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The spoilage activity of Pseudomonas psychrophila and Carnobacterium maltaromaticum, two tropical shrimp
(Penaeus notialis) spoilage organisms, was assessed in cooked shrimps stored at 0 to 28 °C. Microbiological,
chemical and sensory analyses were performed during storage. P. psychrophila had a higher growth rate and
showed a higher spoilage activity at temperatures from 0 to 15 °C, while at 28 °C, C. maltaromaticum had a higher
growth rate. The spoilage activity of P. psychrophila was found to be higher in cooked shrimp than in fresh shrimp.
Observed shelf-life data of shrimps stored at constant temperatures were used to validate a previously developed
model that predicts tropical shrimp shelf-life at constant storage temperatures. Models predicting the growth of
the spoilage organisms as a function of temperature were constructed. The validation of these models under
dynamic storage temperatures simulating temperature fluctuation in the shrimp supply chain showed that
they can be used to predict the shelf-life of cooked and fresh tropical shrimps.
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1. Introduction

Microbial spoilage of fishery products may result in high food losses
(Gram and Dalgaard, 2002). Shrimps are particularly known as highly
perishable products because, unlike other crustaceans (crabs, lobsters),
which can be kept alive until processing, shrimps die soon after being
caught (Adams and Moss, 2000). The possibility of estimating the resid-
ual shelf life at any stage of a food supply chain is of importance to im-
prove food quality management (Bruckner et al., 2013; Raab et al,,
2008). To this end, quantitative microbiology can be an important tool
and mathematical models can predict the progression of spoilage pro-
cesses in foods (McMeekin and Ross, 1996). It is known that only a
few members of the spoilage microflora, the so-called specific spoilage
organisms (SSOs) produce the defects associated with fishery products
spoilage (Dalgaard, 1995a; Gram and Dalgaard, 2002). Therefore, iden-
tification of SSOs and determination of their spoilage domain and spoil-
age level are prerequisites to accurately predict shelf life (Dalgaard,
1995b; Koutsoumanis and Nychas, 2000). In a previous study, assessing
the spoilage potential of bacteria isolated from fresh shrimps at the sen-
sory rejection times, we found that isolates capable of producing strong
off-odor in iced tropical brackish water shrimp (Penaeus notialis) were
Pseudomonas spp. and psychrotrophic lactic acid bacteria (LAB)
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(Dabadé et al., 2015). However, the quantitative ability of the potential
spoilage-causing organisms to spoil shrimps i.e. their spoilage activity
was not assessed. In the present work, the fastest growing isolates of
each group, namely, Pseudomonas psychrophila and Carnobacterium
maltaromaticum (LAB), were selected to assess their spoilage activity
and to model their kinetics during shrimp shelf-life. Models on Pseudo-
monas spp. and C. maltaromaticum have been reported in the literature.
Examples are models developed by Alfaro et al. (2013), Bruckner et al.
(2013), Gospavic et al. (2008), Koutsoumanis (2001), Lebert et al.
(1998), and Neumeyer et al. (1997). However, some of these models
were developed using media that do not take into account a potential
food matrix effect. Moreover, most of the models were developed in a
range of temperatures that are not representative for tropical regions.
For instance, the predictive model for the growth of C. maltaromaticum
by Alfaro et al. (2013) is not reliable above 20 °C according to the
authors. Ambient temperatures in tropical areas are however often
higher than 25 °C. Therefore, the objectives of the present work were
to develop mathematical models for the growth of P. psychrophila and
C. maltaromaticum in cooked shrimp (P. notialis) from tropical brackish
water that are stored at temperatures relevant for the shrimp supply
chain, which ranges from 0 to 28 °C. A model describing the growth of
Pseudomonas spp. in fresh shrimps as a function of temperature was
also developed. Moreover, models were validated under non-
isothermal conditions that reflect temperature fluctuation along the
supply chain.
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2. Materials and methods
2.1. Inocula preparation

P. psychrophila and C. maltaromaticum were pre-cultured in 10 ml of
Brain Heart Infusion (BHI) broth (OXOID) for 2 days at 25 °C. The cul-
tures were diluted in peptone physiological saline (pps) (0.85% NaCl
(SIGMA), 0.1% peptone (OXOID)) in order to obtain a concentration of
about 6 log CFU/ml.

