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ORIGINAL ARTICLE

The influence of temperature and gas
mixtures on the growth of the intrinsic
micro-organisms on cut endive:
predictive versus actual growth

K. Vankerschaver, F. Willocx, C. Smout, M. Hendrickx* and
P. Tobback

Effects of temperature and carbon dioxide concentration on the growth of mesophilic
aerobic count (MAC), psychrotrophic, Gram-negative bacteria, pseudomonads and lactic
acid bacteria were investigated in a case-study of minimally processed endive. When
plotting population density against time, a distinct lag time was not observed. In a
temperature range from 4-3-16-1°C, both combined Arrhenius—-Ratkowsky-restricted growth
models were used to model growth of these groups of micro-organisms. Temperature
dependence of the growth rate constant for pseudomonads and psychrotrophic, Gram-
negative bacteria were similar, whereas the growth rate constant of the MAC was much
more temperature dependent. A combined exponential (CO,)-Arrhenius (temperature)-
restricted growth model was selected to model the number of pseudomonads and an
exponential (CO,)-Ratkowsky (temperature)-restricted growth model was selected to model
the growth of MAC on cut endive. The restricted growth model was differentiated with
respect to time to obtain a dynamic restricted growth model. Temperature shift-up and
shift-down experiments were performed. Use of the Arrhenius equation for the temperature
dependence of the growth rate constant and parameter estimates obtained under constant
CO; and temperature conditions only partially allowed us to predict the microbial evolution
of minimally processed endive under dynamic conditions. Especially under temperature
shift-down conditions, a systematic underestimation of growth was observed.
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Introduction atmosphere packing (Map) of minimally pro-
cessed vegetables.
The food industry is aggressively seeking The spoilage of chilled (minimally

preservation technologies that deliver con- processed) foods is a complex phenomenon
venience products which look fresh and palat- involving physical chemical, biochemical and
able. One of these ‘new’ technologies consists biological changes. The principal spoilage
of refrigeration in combination with modified mechanisms affecting minimally processed

vegetables are microbial growth, oxidation

(enzymatic browning) and moisture loss (Day
*Corresponding author. 1992, O’Beirne 1990). To a large extent, the
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safety of minimally processed products
depends on post-processing storage con-
ditions which are seldom ideal at the indus-
trial or home level (Evans et al. 1991; Willocx
et al. 1994). The integrated effect of time and
temperature  allows organoleptic and
nutritional quality to deteriorate, as well as
the proliferation of pathogenic and spoilage
micro-organisms.

The predominant microflora of fresh leafy
vegetables are aerobic, psychrotrophic,
Gram-negative bacilli, with counts of Pseudo-
monas and Erwinia spp. of approximately 10°
cfu g™ (Carlin et al. 1990, Denis and Picoche
1986, Picoche and Denis 1988). Variations of
the storage conditions will alter not only the
growth rate of micro-organisms, but also the
type of spoilage micro-organisms that will
predominate (Barriga et al. 1991, Brackett
1987, Sinell 1980). A shift in storage tem-
perature and gas concentration in the pack-
age of minimally processed vegetables will
shift the microflora towards lactic acid bac-
teria (Manvell and Ackland 1986).

In this study, the predictive performance
of a combined temperature-growth model is
evaluated for the total mesophilic aerobic
count (MAC), the number of psychrotrophic,
Gram-negative bacteria and the number of
pseudomonads on minimally processed
endive. The effect of the different raw
materials, gas composition and temperature
on the growth characteristics was evaluated.
After validation, a suitable temperature
dependence relation was used to predict the
growth of different groups of bacteria under
dynamic temperature conditions in order to
evaluate the time—temperature tolerance
hypothesis (McMeekin et al. 1993) for
microbial growth on minimally processed
endives.

Materials and Methods

Minimal processing of endives

The endives used in this study were pro-
cessed in a standardized way. The following
processing steps are similar to industry prac-
tices of minimally processed vegetables. On
the first day, a tray of six chilled endives

(with an average weight of +900 g) was
bought at a local vegetable auction and
transported back to the laboratory within
35 min. Variety and experimental conditions
of the endives are given in Table 1. The
endives used in the first experiment (A) were
bought in a local supermarket, and as a
consequence, history and origin are not
known. The endives that were bought at the
vegetable auction, were harvested 2 days
prior to purchase and were kept refrigerated
(x4°C).

