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Mathematical Modeling of Microbial Growth
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ABSTRACT: Microbial flora of refrigerated orange juice was analyzed during storage at 10 88888C and the effects of the
following factors were discussed: 1) the previous washing process of the orange peel, 2) the different levels of the
added preservatives (citric acid, ascorbic acid, potassium sorbate, sodium benzoate), 3) the gaseous permeabilities
of the packaging film. Gompertz equation was applied to model molds and yeasts growth for the different treatments
and packaging conditions. The washing procedure with sodium hypochlorite extend 2 - 3 d the storage life of the
juice (time to reach microbial counts of 106 CFU/ml) in both packaging films. The use of organic acids and potas-
sium sorbate or sodium benzoate (1.66 - 6.94 mM) led to storage life values > 11 d in polyethylene and ..... 20 d in the
low gaseous permeability film, maintaining good sanitary conditions.

Key Words: microbial growth, orange juice, packaging, chemical preservatives, Gompertz equation

Introduction

UNPASTEURIZED JUICES ARE MUCH MORE SUSCEPTIBLE TO
microbial deterioration than juices pasteurized under

normal time/temperature regimens. Unpasteurized citrus
juices rely only upon low pH, cold temperature, scrupulous
sanitation and GMP’s to inhibit microbial contamination and
proliferation during handling, storage and distribution.

Juices as fruit products or as ingredients have to be pas-
teurized or must receive an equivalent process that insures
the production of juice free from pathogenic microorgan-
isms due to outbreaks of foodborne illness by microorgan-
isms as E. coli O157:H7, Salmonella and Criptosporidium
(Matthys 1999).

Washing the orange peel with chlorinated water is recom-
mended to remove soil from fresh products. If washing is
done properly, microbial populations can be lowered (Ayhan
and others1998).

Yeasts predominate in spoilage of acid fruit products be-
cause of their high acid tolerance and the ability of many of
them to grow anaerobically. Yeasts, molds, and lactic acid
bacteria have been implicated in spoilage of fruit juices
(Deak and Beuchat1993).

Technological modifications in citrus processing could in-
fluence the frequency of mold spoilage in juices. The use of
oxygen barrier containers allowed to reach much longer re-
tail shelf life of chilled juices; reduced oxygen tension nega-
tively affects mold growth rates, however, mycelia can grow
under low oxygen conditions in vitro (Parish 1991).

Soft drinks and fruit preserves sometimes require the
addition of chemical preservatives to improve their storage
stability. These additives should be used carefully and only
when there is a clear need to increase shelf life, prevent
spoilage, or minimize the food-poisoning risk. Application
of citric acid to prolong the storage life of peeled oranges
has been reported by Pao and Petracek (1997). Infusion of
fruits with citric acid solution (0.1, 0.25, 0.5, and 1.0% w/v)
during the peeling process reduced the surface pH of the
peeled fruits from 6.0 to values lower than 4.6 and extended
their life in comparison with fruits infused with water only.

Predictive microbiology is a useful tool to determine shelf

life of food products. The concept is based on the develop-
ment of mathematical models that describe the influence of
predominant controlling factors (such as temperature, pH,
water activity, gaseous atmosphere, and preservatives) on
the lag phase and growth rate of pathogenic and spoilage or-
ganisms. These predictions, however, can only be made
through interpolation within the range of factors examined
(Ross and McMeekin 1991). Kopelman and Rauchwerger
(1984) successfully used kinetics data (both microbial and
taste) for the prediction of microbial growth and for taste
deterioration under variable time-temperature conditions
(that is, simulation of a cold chain path).

The objectives of the present work were to analyze and to
model microbial flora in natural unpasteurized orange juice
during refrigerated storage at 10 8C and to study the effect of
the following factors on the shelf life of the product: (i) pre-
vious washing process of the fruit peel, (ii) addition of pre-
servatives to the juice (citric acid, ascorbic acid, potassium
sorbate, sodium benzoate), (iii) use of packaging film with
different gaseous permeabilities.