2.2. Shrimp sampling preparation and storage

Shrimps used in the present study were collected from Lake Aheme,
one of the most important shrimp fishing areas in Benin (West Africa).
The weight of an individual shrimp was approximately 20 g. Immedi-
ately after being caught, shrimps were cooled with ice and transferred
to the laboratory to arrive within 2 h. In the laboratory, shrimp samples
were divided in two batches. One batch was kept fresh whereas the
other batch was cooked (100 °C, 30 min). Cooked and fresh shrimp sam-
ples were aseptically packed in sealed sterile polyethylene bags
(Twirl'em sample bags, Labplas Inc, dimensions: 305 x 178 mm;
thickness: 89 pm). Each pack of cooked shrimp (approximately 300 g
shrimp) was inoculated with 3 mL of prepared P. psychrophila inoculum
or C. maltaromaticum inoculum to obtain an initial concentration of
about 4 log CFU/g. Non-inoculated packs of cooked shrimps in which
total viable counts were below the detection limit (1 log CFU/g) (data
not shown) were used as control. Packs of fresh shrimps were inoculat-
ed as described for cooked shrimps, but only with P. psychrophila inocu-
lum. Also for fresh shrimp non-inoculated packs were used as control.
Shrimps were stored at 0 °C,4 °C, 7 °C, 15 °C, and 28 °C as previously de-
scribed (Dabadé et al.,, 2015). At appropriate time intervals, shrimp sam-
ples were aseptically taken out from the packs for microbiological,
chemical and sensory analyses. Three packs of shrimps were used to ob-
tain triplicate analysis per sampling time point.

2.3. Microbiological analysis

Whole shrimp (25 g) and 225 mL of pps were transferred aseptically
into a stomacher bag. The mixture was homogenized for 60 s using a
stomacher (Seward Laboratory Stomacher 400, England). From this
first decimal dilution in pps, appropriate decimal dilutions were
prepared. Pseudomonas species were enumerated on spread plates of
Pseudomonas agar base (OXOID) supplemented with cetrimide, fucidin,
and cephaloridine (CFC) (OXOID) and the plates were incubated at
25 °C for 48 h.

C. maltaromaticum was enumerated on Iron Agar supplemented
with 0.04% L-cysteine (SIGMA) and the plates were incubated at 25 °C
for 72 h as described by Gram et al. (1987).

2.4. Chemical analysis

The method recommended by the European Commission (Commis-
sion regulation (EC) No 2074/2005) was used to determine total volatile
basic nitrogen (TVBN) in cooked and fresh shrimp. Briefly, perchloric
acid (SIGMA) shrimp extract was steam-distilled and the volatile base
components were determined by titration.

2.5. Sensory analysis

The odor and texture of cooked shrimp, and the odor, color and tex-
ture of fresh shrimp were evaluated individually by ten panelists expe-
rienced in shrimp freshness evaluation. The overall acceptance of the
shrimps was assessed using a scale with three categories: 1 = shrimp
with good quality, 2 = shrimp with marginal quality, but still acceptable
3 = spoiled shrimp (Argyri et al., 2010; Dalgaard et al., 1993; Mejlholm
et al,, 2005). Sensory rejection time was defined as the moment when

50% of the panelists evaluated samples to be in category 3. When the
product was rejected with more than 50% of the panelists on a sampling
date, then the rejection time was estimated by interpolation.

2.6. 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 data (log counts, TVBN, maximum specif-
ic growth rate) from different types of shrimps. Significance was set at
P<0.05.

2.7. Primary modeling

The Baranyi model (Baranyi and Roberts, 1994) as described by Den
Besten et al. (2006) (Eq. (1)) and the reparameterized Gompertz model
(Zwietering et al., 1990) (Eq. (2)) were fitted to the microbial growth
data obtained at 0, 4, 7, 15, and 28 °C using Excel's solver function and
verified with DMFit curve-fitting software v2.1 (http://www.ifr.ac.uk/
safety/DMFit/default.html).

_ Hmax _ 1
lOg1O(Nf) - IOglo(NO) + 111(10) A(t) ln(lo)
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where A(t) is an adjustment function described by Baranyi and Roberts
(1994), t is time (h), N is the number of microorganisms at time t
(CFU/g), Ng is the number of microorganisms at time zero (CFU/g),
Npax is the maximum number of microorganisms (CFU/g), and piyax is
the maximum specific growth rate (per hour)

log;o(N¢) = logyo(No)
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where tis time (h), N;is the number of microorganisms at time t (CFU/g),
No is the number of microorganisms at time zero (CFU/g), Niax is the
maximum number of microorganisms (CFU/g), timax iS the maximum
specific growth rate (per hour), and A is the lag time (h).

2.8. Secondary modeling

To model the effect of temperature on microbial growth, two equa-
tions were used: the Ratkowsky equation (Eq. (3)) (Ratkowsky et al.,
1982) and the Arrhenius equation (Eq. (4)).

Hinax = (D1 (T—Tpin))? 3)

Honax = bo {exp(}léa)} (4)

where . is the maximum specific growth rate (per hour), T is the
temperature (in degrees Celsius), 0 is the temperature (in degrees Kel-
vin), R is the gas constant (8.314 ] mol~' K~ '), and b;, Tmin, and E, are
the regression coefficients to be estimated. Try, (in degrees Celsius) is
the extrapolated temperature at which a microorganism cannot grow
anymore. E, (in ] mol™") is the activation energy.

2.9. Comparison of model

To assess the performance of the two secondary models used, we
compared the root mean square error of the models (RMSEoder)
(Eq. (5)) as described by Den Besten et al. (2006) after both
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In-transformation and square-root-transformation of the data. The
fitting of the models was performed on the same scale as the data
transformation.

n

> (observed; —fitted;)?