Upon arrival in the laboratory, the outer
wrapper leaves were discarded and the
endives were sliced with a sharp stainless
steel knife into strips of about 1 cm. The
pieces were rinsed twice with cold water (tap
water, +12°C), thoroughly mixed and centri-
fuged (manually operated) to remove excess
water. In this study, the starting point of the
microbial shelf life of the minimally pro-
cessed endives was defined from the end of
processing. After processing, 50 g of the
endives were individually packed in polypro-
pylene net bags (sterilized with alcohol). At
least 15 packages were placed in a sealed
container (20 I) fused with the appropriate
gas mixture. The gas was passed through a
water flask before entering, to avoid dehy-
dration of the endive. In order to avoid gas
composition changes due to respiration, the
gas flow was adapted to the remaining pack-
ages in the container. The initial flow was set
at 400 ml min™ and decreased to 50 ml min™
towards the end of the experiment (the flow
was calculated to compensate for the normal
respirational activity of the crops). A tem-
perature data recorder (external sensor,
sterilized) measured the temperature within
the containers. The entrance hole of the
sensor was also used as the venting hole of
the container. The containers were stored at
the desired temperature and gas composition
for 11 days. Six independent experiments
(indicated further as A, B, C, D, E and F)
were carried out. The experimental con-
ditions are listed in Table 1.

Microbial sampling plan

From the fresh minimally processed endive,
the initial microbial load (time=0) was
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enumerated in each experiment. Only one
sample (50 g) was analysed in the first
experiment (A), two samples in the second
(B) and third (C) experiment and three
samples in the fourth (D) and fifth (E) experi-
ment. Each sample was homogenized in 450
ml sterile water in a Warning Commercial
Blender (VEL, Belgium) for 50 s. Serial
dilutions were made in a sterile Ringer
solution (9 g NaCl I") and the appropriate
dilutions were plated in triplicate and enu-
merated using the procedures of Mossel and
Jacobs-Reitsma (1990) as follows:

Mesophilic aerobic count (MAC). Pour
plate (1 ml sample), enumerated on plate
count agar (PCA Difco); pH: 7-0+0-2; incu-
bated for 72 h at 30+1°C.

Psychrotrophic, Gram-negative bacteria.
Spread plate (0-1 ml sample) enumerated on
PCA (Difco) with 1 ppm crystal violet (UCB,
Belgium), incubated for 72 h at 22+1°C.

Pseudomonadaceae (pseudomonads).
Spread plate (0-1 ml sample), enumerated on
selected Pseudomonas agar base (PA, Oxoid)
supplemented with CFC (5 mg cetrimide; 5
mg fucidin; and 25 mg cephaloridine, per 500
ml sterile PA, Oxoid) and glycerol; pH: 7-1+
0-2; incubated for 48 h at 30+1°C.

Lactic acid bacterials (LAB). Enumerated
on De Man, Rogosa and Sharp agar (MRS,
Oxoid); pH: 6:2+0-2. After inoculation of the
agar (1 ml sample), an overlay layer of MRS
was added. The plates were incubated aerob-
ically for 72 h at 37+1°C.

Pour plates giving 30-300 well-separated
colonies were selected for enumeration,
whereas for the enumeration of spread
plates, petriplates in a suitable range from
15-150 cfu were used. During the storage
experiment, the prepared packages of endive
were removed from the container following a
predetermined sampling scheme (see Table
1), and the same micro-organisms were
tested as for the initial microbial load. The
time of removal of the prepared package
minimally processed endive from the con-

tainer was identified as the time of sampling.
The pH of the homogenized diluted endive
sample (50 g in 450 g H,0O) was measured
daily (WTW pH 535 multical, VEL, Belgium).

Data analysis

The temperature dependence regression coef-
ficients were estimated with the one-step or
global regression approach (Haralampu et al.
1985) using the procedure NLIN of the SAS
software package (SAS 1982). The data set
was considered as a whole and the regression
coefficients were estimated through the com-
bination of the temperature dependence
relations for lag time and growth rate after
substitution into the growth curves.

