in the initial conditions may lead to
over- or under-estimation of the degradation kinetics. To
avoid this situation, typical in data subject to variability
or noise, initial conditions are also estimated. In other
words, the initial measurement is treated in the opti-
mization as any other experimental measurement. This
approach has been followed in other works [22, 13].

4. Results and discussion

As discussed in the introduction, 24-48 hours after
death IMP is the only nucleotide present in most fish
species because of the fast degradation of ATP into IMP.
[22] pointed out that small amounts of ADP might be
released during the extraction procedure of nucleotides.
However, this ADP is likely to be bound to myofibrillar
proteins which, in our case, were removed by centrifu-
gation. Furthermore, this ADP does not take part in the
degradation of free nucleotides so it would have no rel-
evance in the present study. Analysis performed in this
work, which were carried out around 24 hours after fish
death, confirmed that ATP, ADP and AMP were absent
in the fish juice. The remaining compounds of interest
(IMP, Ino and Hx) were measured along the duration of
the experiments.

In order to prevent the conversion of Ino into Hx due to
bacterial action [41, 22], and to avoid loss of nucleotide
catabolites by leaching [23] we use sterile-filtered fish
muscle juice as the experimental system. Such juice
was separated in three batches (three experiments) which
were stored under the experimental conditions described
in section 2.1.2. [45, 18, 17] suggest that experiments
with variable storage conditions are more informative
for model identification purposes than experiments with
constant storage conditions. Therefore, two of the ex-
periments were carried out using a step profile in the
storage temperature. Mean values of the experimental
data for each sampling time as well as their correspond-
ing standard deviations are presented in Tables A.4–A.6
in Appendix A. Each of the values, mean and std, were
computed from three samples. Points with standard de-
viation larger than 0.5 mm were removed from the com-
putations. Tables also show the sampling times and the
measured storage temperature.

The unknown model parameters to be estimated from
this data set are the Arrhenius coefficients (Ea,i and Ai)
for all the reactions as well as initial conditions for IMP.
Experimental measurements showed that the concentra-
tions of Ino and Hx at the beginning of the experiments
are zero or close to zero so they will not be estimated
from data. All the experiments started from the same
initial conditions.

The values obtained during the estimation of the un-
known parameters are presented in Table 2. Activation

Parameter Value Units k [d−1] at 20 ◦C

Ea,1 2.77 × 104 kcal kmol−1
k1 = 0.27A1 1.15 × 1020 d−1

Ea,2 1.80 × 105 kcal kmol−1
k2 = 2.09 × 10−63

A2 6.87 × 1071 d−1

Ea,3 2.18 × 104 kcal kmol−1
k3 = 0.43A3 7.63 × 1015 d−1

Ea,4 1.98 × 105 kcal kmol−1
k4 = 2.06 × 10−76

A4 1.00 × 1072 d−1

Ea,5 2.00 × 105 kcal kmol−1
k5 = 5.35 × 10−78

A5 5.99 × 1071 d−1

Ea,6 2.56 × 104 kcal kmol−1
k6 = 0.22A6 2.29 × 1018 d−1

Ea,7 1.81 × 104 kcal kmol−1
k7 = 0.15A7 4.84 × 1012 d−1

Ea,8 1.79 × 105 kcal kmol−1
k8 = 2.04 × 10−62

A8 9.37 × 1071 d−1

Ea,9 1.99 × 105 kcal kmol−1
k9 = 6.24 × 10−77

A9 9.95 × 1071 d−1

IMP(t=0) 3.67 mm

Table 2: Estimated values for the parameters involved in the reaction
scheme. The value of ki computed using the estimated values of Ea,i,
Ai at T = 20 ◦C is indicated in the last column.

energies are in the same order of magnitude of those re-
ported in the literature [22]. The estimated parameters
can be used, together with the storage temperature, to
compute the reaction rate coefficients ki, see Eqn (4). The
last column of Table 2 shows the values of ki at T = 20
◦C, which is the largest temperature considered in the
experiments. As shown in the table, k2, k4, k5, k8 and k9
are close to zero which in turn suggests that the corre-
sponding reactions are not relevant, at least in the time
span of the experiments. ki will be even closer to zero at
lower storage temperatures. Based on that conclusion,
a new scheme that includes only the relevant routes, as
depicted in Figure 2, is proposed.