RMSE model = \| =" — : (5)

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

2.10. Validation of model

Two types of models were validated in this study. First, a model
(Eq. (6)) that predicts the shelf-life of fresh tropical shrimp at any con-
stant storage temperature and which was developed in a previous
study, (Dabadé et al., 2015).

Shelf-life(days) = 4.5 x 107" x exp (96;50) ©

where 6 is the storage temperature in degrees Kelvin.

The model was validated in this study using observed shelf-life data
of shrimps stored at constant temperatures. Second, independent ex-
periments were conducted to validate the models developed in this
study, that predict the growth of P. psychrophila in cooked shrimps
and Pseudomonas spp. in fresh samples as function of temperature.
Shrimps were collected and were stored under dynamic temperatures
using two scenarios that simulated the temperature fluctuation in the
field. During the first scenario, shrimps were stored first at ambient
temperature (28 °C) for 6 h, after which the shrimps were stored alter-
nating 12 h at 10 °Cand 12 h at 5 °C (scenario 28/10/5 °C). During the
second scenario, caught shrimps were stored alternating 24 h in ice
(0°C) and 24 h at 7 °C (scenario 0/7 °C). The first scenario is based on
the most common shrimp collection and transportation system in
which after being caught, shrimps are kept up to 6 h at ambient temper-
ature (28 °C) before their storage in ice using non-isothermal con-
tainers. Shrimps are not always properly iced and their temperature
may reach 10 °C at the reception in shrimp plants (Dabadé et al.,
2014). The second scenario is based on a new system of shrimp collec-
tion and transportation that is being promoted. In this new system,
freshly caught shrimp are stored in ice by fishermen as soon as possible
and collected shrimps are transported to shrimp plants using isothermal
containers. Shrimp temperature should not exceed 7 °C at any point of
the chain in the new system. To predict microbial growth under non-
isothermal conditions, a three phase model (Eq. (7)) (Buchanan et al.,
1997) taking into account the maximum specific growth rate estimated
with the Ratkowsky equation was used. The average of the respective
initial and maximum microbial concentrations obtained during the
storage experiments at constant temperature was used.

logo(Ne) = logyo(No), fort<\
logio(N:) = 10g10(No) + 17865~ (=N, forA<t<tras )
logo(Nt) = 10g(Nmax) fort>tmax

where tis time (h), N, is the number of microorganisms at time t (CFU/g),
Ny is the number of microorganisms at time zero (CFU/g), A is the lag
time (h), tmax is the time when the maximum number of microorganisms
is reached (h), timax is the maximum specific growth rate (per hour), and
Npax is the maximum number of microorganisms (CFU/g).

It has been shown that the maximum specific growth rate (tpnax) is
reciprocally proportional to the lag time (\) (Baranyi and Roberts,
1994; Koutsoumanis et al., 2006; McMeekin et al., 1993; Zwietering
et al., 1994a). Although the product pimax x A is not always constant
(Koseki and Nonaka, 2012), it generally ranges between approximately
0 and 4 (Koutsoumanis et al., 2006; Zwietering et al., 1994a). In the

present study, the lag time was estimated assuming that fin.x X A = 1
and pmax X A = 4. It was also assumed that there is no additional lag
time when a temperature shift occurred during the exponential phase
and a temperature shift during the lag phase resulted in a new lag
time equivalent to the relative part of the remaining lag phase
(Zwietering et al., 1994b).

The performance of the developed models was assessed by graphical
comparison of predicted and observed values. In addition, the bias
(Eq. (8)) and the accuracy (Eq. (9)) factors according to Ross (1996)
were calculated to assess the performance of the developed models as
follows:

Z log (tpredicted/tobserved)/“)

Bf:m( (8)

Af _ 1O(Z| 1Og(tpredicted/tobserved) !/”) ' (9)

In the case of the validation of the model that predicts the shelf-life
of fresh tropical shrimp at constant storage temperatures, tprediced are
the predicted shelf-life values (in days), topservea are the observed
shelf-life values (in days). In the case of the validation of the models
that predict the growth of pseudomonads in shrimps under dynamic
temperature regimes, topserved are times (in hours) at which a
given pseudomonad level was observed, tpredictea are predicted times
(in hours) to reach this same pseudomonad level. In both cases, n is
the number of observations. In the case of the validation of the model
predicting shelf-life at constant temperature, By values higher than 1
show that the predicted shelf-life is on average longer than the observed
shelf-life. In the case of the validation of the model predicting the
growth of pseudomonads, Byvalues higher than 1 show that the predict-
ed time to reach the concentration of pseudomonads that indicates
spoilage is on average longer than the observed time to reach that
concentration. By = 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. Ay = 1 shows a perfect agreement between predicted and
observed values. The larger the accuracy factor, the less accurate is the
average estimate (Ross, 1996).

The performance of the model predicting shrimp shelf-life at
constant storage temperature was also evaluated using the acceptable
prediction zone method developed by Oscar (2005). The relative errors
(REs) for shelf-life were calculated as

RE = (predicted—observed)/predicted. (10)

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.