Equations/models used for
models in this study were:

(1) Model for restricted growth under iso-
thermal conditions

predictive

Y =Y, +i.exp(—Kat) Q)
(2) Model for restricted growth under
dynamic conditions
dy .
E =kg. (Ym—Y) = —ke. [i.exp(-Ka1)]
2

(3) The Arrhenius equation
Ko= Kae.€XP[(Eo/R).(1/ 84— 176)] (3)

(4) The Ratkowsky equation (Ratkowsky et
al. 1982)

Ko= [Drar . (6= Gin)]° (4)

where Y is the bacterial population density at
time t [log(cfu/g)]; Y is the 10g(Nmay), maxi-
mum population density or saturation level
[log(cfu g™)]; i is equal to the [log(No)-Ym],
negative increase in microbial count; [log(cfu
g™M]; No is the initial population density at
time t=0 (cfu g™); ke is the growth rate con-
stant (h™) at a temperature 8 [°C]; t is the
time (h); N is the bacterial population density
at time t (cfu g™); 6 is the temperature [°C or
K]; 6min is the theoretical minimum
temperature for growth [°C or K]; 8, is the



reference temperature [°C or K]; kg is the
maximum growth rate at reference tempera-
ture h™; E, is the activation energy or
temperature characteristic (J mol™); R is the
universal gas constant (8:314 J mol™ K™); b,
is the Ratkowsky regression parameter
(K™.h™9),

Results and Discussion

Initial microbial load of minimally
processed endive

The initial microbial load of the minimally
processed endive was the starting value
(input variable) of the predictive model.
Furthermore, in order to be of value, it was
necessary to estimate the contribution of the
number of pseudomonads to the total popu-
lation. Therefore, the number of pseudomon-
ads was compared with the MAC and the
number of psychrotrophic, Gram-negative
bacteria. The initial microbial load of the
fresh washed and cut endive is given in Table
2. As can be seen from this table, the number
of pseudomonads constituted a major part of
the initial microflora of minimally processed
endives, independent of the experiment.
Moreover, the number of aerobic, mesophilic
bacteria was comparable with the number of
psychrotrophic, Gram-negative bacteria. In
France, the acceptable microbial limit for
MAC (m) equals 5-7 log(cfu g™) with an upper
level (M) of 6-7 log(cfu g™) at the moment of
production (Anon. 1988). To account for the
variation in microbial enumeration tech-
niques, by law, a deviation of +0-5 log-unit
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moment of consumption, the upper accept-
able level, which should not be exceeded for
minimally processed vegetables, equals 5-7
log(cfu g™). Deviations of the upper level,
however are not allowed. Based on this three-
class attributes sampling plan, the minimally
processed endive used in this study would be
of marginal quality (Jarvis 1989).

The initial number of lactic acid bacteria
did not differ much from experiment to
experiment, and varied in a range from
2.:0-2-8 log(cfu g™). These rather low counts
are in accordance with the levels found in
lettuce (Denis and Picoche 1986).

Ideally, samples drawn from a lot should
be representative of the whole lot. Because of
the variation in the distribution of organisms
in the food and the imprecision associated
with the enumeration technique, representa-
tive sampling for solid foods is not an easy
job. In order for the count to be of value for
the model predictions, it is necessary to have
an indication of the accuracy of the bacterial
count. In the fourth (D) and fifth (E) experi-
ment, three replicate samples were analysed
to estimate the variance of the reported mean
population density. In Table 3, the variability
of the different microbial counts are given.
Note also that the mean microbial count was
the average of three plate counts.

The reported mean values are repeatable
within 10% of the values obtained from
another sample. Furthermore, the reported
standard deviation on the microbial count is
in accordance to the overall 95% confidence
limit of +0-5 log-units of the mean value
obtained from replicate tests on a single
sample (Jarvis 1989). As can be seen from

from the lower limit is allowed. At the
Table 2. Initial microbial load [mean values, log(cfu g™)] of minimally processed endive, with n, the
number of replicate samples
Micro-organisms Experiment
replicate samples A B c D E

1 2 3 4 5
MAC N.C.2 5.72 6-20 5.81 5.83
Psychrotrophic Gram-negative 6-00 5.53 5.65 5.86 5.53
Pseudomonads 5.94 5-36 534 5.58 5.08
LAB 2:00 2:43 2:63 2:40 2:76

2N.C.=Not Counted.

MAC, mesophilic aerobic count; LAB, lactic acid bacteria.
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Table 3, the inter-sample variation
(expressed as standard deviation) leads to
even wider confidence limits. As a conse-
guence, when comparing the observed
microbial counts with the predicted levels, a
broad confidence range must be taken into
account to compensate for the variability of
the analytical method and the variability due
to the distribution of micro-organisms in the
food sample.