Materials and Methods

FRESH VALENCIA ORANGES WERE PURCHASED IN LOCAL MAR-
kets and stored at 10 °C. The fruits were washed, and

brushed manually; two washing procedures of the orange peel
were tested: (1) with potable water or (2) with sodium hy-
pochlorite solution (0.25 g/L) and finally with potable water.
Oranges were cut in halves and squeezed to obtain the juice;
all instruments and equipment were sanitized with 0.25 g/L
chlorinated water (Ayhan and others 1998). Juice samples ob-
tained from fruits submitted to the different peel washing
procedures and concentrations of the added preservatives
were indicated in Table 1. Microbial flora was analyzed in nat-
ural unpasteurized orange juice (samples A and B) and in
treated samples (C to I). Sample C corresponds to a juice that
was obtained from oranges whose peel was washed with sodi-
um hypochlorite solution (0.25 g/L) and contains natural addi-
tives: citric acid, ascorbic acid, and sucrose. Selected levels of
natural preservatives in sample C were determined from pre-
vious works by sensory analysis (Andrés and others 1999).
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The use of chemical preservatives is necessary to assure
microbial safety in unpasteurized juice. In the present work,
tested concentrations of potassium sorbate (MW = 150..22)
and sodium benzoate (MW = 144.10) (1.66 to 6.94 mM, sam-
ples D through I in Table 1) were selected according to the
values permitted by the Argentinian Regulations (Código Ali-
mentario Argentino, Art. Nr. 1040, Res. 2067, 11.10.88) that
determines a maximum level of 1g/L for sorbate (6.66 mM)
or benzoate (6.94 mM) application.

The effect of packaging in plastic films with different oxy-
gen permeabilities was also analyzed. Aliquots of 30 ml of the
different samples (Samples A through I in Table 1) were
packaged in polyethylene bags (Oxygen permeability, PO2:
5000 cm3/m2/24 hs/atm at 23 8C). To determinate the effect
of low gaseous permeability films, aliquots of 30 ml from the
different juice samples were previously packaged in polyeth-
ylene (avoiding residual air in contact with the juice), and
then packaged under vacuum in EVA-SARAN-EVA (ESE) film
(Grace, Argentina) (PO2: 50 cm3/m2/24 hs/atm at 23 8C).
Samples of packed juice were stored at 10 8C for 35 d.

Physico-chemical determinations
pH and titratable acidity was determined by the AOAC

22058 method (AOAC 1984). Samples were prepared ac-
cording to the AOAC 22008 method for fresh fruits (AOAC
1984); titratable acidity was expressed as meq of citric acid/
100ml of juice. Concentration of organic acids in the juice
were determined by HPLC (Waters, Milford, Mass., U.S.A.)
996 photodiode array detector, 717 plus autosample and
water 600 pump) using Aminex HPX-87H-Biorad column,
H2SO4 0,009 N as mobile phase. Absorbance spectrum was
analyzed at 214 nm for citric and malic acids and at 245 nm
for ascorbic acid. Total and reducing sugars were deter-
mined spectrophotometrically by a modified Somogyi-Nel-
son method (Southgate 1976). Non reducing sugars were
calculated by difference between total and reducing sugars.
Soluble solids were determined at 20 8C refractometry using
Abbe 60 refractometer; total solids were determined in vac-
uum at 60 8C. Insoluble solids were calculated as the differ-
ence between total and soluble solids.

Isolation and identification of predominant
microorganisms

Isolation of microorganisms was performed in Yeast Glu-

cose Chloramphenicol (YGC) and Plate Count Agar (PCA).
Gram and methylene blue coloration was applied; light mi-
croscopy was used for microscopic observation.

Isolated yeasts were identified according to Kurtzman and
Fell (1998). Molds were identified according to their macro-
scopic and microscopic characteristics, after growth on YGC.

The presence of lactic acid bacteria (LAB) in orange juice
packaged in polyethylene and ESE, stored at 10 8C and 30 8C
was studied in OSA medium (Oxoid) (30 8C, 48 hr) (Parish
and Higgins 1988) followed by Gram coloration of the isolat-
ed colonies.

Microbial analysis
At different storage times, a 20 ml sample of orange juice

from each assayed condition (Table 1) was placed into a
Stomacher bag with 80 ml of peptone water 0.1% and was ho-
mogenized for 60 sec. Serial dilutions were plated onto dupli-
cate plates of Plate Count Agar (PCA) for total microbial
counts (48 hr at 30 8C) and psychrotrophic microorganisms (7
d at 4 8C); Yeast Glucose Chloramphenicol Agar (YGC) for
molds and yeast counts (5 d at 30 8C) and Orange Serum Agar
(OSA, Oxoid) for tolerant acid microbial counts (5 d at 30 8C).

The final quality of the product was tested using the most
probable number (MPN) method for coliform counts. For the
samples packaged in ESE film the sulfite-reducing Clostridium
counts were done into SPS agar (sulfadiazine polymyxin
sulfite) by MPN method and incubated in anaerobiosis.