3. Results
3.1. Microbial growth during shrimp storage

Of the two primary models used to describe microbial growth as
function of time, the root mean square error of the reparameterized
Gompertz model was in general lower than the root mean square
error of the Baranyi model (data not shown). Therefore, the
reparameterized Gompertz model was used in this study to describe
microbial growth data. The microbial growth data of the different
shrimp products with the fitted reparameterized Gompertz model are
shown in Fig. 1. In cooked inoculated shrimps (Fig. 1A and B), the initial
microbial concentration (ca. 4 log CFU/g) increased as expected with a
higher rate at higher storage temperatures to maximum concentrations
of approximately 10 log CFU/g at most of the storage temperatures. The
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initial Pseudomonas spp. concentrations were 4.1 + 0.2 log CFU/g
(mean + standard deviation) in fresh shrimp inoculated with
P. psychrophila (Fig. 1C) and 3.8 + 0.2 log CFU/g in fresh non-
inoculated shrimp (Fig. 1D). In fresh shrimps, the inoculated samples
had a shorter lag phase than the non-inoculated. While in fresh non-
inoculated shrimp, the maximum concentration of Pseudomonas spp.
reached 9.1 £ 0.1 log CFU/g at low storage temperatures (0 °C and
4 °C), the maximum concentrations were approximately 7.8 +
0.1 log CFU/g at 7 and 15 °C and 6.9 + 0.2 log CFU/g at 28 °C. Fresh
shrimps inoculated with P. psychrophila also showed a maximum con-
centration of Pseudomonas spp. of 7.1 4 0.1 log CFU/g at 28 °C. However,
the maximum concentration reached 9.3 4 0.1 log CFU/g at 7 °C and
8.4 + 0.2 log CFU/g at 15 °C. High correlation (r > 0.97) was found be-
tween the mean concentration of P. psychrophila in cooked shrimps
and the mean concentration of Pseudomonas spp. in fresh shrimps inoc-
ulated with P. psychrophila at storage temperatures ranging between
0 °C and 15 °C. At 28 °C, a lower correlation was found (r = 0.85)
(Fig. S1).

In general, a high concentration (8-9 log CFU/g) of the inoculated
bacteria in cooked shrimps was obtained at the sensory rejection
times, while the microbial concentration of Pseudomonas spp. in fresh
shrimps at the sensory rejection times was lower.

3.2. Total volatile basic nitrogen production (TVBN) during storage
Changes in TVBN values of the different shrimp samples are shown

in Fig. 2. The initial TVBN value in freshly caught shrimp was 29.2 +
2 mg/100 g. The cooking step lowered significantly the initial TVBN

Log(CFU/g)

9 12 15 18 21 24 27
Storage time (days)

Log (CFU/g)

3+ — ‘ ‘

9 12 15 18 21 24 27
Storage time (days)

value to an average of 10.9 + 1.5 mg/100 g in cooked shrimps. As ex-
pected, the TVBN values increased with time and temperature during
the storage of the different shrimp samples. The TVBN values of cooked
shrimps inoculated with P. psychrophila were significantly higher than
the TVBN values of cooked shrimps inoculated with C. maltaromaticum
during storage at temperatures ranging from 0 to 15 °C. At 28 °C howev-
er, no significant difference in the TVBN values was obtained. The TVBN
values in fresh shrimps were significantly higher compared to cooked
shrimps until the end of storage.

The TVBN values at the sensory rejection times in cooked shrimps
ranged between 43 and 54 mg/100 g. Higher values were found with
fresh shrimps (73-85 mg/100 g).

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

Of the two secondary models used (Egs. (3) and (4)), the Ratkowsky
model (Eq. (3)) had the lower root mean square error of the residuals
(RMSE04e1) (data not shown) and fitted better to the maximum specif-
ic growth data as shown in Fig. 3 with P. psychrophila in cooked shrimp.
The residual plot of both models is also depicted in Fig. S2 for graphical
comparison. Therefore, the Ratkowsky equation was used in this study
as secondary model, and the estimated parameters are shown in
Table 1. The effect of temperature on the maximum specific growth
rate of P. psychrophila and C. maltaromaticum in cooked shrimps is
shown in Fig. 4A. The growth rate of P. psychrophila in cooked shrimp
was significantly higher than the growth rate of C. maltaromaticum in
cooked shrimp at temperatures from 0 to 15 °C. At 28 °C, however, the
growth rate of C. maltaromaticum was significantly higher than the
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Fig. 1. Evolution of Pseudomonas psychrophila in cooked shrimps (A), Carnobacterium maltaromaticum in cooked shrimps (B), Pseudomonas spp. in fresh shrimps inoculated with
Pseudomonas psychrophila (C), Pseudomonas spp. in fresh non-inoculated shrimps (D) during storage at 0 °C (<), 4 °C (==3), 7 °C (O), 15 °C (A), and 28 °C (O). The reparameterized
Gompertz model (solid line) was fitted to the growth data. Arrow indicates observed sensory rejection time.
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Fig. 2. Evolution of total volatile basic nitrogen (TVBN) in cooked shrimps inoculated with Pseudomonas psychrophila (A), cooked shrimps inoculated with Carnobacterium maltaromaticum
(B), fresh shrimps inoculated with Pseudomonas psychrophila (C), fresh non-inoculated shrimps (D) during storage at 0 °C (<), 4 °C (=), 7 °C (O), 15 °C (A), and 28 °C (O). Arrow in-
dicates observed sensory rejection time. Bars represent the standard deviation of three independent samples.