Model for restricted growth

When taking a closer look at the microbial
counts of the minimally processed endives,
the change in microbial count was not a
smooth sigmoidal curve. Moreover a distinct
lag phase was not observed. Similar observa-
tions were made by Hudson and Mott (1993),
who found that Aeromonas hydrophila, inocu-
lated on samples of cooked beef, were not con-
sistent with the Gompertz equation and did
not show any lag time. Also Langton et al.
(1993) found that Salmonella grown on
chicken samples typically did not exhibit a
lag phase.

By lack of a clear lag phase in the
microbial growth curves of the different
groups of micro-organisms on minimally pro-
cessed endives, the restricted growth model
(Egn 1) appears useful. The model must be
modified by using a logarithmic population
density (log(cfu g™)) instead of the absolute
value. The restricted growth model describes
an exponential saturation to a predefined
maximum population density.

The effect of temperature and raw
materials on the kinetic growth
parameters

In order to verify the influence of variation
of the raw materials on the kinetic growth

parameters, the temperature dependence
relations were evaluated between
experiments.

Table 4 summarizes the one-step

regression analysis for the number of pseudo-
monads using the Arrhenius (Eqn 3) and
Ratkowsky (Eqn 4) equations in combination
with the model for restricted growth. The
activation energy for the pseudomonads
population of experiments B and C was
somewhat lower when compared with the
activation energy estimated for the other two
experiments (A and E). Conversely, the
estimated growth rate constant at reference
temperature (283-15 K or 10°C) of the exper-
iments B and C is much higher. The same
trend was observed in the parameter esti-
mates of the Ratkowsky relation. The par-
ameter values for experiment C deviates
somewhat from the other parameter esti-
mates. Although more data points were used
in the regression analysis for experiment C,
the high mean residual sum of squares
(MRSS) indicates a poor goodness-of-fit.

In Table 4, the result of a global regression
analysis using the entire data set is also
given. If the MRSS is used as sole selection
criterion for the goodness-of-fit, the combined
Arrhenius-restricted growth  model s
favoured for the growth of pseudomonads on
minimally processed endive. An average acti-

Table 3. within and between sample variability (s.d.) of the number of pseudomonads,
psychrotrophic, Gram-negative bacteria and mesophilic aerobic count (MAC) [log (cfu mi™)]

Exp. Sample Pseudomonads Psychrotrophic Gram-negative MAC
meanzs.d. meanzs.d. meanzs.d.
D a 5-42+0-046 5.75x0-070 5.56+0-089
b 5.76+0-080 5.96+0-018 5.92+0-029
c 5.44+0.047 5.84+0:048 5.85+0:099
total 5.54+0-17 5.85+0:1 0 5.77+0-18
E a 5.26+0-028 5.66+0-038 5.83+0:032
b 5.05+0-022 5.59+0:100 5.93+0-112
c 4.80+0-039 5.19+0-056 5.80+0-185
total 5.04+0-20 5.48+0-13 5.85+0-13

The mean value of the individual sample is calculated from three petri plates.
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Figure 1. Number of pseudomonads (log(cfu
g™)) of experiment C, at 4.4, 10-1 and 15-7°C under
air, with the predicted growth curves using the
regression parameters of experiment C (=) and the
average parameters from the entire data set (- - -)
(Table 4). (W) 4-4°C, (A) 10-1°C, (O) 15-7°C.

vation energy of 76-7 kJ mol™ and a growth
rate constant of 0-00704 (h™) at 283 K was
estimated (Table 4). If the selected growth
model is independent of the raw materials
used, the average parameter coefficients can
be used to predict the growth of pseudomon-
ads on the subset data. In an attempt to
evaluate this hypothesis, the growth of the
number of pseudomonads of a specific experi-
ment was estimated using the regression
coefficients of the entire data set (Table 4)
and compared with the predictions using the
regression coefficients of that specific experi-
ment. Fig. 1 shows the experimental and pre-
dicted growth curves of the number of
pseudomonads of experiment C. As can be
seen at 15-7°C, both regression coefficients
resulted in identical growth curves, whereas
at 10-1°C and 4-4°C the growth was under-
estimated compared with the model esti-
mates from the entire data set.