IMP
k1 Ino

k3 Hx

Prod.

k6

k7

Figure 2: Postmortem degradation scheme of IMP in hake after remov-
ing the non-relevant reactions.

Figure 3 shows a comparison between model simu-
lation results and experimental data set. Each row of
figures corresponds with a different experiment. Figures
at the left column show the model simulation results
(continuous lines) and the experimental data (marks) for
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IMP
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IMP
Ino
Hx

IMP
Ino
Hx

Figure 3: Comparison between model solution (lines) and experimental data (marks). Continuous lines correspond to the scheme of Figure 2
whereas dashed lines refer to the scheme of [22]. The evolution of the storage temperature in each experiment is shown in the figures in the right
column.

the three nucleotide catabolites (IMP, Ino and Hx). Fig-
ures at the right column represent the storage conditions.
As shown in the figure, the proposed scheme is capable
of reproducing the experimental behavior with a satis-
factory degree of accuracy.

In this work we have also checked the performance
of the mechanistic model considered in [22], which also
describes IMP degradation in fish muscle. As mentioned
in the introduction, such model is a simplified version
of the one proposed in this work in which k1, k3 and
k5 are the only reaction rate coefficients different from
zero. As in the previous case, Arrhenius parameters (Ea,i
and Ai with i = 1, 3, 5) as well as initial conditions for
IMP have been estimated from the experimental data
(see Table 3). Dashed lines in Figure 3 represent the
model solution using the scheme of [22]. Howgate model
solution shows a slower evolution of IMP as compared
with the experimental data. On the other hand, although
not as evident as in the case of IMP, the fitting of Ino and
Hx is not as good as in model (1)- (3).

The maximum likelihood can be used to compare the
goodness of fit between different models, however it

Parameter Value Units k [d−1] at 20 ◦C

Ea,1 2.58 × 104 kcal kmol−1
k1 = 0.571A1 9.54 × 1018 d−1

Ea,3 1.28 × 104 kcal kmol−1
k3 = 0.782A3 2.72 × 109 d−1

Ea,5 6.0 × 104 kcal kmol−1
k5 = 0.067A5 3.28 × 1043 d−1

IMP(t=0) 3.02 mm

Table 3: Estimated values for the parameters involved in the model
proposed by [22]. The value of ki computed using the estimated values
of Ea,i, Ai at T = 20 ◦C is indicated in the last column.

does not take into account the degrees of freedom of
the system, i.e. the number of parameters to be esti-
mated. In nested models, as the ones considered in this
work, the largest value of the likelihood function will
correspond with the model with the largest degrees of
freedom. Nonetheless, the predictive capabilities of the
largest model might be worse as they may incur in fitting
data errors (overfitting). A number of methods, that pro-
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vide a trade-off between the number of parameters and
the goodness of fit, are at hand to compare models with
different degrees of freedom. Among these methods, the
Akaike Information Criterion (AIC) [1] seems to be more
adequate [30, 15]. The AIC is defined as follows:

AIC = −2 log (max L) + 2p (6)

where max L is the maximum likelihood estimator of
the likelihood function, Eq. (5), and p is the number of
parameters in the model. For the largest model p = 19
whereas max L = −2088.5. On the other hand, for the
scheme of [22] p = 7 and max L = −5181.2. Therefore,
according to the AIC, model (1)-(3) is preferred.

Modifications of the AIC which may have some ad-
vantages over the AIC, see [3] and references therein for
details, were tested leading nonetheless to similar con-
clusions.

The proposed scheme adequately describes biochemi-
cal changes in nucleotides after fish death at typical stor-
age and transport conditions, including situations that
involve the interruption of the cold chain storage. It also
provides evidence on the existence of biochemical routes
that seem relevant in nucleotide degradation in hake. To
the best of our knowledge, such routes have not been
previously reported in the context of mathematical mod-
eling. Some of the reactions considered in the scheme of
Figure 1, in particular r5 and r9, might become relevant
after the time span considered in the experiments. How-
ever, after such period fish is already spoiled so they can
be neglected for fish quality assessment purposes.