growth rate of P. psychrophila. In fresh shrimps, the growth rates of
Pseudomonas spp. in inoculated and non-inoculated samples were sim-
ilar (data not shown). The growth rate of P. psychrophila in cooked
shrimps was significantly higher than the growth rate of Pseudomonas

1.2

Sart [Hyax(h™)]

0 \ \ \

0 10 30

20
Temperature (°C)

spp. in fresh non-inoculated shrimps at temperatures ranging from 0
to 15 °C (Fig. 4B). At 28 °C, the growth rate was high and we could not
accurately estimate the maximum growth rate of Pseudomonas spp. in
fresh shrimps due to limited data points collected.

LN [Mmay ()]

0 10 20 30
Temperature (°C)

Fig. 3. Maximum specific growth rate of Pseudomonas psychrophila in cooked shrimp at square root scale (A) and In scale (B) as function of temperature modeled by the Ratkowsky equa-
tion (solid line) and Arrhenius equation (dotted line). Both models are represented and fitted on square root scale (A) and In scale (B).
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Table 1
Parameters (with 95% C.I.) of the temperature growth rate dependency estimated with the
Ratkowsky equation (Eq. (3).

Microorganisms Tonin b;
P. psychrophila in cooked shrimp  —12.6 (—13.4, —11.8) 0.021 (0.020, 0.022)
C. maltaromaticum in cooked —42(—53,-3.1) 0.032 (0.030, 0.034)

shrimp
Pseudomonas spp. in fresh
shrimps inoculated with
P. psychrophila
Pseudomonas spp. in
non-inoculated shrimps

—12.1(—13.1,—11.1) 0.019(0.017,0.021)

—12.0(—13.1,—109) 0.019 (0.017,0.021)

3.4. Validation of the model predicting shrimp shelf-life at constant storage
temperatures

A graphical comparison of the predicted shrimp shelf-life values
from an earlier study (Eq. (6)) and those experimentally observed at
constant temperature in this study with different types of shrimps, is
shown in Fig. 5. Relative errors for shrimp shelf-life (days) ( Eq. (10))
plotted against storage temperatures of the different types of shrimps
are also shown in Fig. S3. The bias factors and accuracy factors of the
model are presented in Table 2. The By values ranged between 0.61
and 1.06 and the Ay, between 1.06 and 1.65 for the types of shrimps
used.

3.5. Model validation and shrimp shelf-life prediction and validation under
non-isothermal conditions

The predicted and observed microbial growth under non-isothermal
conditions is depicted in Fig. 6. The bias factors and accuracy factors of
the models are shown in Table 3. The models developed based on a
low value of the product maximum specific growth rate and lag time
(Umax X A = 1) gave better prediction with the scenario involving high
storage temperatures (scenario 28/10/5), while with the low tempera-
tures scenario (0/7), a high value of the product maximum specific
growth rate and lag time (tmax X A = 4) was more appropriate for pseu-
domonads growth prediction. The developed growth models were used
to predict the shelf-life of shrimps at non-isothermal conditions. The
shelf-life of cooked shrimps inoculated with P. psychrophila was defined
as the time at which the microbial concentration is 8.5 log CFU/g, which
was the average concentration of P. psychrophila at the sensory rejection
time obtained in this study when shrimps were stored at constant tem-
peratures. Fresh shrimp shelf-life was defined as the time at which the

Sartfu(h)]

0 10 20 30
Temperature (°C)

concentration of Pseudomonas spp. reaches 6.5 log CFU/g, which was
the average concentration of Pseudomonas spp. in fresh non inoculated
shrimps at the sensory rejection time obtained in this study when
shrimps were stored at constant temperatures. The predicted shelf-life
values based on the models and the observed shelf-life values by senso-
ry analysis are shown in Table 4.

4. Discussion

The present study aimed to assess the spoilage activity of
P. psychrophila and C. maltaromaticum in tropical shrimp (P. notialis),
to develop models that predict the growth of spoilage bacteria in
P. notialis as a function of temperature and to validate the models.