However, the difference between both
model estimates was less than the measure-
ment error; a systematic underestimation of
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Figure 2. validation step. Number of
pseudomonads and mesophilic aerobic count
(log(cfu g™)) of experiment D (at 8:4°C, under air),
with the predicted growth curves using the
regression coefficients of the fitting sample. (H)
Pseudomonads, (A) mesophilic aerobic count.

the growth cannot be denied. It should be
noted that the minimally processed endive
taken in the verification step had regression
coefficients that deviated most from the aver-
age of the entire data set.

Model validation

One can expect that if the model is not cap-
able of accurately predicting the microbial
evolution of a data set that was used with the
fitting analysis, the prediction performance
for an entirely new data set will be even
worse. In order to validate the selected model
(combined  Arrhenius-restricted  growth
model) and to update the parameter esti-
mates, additional validation experiments
were undertaken. In Fig. 2, the experimental
and predicted growth curve of the number of
pseudomonads and MAC at 8-:4°C under air of
experiment D is given. The parameter esti-
mates of the selected Arrhenius-restricted
growth model are taken from Table 4. In Fig.
3, the number of pseudomonads and the
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Figure 3. Vvalidation step. Number of
pseudomonads and  psychrotrophic, Gram-
negative bacteria (log(cfu g™)) of experiment F (at
10-2°C, under air), with the predicted growth
curves using the regression coefficients of the
fitting sample. (H) Pseudomonads, (A)
psychrotrophic, Gram-negative bacteria.

psychrotrophic, Gram-negative bacteria at
10-2°C for the cut endive (variant Nuance) of
an independent experiment (experiment F)
not involved in the parameter estimation pro-
cedure is shown together with the predicted
population density for both groups of micro-
organisms. The regression coefficients for the
MAC and psychrotrophic, Gram-negative
population were also taken from a global
analysis from the entire data set (not shown).
As can be seen from Figs 2 and 3, the predic-
tions of the number of pseudomonads, MAC
and psychrotrophic, Gram-negative bacteria
on the minimally processed endive are
acceptable in both experiments.

These validation experiments confirm the
hypothesis that the growth of groups of
micro-organisms on minimally processed
endives can be assumed independent of the
raw materials used. Naturally, the raw
materials will influence the initial flora, the
availability of nutrients and the presence of
competitive micro-organisms, but these fac-

tors are—or can be—hidden by the inaccur-
acy of the analytical counting method. Qual-
ity and quantity of the data are of paramount
importance for both fitting and validation of
the combined temperature growth model. For
instance, in the experiment C, the population
density counted in the stationary phase at
15.7°C varied between 9:75 log(cfu g™) at
124-32 h and 8:12 log(cfu g™) at 141:48 h (not
shown). If the enumeration method in the fit-
ting step is inaccurate, one can expect the
models to be even more inaccurate. Further-
more, the measurement of the temperature of
the minimally processed endive was difficult.
Because almost 1 kg product was incubated
initially, temperature was influenced by the
respiration activity of the produce, which in
turn was influenced by the incubation tem-
perature. The fluctuations in temperature
during storage is reflected by the high stan-
dard deviations of the mean value (Table 1).
However, a precise measurement of the tem-
perature is a prerequisite of the physical
mathematical evaluation method of the pres-
ervation process. In order to evaluate the
impact of the process on the quality attri-
butes of the food product, the controlling
physical parameters (e.g. temperature) must
be determined accurately.

In Table 5, the updated parameter esti-
mates of the combined Arrhenius- and
Ratkowsky-restricted growth models are
given for the number of pseudomonads, the
psychrotrophic, Gram-negative bacteria and
the MAC using both the fitting and vali-
dation sample data set. Based on the MRSS,
it can be concluded that after updating, both
combined Arrhenius- and Ratkowsky-restric-
ted growth models can be used to model the
growth of the groups of micro-organisms on
minimally processed endive in a temperature
range from 4.3-16-1°C. The temperature
dependence of the growth rate constant for
the pseudomonads and psychrotrophic,
Gram-negative bacteria are similar, whereas
the growth rate constant of the MAC is much
more temperature dependent.