Storage life
Storage life was defined as the time to reach microbial

counts of 106 CFU/ml (Howard and Dewi 1995). Confidence
limits of the storage life were calculated considering the av-
erage experimental error in the microbial counts.

Modeling of microbial growth
Mathematical models allow to analyze the effect of differ-

ent factors on microbial growth parameters. One of the rec-
ommended models (Gibson and others 1988; Zwietering and
others 1990) is the modified Gompertz equation whose ex-
pression is log N = a 1 c. exp (–exp (–b (t–m))), where log N:
decimal logarithm of microbial counts [log(CFU/ml)] at time
t; a: log No asymptotic log count as time decreases indefi-
nitely [log(CFU/ml)]; c: number of log cycles of growth
[log(CFU/ml)]; m: time required to reach the maximum

Table 1—————Composition of the orange juice tested samples

Chemical additives in the juice

Orange juice Peel washing Citric acid Ascorbic acid Sucrose Potassium sorbate Sodium benzoate pH
Sample procedure g/L  g/L g/L mM mM

A Potable water - - - - - 4.10-4.20

B Sodium hypochlorite  - - - - - 4.10-4.20
(0.25 g/L) +

Potable water

C Sodium hypochlorite  2 0.3 40 - - 3.35-3.80
(0.25 g/L) +

potable water

D Sodium hypochlorite 1.66 - 3.50-3.70
E (0.25 g/L) + 2 0.3 40 3.33 - 3.55-3.75
F potable water 6.66 - 3.45-3.65

G Sodium hypochlorite - 1.73 3.47-3.72
H (0.25 g/L) +  2 0.3  40 - 3.47 3.50-3.73
I potable water - 6.94 3.50-3.60
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growth rate [d]; b: relative growth rate at time m [1/d].
From these parameters, the exponential growth rate (m =

b.c/e) [log(CFU/ml)/d], with e = 2.7182), lag phase duration
((LPD = m – (1/b) 1 (logNo – a)/(b.c/e) [d] (McMeekin and
others 1993)) and maximum population density (MPD = a 1
c [log(CFU/ml)]) were derived. Gompertz equation was ap-
plied to every culture in which microbial growth was detect-
ed. The equation was fitted to growth data using nonlinear
regression modulus of the SYSTAT software (SYSTAT, Evan-
ston, IL, U.S.A). The selected algorithm calculated the set of
parameters with the lowest residual sum of squares (RSS)
and 95% confidence interval.

When preservatives produced bactericidal effect, a linear
model was applied: log N = log N0 1 R (t – LPD), where R is
the decline rate (log(CFU/ml)/d) and adopted negative values.

Statistical analysis
Analysis of variance (ANOVA) and the test of mean com-

parisons according to Fisher LSD, were applied to analyse
data; levels of significance were 0.05 and 0.01. The statistical
computer system package (SYSTAT Inc., (Evanston, Ill.,
U.S.A.) 1990 version 5.0) was used in all cases.

Results and Discussion

Physico-chemical characterization of the juice
PH values of the analyzed orange juices ranged be-

tween 4.10 and 4.19; titratable acidity between 6.07 to 6.10
meq/100ml. HPLC determinations gave the following con-
tent ranges: citric acid 878 to 890 mg/100ml, malic acid
333 to 340 mg/100ml and ascorbic acid 35 to 40 mg/100ml.
Average reducing sugars, 2.43 g/100ml, total sugars, 7.49
g/100ml, nonreducing sugars, 5.06 g/100ml; soluble solids
at 20 °C, 9.20 °Brix, total solids, 9.43 g/100ml, insoluble
solids, 0.23 g/100ml.

Isolation and identification of predominant
microorganisms

Predominant microorganisms growing in natural unpas-
teurized orange juice with and without additives were molds
and yeasts. Identified yeasts were Rhodotorula rubra and

Candida quercitrusa, in agreement with the reports of
Brackett (1984). The isolated mold colonies were identified
according to their characteristic morphology as: Cladospori-
um sp., Penicillium sp., Epicoccum sp., Stemphylium sp. and
Drechslera sp.

According to Parish and Higgins (1989) fungi isolated
from unpasteurized orange juice were: Candida maltosa, C.
sake, Fusarium sp., Geotricum sp., Hanseniaspora sp., H.
guilliermondii, Penicillium sp., Pichia membranaefaciens,
Sacharomyces cerevisiae, Schwanniomyces occidentalis, and
Torulaspora delbrueckii.