The ability of P. psychrophila and C. maltaromaticum to produce off-
odor in shrimp has been reported (Dabadé et al., 2015). According to
Gram et al. (2002), to identify the most important spoilage microorgan-
isms of a product, it is crucial to assess their quantitative ability to pro-
duce spoilage metabolites. The present work shows that P. psychrophila
produced significantly higher amounts of total volatile basic nitrogen
(TVBN) than C. maltaromaticum at storage temperatures varying be-
tween 0-15 °C. This is consistent with the sensory analysis that showed
a shorter rejection time with cooked shrimps inoculated with
P. psychrophila in comparison with cooked shrimp inoculated with
C. maltaromaticum between 0 and 15 °C. The chemical and sensory re-
sults agreed with the microbiological results since within the same tem-
perature range, the growth rate of P. psychrophila was significantly
higher than that of C. maltaromaticum. Although at 28 °C the growth
rate of C. maltaromaticum was significantly higher than that of
P. psychrophila, the sensory rejection times of shrimps inoculated with
both organisms were comparable. Our microbiological, chemical and
sensory results suggest that P. psychrophila spoils air-stored tropical
shrimp (P. notialis) faster than C. maltaromaticum at temperatures
ranging from 0 up to 15 °C. Similar results have been reported in meat
by Casaburi et al. (2011) and Ercolini et al. (2010) who showed that
Pseudomonas fragi had a higher sensory impact on meat stored at 4 °C
than C. maltaromaticum in air or vacuum-packaged. In contrast, Macé
et al. (2014) showed that in cooked tropical shrimp (Penaeus vannamei)
stored under modified atmosphere packaging at 8 °C, C. maltaromaticum
was the strongest spoiler in comparison with other bacterial species in-
cluding a member of Pseudomonadales (Psychrobacter sp.). In our study,
C. maltaromaticum as well as P. psychrophila were inoculated in shrimps
of which the endogenous flora was heat inactivated. Thus, it is unlikely
that the inoculated microorganisms competed for resources such as nu-
trients and oxygen with other microorganisms. Also, oxygen was not
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Fig. 4. Maximum specific growth rate of Pseudomonas psychrophila (A) and Carnobacterium maltaromaticum (O) in cooked shrimps (A), Pseudomonas psychrophila (A) in cooked shrimps
and Pseudomonas spp.(O) in fresh non-inoculated shrimps (B) at different temperatures modeled by the Ratkowsky equation (solid line).
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Fig. 5. Predicted fresh shrimps shelf-life at constant storage temperature (solid line) and observed shelf-lives of cooked shrimps inoculated with Pseudomonas psychrophila (O), cooked
shrimps inoculated with Carnobacterium maltaromaticum (A), fresh shrimps inoculated with Pseudomonas psychrophila (<), fresh non-inoculated shrimps (O).

probably a limiting factor since packs of shrimps stored at 28 °C were
opened almost every 2 h for sampling, and every 24-48 h at the lower
temperatures. Our data on spoilage of tropical shrimp (P. notialis) are
in agreement with recent studies on spoilage of cooked cold water
shrimp (Pandalus borealis) (Laursen et al., 2006) and cooked tropical
shrimp (P. vannamei) (Jaffres et al., 2011; Macé et al., 2014) showing
that C. maltaromaticum produces volatile compounds such as ammonia
(TVBN compound) and other chemical compounds that spoil cooked
shrimp. However, whether we should consider C. maltaromaticum as a
weak or strong shrimp spoiler, it will depend on the types of other spoil-
age flora associated with the product, which in turn depend on the stor-
age conditions. C. maltaromaticum, which is known to show high
resistance to CO, and to lack of O, (Alfaro et al., 2013), can outcompete
aerobic bacteria and become the strongest spoiler in modified-
atmosphere-packaging or vacuum-packaging, but in air-stored shrimp,
its spoilage impact is limited in the presence of more active aerobic
spoilers such as Pseudomonas spp.

The microbiological analysis revealed that Pseudomonas spp. were
the predominant microorganisms in fresh shrimp at low storage
temperatures (0 and 4 °C) with a maximum concentration
reaching 9 log CFU/g. However, their maximum concentration was 1--
2 log CFU/g lower at storage temperatures ranging from 7 to 28 °C. This
difference could be explained by an antagonistic or competitive activity
of other groups of microorganisms that predominate at high storage
temperatures. Several previous studies have reported interaction be-
tween spoilage microflora of seafood. For example, it has been docu-
mented that siderophore-producing Pseudomonas spp. inhibit the
growth of Shewanella putrefasciens, lowering its maximum concentra-
tion in fish stored at 0 °C up to 2 log CFU/g (Gram, 1993; Gram et al.,
2002; Gram and Melchiorsen, 1996). The cooking effect on physico-
chemical characteristics of shrimps rendering some nutrients (e.g.
amino acids) more easily accessible to the microorganisms may explain
why the growth rate of Pseudomonas spp. was lower in fresh shrimps in
comparison to P. psychrophila in cooked shrimps. Another reason could

Table 2
Bias factor and accuracy factor of the model predicting fresh shrimp shelf-life at constant
storage temperatures.