Finally, it should be remarked the interest of the bio-
chemical model we propose to predict quality loss at the
early stages of fish storage, or to improve storage or fish
processing conditions. In addition, the mathematical
formulation of such kinetics allows biochemical mecha-
nisms to be combined with bacterial growth kinetics [13]
or mass and heat transfer mechanisms [23] in a modular
way, what expands the number of potential applications.

5. Conclusions

In this work the main biochemical routes involved in
the degradation of IMP in fish at storage and transport
conditions were described using a mathematical model.
The proposed model reproduces the experimental mea-
surements with a satisfactory degree of accuracy and
reveals a pathway that seems relevant for nucleotide
degradation at least in hake (Merluccius merluccius). Al-
though the reactions involved in this pathway have been
reported in earlier literature, to the best of our knowledge
they have not been considered in previous mathematical
models.

The study of the biochemical degradation kinetics,
separately from other mechanisms such as leaching or
bacterial degradation, will allow to adopt a modular ap-
proach to modeling. By combining the different under-
lying mechanisms on a flexible way it will be possible to
develop prediction models for a varied range of scenar-
ios, including different fish matrices, storage conditions,
etc.

Future work will extend the current model to consider
the influence of microorganisms on nucleotide degrada-
tion as well as mass transfer mechanisms in the food
matrix.
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Appendix A. Experimental data

In this appendix the experimental data employed to
calibrate models are presented (Tables A.4-A.6)

Time
[days]

T [◦C] IMP [mm] Ino [mm] Hx [mm]

Mean Std Mean Std Mean Std

0.0 2.0 3.51 0.04 0.04 0.04 0.03 0.00
1.0 2.0 - - 0.08 0.00 0.08 0.00
2.0 2.0 - - 0.08 0.02 0.32 0.05
3.0 2.0 3.20 0.08 0.08 0.05 0.21 0.00
6.0 2.0 2.79 0.15 0.18 0.02 0.36 0.03
7.0 2.0 2.78 0.01 0.21 0.02 0.44 0.01
8.0 2.0 2.69 0.02 0.23 0.02 0.48 0.01
9.0 2.0 2.51 0.03 0.24 0.01 0.52 0.02
13.0 2.0 2.15 0.06 0.29 0.00 0.71 0.01
14.0 2.0 2.12 0.01 0.30 0.00 0.75 0.01
15.0 2.0 1.98 0.15 0.33 0.00 0.81 0.01
16.0 2.0 1.86 0.13 0.33 0.02 0.84 0.05
17.0 2.0 1.77 0.19 0.33 0.02 0.85 0.07
20.0 2.0 1.58 0.08 - - 0.98 0.06
21.0 2.0 1.56 0.06 0.40 0.01 1.08 0.03
22.0 2.0 1.40 0.09 0.39 0.02 1.08 0.05
27.0 2.0 - - 0.31 0.15 1.31 0.05
28.0 2.0 - - - - 0.89 0.05
29.0 2.0 1.19 0.23 0.35 0.02 1.49 0.19
30.0 2.0 0.98 0.03 0.37 0.02 1.40 0.05
31.0 2.0 0.93 0.08 0.36 0.02 1.41 0.05

Table A.4: Measured values (mean and standard deviation) of inosine
monophosphate (IMP), inosine (Ino) and hypoxanthine (Hx) in the fish
sample juice for the first experiment.
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Time
[days]

T [◦C] IMP [mm] Ino [mm] Hx [mm]