Modelling the effect of gas composition

Next to temperature, modified atmosphere
is another growth controlling factor of
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minimally processed vegetables. In this
study, the number of pseudomonads and
MAC of minimally processed endive stored
under isothermal conditions (8:1°C) under
0:03% (air), 11 and 19% CO, were evaluated
(experiment D). The global regression analy-
sis, relating the growth rate of the modified
model for restricted growth to the CO, con-
centration with a linear or exponential
dependence relation is given in Table 6. It
must be remembered that the sum of CO,
and O, concentrations in the gas mixture
equals 21% by volume. The initial microbial
load is taken from Table 2 and the maximum
population density is set at 9-8 log(cfu g™).
For both groups of micro-organisms, the
exponential dependence relation of the
growth rate constant with the CO, concen-
tration in the head space is selected as the
best fitting model. For both models, the MAC
is more retarded by an increased CO, concen-
tration than the number of pseudomonads. In
Fig. 4, the observed and fitted growth curves
of the number of pseudomonads indicate that
the predicted shelf life of minimally pro-
cessed endive is almost doubled from 127 h
stored under air to 230 h stored under 18-4%
by volume CO, (and 2% O,), when taking 7-7
log(cfu g™*) as the acceptable limit for con-
sumption. Further research to evaluate a
possible synergistic effect of the gas compo-
sition on the natural microflora of minimally
processed endive is necessary. For simulation
studies, the CO, dependence relations (linear
or exponential) were fit into a global CO.-
temperature—growth model. Based on the
MRSS of Table 5 and 6, a combined exponent-
ial-Arrhenius-restricted growth model is
selected for the number of pseudomonads and
an exponential-Ratkowsky-restricted growth
model for the MAC.
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Figure 4. The observed and predicted number
of pseudomonads (log(cfu g™) on minimally
processed endive (experiment D) at 8:1°C under
0-03 (air), 10-6 and 18:4 vol% CO,. (H) air, (A)
10:6% CO,, (*) 18-:4% CO,.

Modelling growth of the number of
pseudomonads under dynamic
temperature conditions

The modified model for restricted growth
(Egn 1) is the explicit solution of a more
general dynamic differential equation in the
special case of a constant temperature. By
analogy of the derivation of the dynamic
model from the original Gompertz equation,
the model for restricted growth (Eqn 1) is dif-
ferentiated with respect to time, as described
in Egn 2.

This dynamic model for restricted growth

Table 6. Global regression analysis for the CO, dependence relation (% (v/v)) of the growth rate
constant (h™) in combination with the model for restricted growth for the number of pseudomonads and
mesophilic aerobic count (MAC) at 8-1°C (experiment 13/09)

Micro-organisms Model Growth rate constant MRSS

Pseudomonads Linear ke=0-00527-0:000120*[CO,] 0-0837
Exponential In(kg)=-5-210-0-0319*[CO,] 0-0768

MAC Linear ks=0-00470-0:000156*[CO,] 0-123
Exponential In(kg)=-5-331-0-0347*[CO,] 0-118
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Figure 5. The observed and predicted number
of pseudomonads (log(cfu g™)) using the dynamic
model for restricted growth in combination with
the Arrhenius relation (Table 4) for two
time—temperature profiles (experiment E). (H) 4-
16-4-4°C, (A) 4-4-16-4°C.

has the similar advantages as those reported
for the dynamic model of Van Impe et al.
(1992). When the time—temperature profile is
divided into short, constant temperature
intervals (At;), and the optimal temperature
dependence relation of the growth rate con-
stant of the selected microflora is included,
the population density of the minimally pro-
cessed endive can be calculated by forward
numerical integration.

Fig. 5 shows the number of pseudomonads
of the dynamic part of experiment E, and the
predicted growth curves using the dynamic
model for restricted growth (Egn 2) in combi-
nation with the Arrhenius equation for the
temperature dependence of the growth rate
constant. The data obtained at 4 and 16°C
(isothermal conditions) were used to deter-
mine the temperature dependence constants
(Table 4). After the first temperature shift-up
(dynamic conditions), it was observed that
the number of pseudomonads react immedi-
ately to the new incubation temperature, and
the prediction was in close agreement with
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the observed microbial load. Because almost
1 kg produce was stored in the container, it
took almost 4 h before the temperature inside
the container reached the new incubation
temperature. This temperature increase
could hide a possible history effect, but never-
theless, the number of pseudomonads is
nicely predicted after the temperature shift-
up step. It has been shown that the culture
status affects the duration of the lag phase,
but does not alter the doubling time or maxi-
mum population density (Duncan and
Nickerson 1962, George and Lund 1992,
Jason 1983, Mackey and Kerridge 1988,
Pamment et al. 1978).