Types of shrimps Bias factor  Accuracy factor
(Bp)* (A1

Cooked shrimp inoculated with P. psychrophila 0.79 1.27

Cooked shrimp inoculated with C. maltaromaticum  0.61 1.65

Fresh shrimp inoculated with P. psychrophila 1.06 1.08

Non-inoculated fresh shrimps 0.95 1.06

¢ Brand Arwere calculated based on the comparison between the predicted and
observed shelf-life.

be the interaction among endogenous flora in fresh shrimps and the re-
duction in maximum concentration of microorganisms by overgrowing
flora which is known as the Jameson effect (Gram et al., 2002; Jameson,
1962; Mellefont et al., 2008). In a previous study, we found that at high
storage temperatures, H,S-producing bacteria were the dominant
group of microorganisms associated with shrimps caught from the
same lake (Dabadé et al., 2015). We found similar growth rates of
Pseudomonas spp. in fresh shrimps inoculated with P. psychrophila and
fresh non-inoculated shrimps (results not shown). This similarity
could be explained by the fact that the inoculated P. psychrophila,
found to be the fastest growing Pseudomonas spp. spoiling fresh shrimps
(Table S1), was previously isolated from a fresh sample and it might be
likely to be associated with non-inoculated shrimps in this study. It is
known that in a mixed population, the growth rate of the population
is similar to that of the fastest growing organism (McMeekin et al.,
1993).

The initial total volatile basic nitrogen value (TVBN) found in fresh
shrimp (P. notialis) in this study (29.2 mg/100 g) was similar to the
one found in a previous study (Dabadé et al., 2015) on the same species
of shrimp collected in the same lake (30.1 mg/100 g) and to the value
(30 mg/100 g) found in pink shrimp (Parapenaeus longirostris) caught
in Spain (Lopez-Caballero et al., 2007). The initial value of TVBN in
cooked shrimp was significantly lower than in fresh shrimp probably
because some nitrogen compounds evaporated or were released into
the cooking water as previously demonstrated (Cambero et al., 1998).
The TVBN values at the sensory rejection times (43-54 mg/100 g) of
cooked shrimps were significantly lower than those of fresh shrimps
(73-85 mg/100 g). This suggests that TVBN standard rejection values
of a given seafood product should take into consideration the processing
undergone by the product. It would also indicate that compounds in
TVBN may differ for cooked or fresh shrimps or that other compounds
are involved in rejection.

The conceptual minimal temperature T;y;, for pseudomonad growth
found in this study (Table 1) is lower than those previously reported
(—8 to —5 °C) for the same group of microorganisms (Gospavic et al.,
2008; Neumeyer et al., 1997). However, similar value of Tpy,;, for pseudo-
monad growth in fish (Sparus aurata) has been reported by
Koutsoumanis (2001). According to this author, strains variability and
differences in the structure and the composition of the growth medium
(real food versus laboratory medium) are some reasons that could ex-
plain the low value of Ty, found.

According to Dalgaard (2000), a Brin the range of 0.75-1.25 indicates
a successful evaluation of seafood spoilage models. The validation of the
model (Eq. (6)) predicting fresh shrimp shelf-life at constant storage
temperatures (Table 2) shows that the model can be used to successful-
ly predict the shelf-life of fresh shrimps as well as cooked shrimps
inoculated with P. psychrophila. However, with a By value of 0.61, the
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Fig. 6. Observed growth of spoilage organisms and predicted growth based on the assumption fimax x A = 1 (dotted line) and the assumption fimax x A = 4 (black solid line) at temperature
profile 28/10/5 °C in cooked shrimp (A), and fresh shrimp (C) and temperature profile 0/7 °C in cooked shrimp (B), and fresh shrimp (D). The spoilage organisms are Pseudomonas
psychrophila and Pseudomonas spp. in cooked and fresh shrimp, respectively. Gray solid line indicates temperature profile. 28/10/5 °C: shrimps were stored at 28 °C for 6 h, then they
were stored alternating 12 h at 10 °Cand 12 h at 5 °C 0/7 °C: shrimps were stored alternating 24 h at 0 °C and 24 h at 7 °C. Arrow indicates observed sensory rejection time. To construct
the models, it was assumed that there is no additional lag time when a temperature shift occurred during the exponential phase and a temperature shift during the lag phase resulted in a

new lag time equivalent to the relative part of the remaining lag phase.

shelf-life of cooked shrimps inoculated with C. maltaromaticum cannot
be predicted well by the model. The acceptable prediction zone method
(Fig. S3) also confirmed this since all the relative errors for the shelf-life
of cooked shrimps inoculated with C. maltaromaticum were outside the
acceptable prediction zone. Although the model can be used to support
shrimp stakeholders' decisions regarding shrimp quality management,

Table 3

Bias factor and accuracy factor of the models predicting the growth of Pseudomonas
psychrophila in cooked shrimps and Pseudomonas spp. in fresh shrimps at two tempera-
ture profiles.

Temperature Bias factor  Accuracy factor
profile? (Bp® (ApP
P. psychrophila in cooked shrimps ~ 28/10/5 0.77 1.32
0/7 0.83 1.21
Pseudomonas spp. in fresh shrimps  28/10/5 0.90 1.26
0/7 0.85 1.19

2 28/10/5: shrimps were stored at 28 °C for 6 h, then they were stored alternating 12 h
at 10 °Cand 12 h at 5 °C (see Fig. 6A or C).