Mean Std Mean Std Mean Std

0.0 8.9 3.51 0.04 0.04 0.04 0.03 0.00
1.0 5.7 - - 0.11 0.00 0.12 0.01
2.0 5.5 - - 0.11 0.05 0.23 0.05
3.0 5.6 2.90 0.03 0.22 0.01 0.33 0.01
6.0 5.7 2.29 0.02 0.29 0.04 0.64 0.03
7.0 5.8 2.11 0.06 0.38 0.02 0.74 0.01
8.0 5.7 1.79 0.11 0.42 0.02 0.85 0.02
9.0 5.7 1.63 0.04 - - 0.92 0.06
13.0 5.8 1.04 0.02 0.51 0.00 1.31 0.02
14.0 5.8 0.80 0.06 0.52 0.01 1.41 0.04
15.0 5.8 0.76 0.08 0.52 0.01 1.41 0.17
16.0 9.0 0.60 0.04 0.52 0.01 1.58 0.05
16.3 15.7 0.49 0.08 0.51 0.04 1.58 0.14
17.0 15.8 0.33 0.01 0.56 0.01 1.70 0.06
17.3 15.8 0.00 0.08 0.55 0.01 1.69 0.05
20.0 15.7 0.00 0.08 0.36 0.07 2.09 0.09
20.3 15.9 0.00 0.08 - - 2.21 0.01
21.0 15.8 0.00 0.08 - - 2.27 0.03
21.3 15.8 0.00 0.08 0.21 0.02 2.05 0.14
22.0 15.7 0.00 0.08 0.17 0.02 2.22 0.13
27.0 15.8 0.00 0.08 0.01 0.01 2.48 0.08
28.0 15.8 0.00 0.08 0.00 0.01 2.57 0.05
29.0 15.9 0.00 0.08 0.00 0.00 2.52 0.01
30.0 15.8 0.00 0.08 0.00 0.02 2.61 0.15
31.0 15.7 0.00 0.08 0.03 0.04 2.39 0.10

Table A.5: Measured values (mean and standard deviation) of inosine
monophosphate (IMP), inosine (Ino) and hypoxanthine (Hx) in the fish
sample juice for the second experiment.

Time
[days]

T [◦C] IMP [mm] Ino [mm] Hx [mm]

Mean Std Mean Std Mean Std

0.0 19.8 3.51 0.04 0.04 0.04 0.03 0.00
1.0 19.4 2.18 0.36 0.33 0.01 0.36 0.01
1.3 20.1 1.32 0.32 0.44 0.02 0.47 0.11
2.0 19.8 1.48 0.05 0.64 0.02 - -
2.3 20.4 1.55 0.05 0.66 0.02 - -
3.0 20.5 - - 0.71 0.02 - -
3.3 20.8 0.45 0.00 0.79 0.01 1.38 0.02
6.0 20.1 0.00 0.00 0.37 0.08 2.05 0.05
6.3 9.6 0.11 0.00 0.42 0.01 2.09 0.05
7.0 9.7 0.12 0.08 0.38 0.02 2.11 0.05
8.0 9.6 0.04 0.07 0.28 0.02 2.16 0.05
9.0 9.6 0.00 0.08 0.27 0.02 2.17 0.04
13.0 9.8 0.00 0.08 0.14 0.01 2.37 0.07
14.0 9.8 0.00 0.08 0.12 0.01 2.33 0.05
15.0 9.8 0.00 0.08 0.08 0.00 2.24 0.05
16.0 9.8 0.00 0.08 0.05 0.04 2.47 0.05
17.0 9.6 0.00 0.08 0.04 0.00 2.50 0.06
20.0 9.4 0.00 0.08 0.00 0.02 2.49 0.02
21.0 9.5 0.00 0.08 0.00 0.02 2.55 0.06
22.0 9.5 0.00 0.08 0.00 0.02 2.52 0.05
27.0 9.6 0.00 0.08 0.00 0.02 2.64 0.05
28.0 9.7 0.00 0.08 0.00 0.02 2.53 0.06
29.0 9.7 0.00 0.08 0.00 0.02 2.59 0.09
30.0 9.7 0.00 0.08 0.00 0.02 2.26 0.10
31.0 9.6 0.00 0.08 0.00 0.02 2.26 0.12

Table A.6: Measured values (mean and standard deviation) of inosine
monophosphate (IMP), inosine (Ino) and hypoxanthine (Hx) in the fish
sample juice for the third experiment.
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