After the temperature shift-down from 16
to 4°C, the number of pseudomonads was
completely underestimated for both scen-
ario’s. The difference between the observed
and predicted values cannot be related to the
analytical measurement error; it appears
that the microbial population grew with the
same rate as before the temperature shift-
down. In Fig. 6, the growth curves were pre-
dicted as if the minimally processed endive
was incubated at the same temperature as
before the temperature shift (16°C, dotted
lines) such that the number of pseudomonads
were in close agreement with the assumed
time—temperature profile predictions. Appar-
ently, the new incubation temperature had
no influence on the growth rate of the intrin-
sic microbial flora and the rule of additivity
(McMeekin et al. 1993) was no longer valid
for the growth of the number of pseudomon-
ads on minimally processed endive stored
under dynamic temperature conditions. In
this case, it was not possible to predict the
intrinsic microflora under changing tempera-
ture conditions.

A possible explanation for this observation
could be found in a modified vegetable tissue.
During sampling in the second week of the
experiment, the appearance of the minimally
processed endive was not acceptable because
some of the pieces turned completely black.
The leaves lost water as indicated by the
marked drip at the bottom of the container.
Possibly, the endive was unacceptable such
that the growth of the micro-organisms was
no longer controlled by the incubation tem-
perature but by a complete breakdown of the
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Figure 6. Predicted growth curves of the
number of pseudomonads using the experimental
time—temperature profile (—) and the assumed
time—temperature profile (- - -) (experiment E). (H)
4-16-4-4°C, (W) 4-4-16-4°C.

vegetable tissue. It should also be noted that
the temperature shift occurred when the
population density reached more than 85
log(cfu g™*) and the samples would have been
rejected for consumption.

Modelling growth of the Mesophilic
Aerobic count under dynamic
temperature conditions

Next to the number of pseudomonads, the
MAC was enumerated during experiment E.
Fig. 7 shows the observed and predicted MAC
using the dynamic model for restricted
growth in combination with the Arrhenius
temperature dependence of the growth rate
constant (Table 5). The MAC was underesti-
mated after the temperature shift-down.
Assuming the minimally processed endive
would have been incubated at the tempera-
ture before the shift-down (approximately
16°C), the predicted growth curve (dotted
line) was in better agreement with the
observed MAC.
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Figure 7. Observed and predicted growth data
of the mesophilic aerobic count using the
experimental time—temperature profile (—) and
the assumed time—temperature profile (---)
(experiment E). (H) 4-16-4-4°C, (A) 4-4-16-4°C.

Conclusions

We can conclude that, given the initial
microbial count and the environmental stor-
age conditions, the number of pseudomonads
and the MAC can be predicted under iso-
thermal and constant carbon dioxide con-
ditions. The temperature dependence of the
growth rate constant was independent of the
raw materials used. The number of pseudo-
monads and the psychrotrophic, Gram-nega-
tive bacteria were almost equal in a tempera-
ture range from 4-16°C. The growth of the
pseudomonads population and the MAC was
retarded by the gas composition of the head-
space, while the lactic acid population was
not affected.

The predictive performance of the new
combined temperature growth was also
evaluated. The explicit model for restricted
growth was differentiated with respect to
time. The microbial evolution of minimally
processed endive stored under dynamic tem-



perature conditions was predicted using the
model parameters obtained under constant
temperature conditions. From this study, it
was concluded that the rule of additivity was
not longer valid. After the second tempera-
ture shift, the number of pseudomonads and
the MAC were underestimated. It was sug-
gested that this phenomenon could be related
to the complete breakdown of the vegetable
tissue. The release of additional nutrient was
an important growth controlling factor. In
contrast, a temperature change before the
intrinsic microflora of the cut endive reached
unacceptable levels was predicted fairly well.
It was concluded that further research is
necessary to investigate the observed devi-
ation in predicted and counted microbial
load.

A quantitative approach as illustrated
here can be a helpful tool to industry in
analysing the effect of storage conditions
(temperature conditions and gas atmosphere)
on the microbial quality of refrigerated foods.
A potential application could be the analysis
of the effect of temperature conditions as
observed in different distribution chains.
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