0/7: shrimps were stored alternating 24 h at 0 °C and 24 h at 7 °C (see Fig. 6B or 6D).

b Brand Arare values of the models developed based on pimax x A = 1 for profile 28/10/5
and fimax X A = 4 for temperature profile 0/7. They were calculated based on the compar-
ison between the times microbial counts were observed (enumerated) and the times pre-
dicted to reach the same concentration as that observed (enumerated).

it cannot predict shelf-life under fluctuating temperature, which often
occurs in the supply chain. Moreover, the model cannot take into ac-
count the effect of the initial microbial concentration on shrimp
shelf-life. Fortunately, these shortcomings are taken into consideration
in the models predicting the growth of pseudomonads in shrimp
under non-isothermal conditions. To construct these models, the uncer-
tainty of the predictions due to the lag phase was simulated with ex-
tremes of the initial physiological state of the microorganisms. Similar
approach was also used by Bovill et al. (2001). For steps in the exponen-
tial phase, often no (large) lag phases are observed as a result of temper-
ature shift (Bovill et al,, 2001; Zwietering et al., 1994b), and also in this
study, no clear deviations were observed after growth was initiated. The
validation of these models show that they can be used to successfully
predict shrimp shelf-life under fluctuating temperature since the By
values obtained (Table 3) ranged between 0.75 and 1.25 (Dalgaard,
2000). The good agreement found between the predicted and observed
shelf-life of shrimp during both temperature profiles (maximum 15%
difference between the predicted and the observed shelf-life, Table 4)
confirmed that the shelf-life of shrimp can be estimated from pseudo-
monads growth data at different storage temperatures, especially at
low temperatures where they are dominant microorganisms.
Although the data at 28 °C could not be fitted since the growth was
so fast that not enough data points were available in the exponential
phase, the data were used for the validation of the prediction of
Pseudomonas counts at 28 °C (data not shown). The prediction of the
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Table 4
Predicted and observed shelf-life of cooked tropical shrimp (inoculated with Pseudomonas
psychrophila) and naturally contaminated tropical shrimp under dynamic temperature
storage.

Temperature Observed Predicted Difference”

profile® shelf-life  shelf-life (%)
(h) (h)
P. psychrophila in cooked 28/10/5 54 55 —-19
shrimps 0/7 152 140.5 +7.6
Pseudomonas spp. in fresh 28/10/5 30 32 —6.7
shrimps 0/7 144 122 +15.3

2 28/10/5: shrimps were stored at 28 °C for 6 h, then they were stored alternating 12 h
at10°Cand 12 h at 5 °C (see Fig. 6A or C).
0/7: shrimps were stored alternating 24 h at 0 °C and 24 h at 7 °C (see Fig. 6B or D).

b Difference between observed and predicted shelf-life values.

counts was based on the maximum specific growth rate estimated at
28 °C by extrapolation in fresh non-inoculated shrimps (Fig. 4B) and
using the three phase model (Eq. (7)). With a Byof 1.07 (calculated as
described in Eq. (8)), the validation showed that the prediction was suc-
cessful (Dalgaard, 2000).

Although shrimp shelf-life prediction was based on Pseudomonas
counts, TVBN production could also serve as basis for shrimp shelf-life
prediction given the high correlation between both parameters. The re-
lationship between P. psychrophila concentration and the production of
TVBN is shown in Fig. S4.

The observed shelf-life of fresh shrimp stored under temperature
profile 1 (28/10/5 °C) where temperature abuse occurred in the first
part of the chain (28 °C, 6 h), was only 30 h even though after these
first 6 h at 28 °C, shrimps were stored at lower temperatures, namely
10 °C (for 12 h) and 5 °C (for 12 h). This shelf-life was even shorter
than the shelf-life of shrimps stored at a higher constant temperature
(15 °C) (43 h) although they contained similar initial microbial concen-
trations. A similar observation was reported by Bruckner et al. (2012),
who found a remarkable shelf-life reduction of fresh pork and poultry
due to temperature abuse in the beginning of storage. Our study
highlighted the necessity of cooling shrimps as soon as they are caught.
Maintaining the cold chain is also of importance. For example, the ob-
served shelf-life of fresh shrimps stored at a constant temperature of
0 °C was 11 days. Alternating shrimp storage temperature between
0 °C (for 24 h) and 7 °C (for 24 h) (temperature profile 2) reduced the
observed shelf-life by almost 50% (6 days).

In conclusion, combining microbiological, chemical and sensory
analyses, this study demonstrated that overall, the spoilage activity of
P. psychrophila in tropical shrimp (P. notialis) is higher than that of
C. maltaromaticum. The validation of the model previously developed
(Eq. (6)) showed that this model can be used as a tool to adequately
predict the shelf-life of tropical shrimps during storage at constant tem-
peratures. Models predicting the growth of pseudomonads as a function
of temperatures were developed. Their validation showed that they are
able to predict the shelf-life of shrimps in satisfactory manner under
dynamic storage temperatures based on the time required by spoilage
organisms to reach the spoilage level.
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