Microbial counts obtained in the different media (PCA,
YGC and OSA) did not show significant differences; molds
and yeasts were observed in all cases.

Although Parish and Higgins (1988) reported the pres-
ence of Lactobacillus brevis, L. plantarum, L. thermophi-
lus, Leuconostoc mesenteroides and Le. dextranicum in cit-
rus products, in our work, lactic acid bacteria were not iso-
lated from juices stored at 10 8C or at 30 8C in both packag-
ing films.

Effect of the peel washing procedure and the addition
of natural preservatives on microbial flora in orange
juice

Initial total microbial counts in juices obtained from or-
anges whose peel was washed with water (Sample A) or with
0.25 g/L sodium hypochlorite (Sample B) ranged between
101 - 102 CFU/ml, being these values lower than those re-
ported by Parish (1998) and similar to those obtained by Pe-
trel and others (1998) for peeled orange portions. Figure 2
shows the effect of the peel washing procedure and the addi-
tion of natural preservatives (citric and ascorbic acid) on mi-
crobial growth in orange juice. In this figure, mold and yeast
counts in juice samples without additives (samples A and B)
and in sample C containing 2 g/L citric acid, 0.3 g/L ascorbic
acid and 40 g/L sucrose are observed during storage at 10 8C.

The effect of the packaging film (polyethylene with high
oxygen permeability and EVA-SARAN-EVA with low gaseous
permeability) can also be analyzed from Figure 2. Microbial
counts were modeled using Gompertz equation and the full
lines represent the fitted curves.

Figure 1—Experimental data and Gompertz model fitted
curves showing the growth of molds and yeasts in: r
sample A (juice from oranges whose peel was washed
with water), j sample B (juice from oranges whose peel
was washed with sodium hypochlorite 0.25 g/L), . sample
C (juice from oranges whose peel was washed with so-
dium hypochlorite 0.25 g/L, and contains 0.3 g/L ascor-
bic acid 2 g/L citric acid, and 40 g/L sucrose). (a) polyeth-
ylene packaging (b) ESE film packaging. Storage tempera-
ture: 10 8C.

Figure 2—Microbial counts showing the effect of sorbate
and benzoate on molds and yeasts in orange juice pack-
aged in (a) polyethylene (b) ESE film. . sample C, m sample
D (with 1.66 mM potassium sorbate), n sample G (with
1.73 mM sodium benzoate), j sample E (with 3.33 mM
potassium sorbate), u sample H (with 3.47 mM potassium
benzoate), d sample F (with 6.66 mM potassium sorbate),
s sample I (with 6.94 mM sodium benzoate). Storage tem-
perature 10 8C. Solid lines correspond to the fitting of
Gompertz or linear models.
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Natural juice from oranges washed with hypochlorite
(Sample B) showed microbial counts similar to those corre-
sponding to fruits only washed with water (Sample A). Table
2 shows the Gompertz and derived parameters obtained
from the different samples; nonsignificant differences in the
derived parameters were observed (p . 0.05).

The effect of film permeability was evidenced by a de-
crease of the maximum population density (MPD) in samples
A and B packaged in ESE film (MPD between 6.33 and 6.67
log(CFU/ml)) with reference to the same samples packaged
in polyethylene (MPD between 7.01 and 7.71 log(CFU/ml))
(Table 2). Addition of 2 g/L citric acid and 0.3 g/L ascorbic
acid (sample C) to natural untreated orange juice (sample B)
markedly decreases m values of mold and yeasts (Table 2) in
both packaging films.

Effect of potassium sorbate and sodium benzoate on
microbial flora in orange juice

The effect on microbial flora of different concentrations of
potassium sorbate and sodium benzoate added to sample C
(juice containing only natural preservatives) as a function of
storage time at 10 8C is shown in Figure 2; Gompertz and lin-
ear models (solid lines) were fitted to the experimental data.
Gompertz and derived parameters are shown in Table 2; sam-
ple D shows that the addition of 1.66 mM potassium sorbate
to sample C produced a marked increase in the lag phase du-

ration, mainly in polyethylene packaged samples. The use of
similar levels of benzoate (sample G) did not produce signifi-
cant changes neither in m nor in LPD values. Higher preserva-
tive concentrations (3.33 mM sorbate or 3.47 mM benzoate,
samples E and H respectively) increased lag phase duration
and decreased m in both packaging films. MPD values, in poly-
ethylene packaging were similar to the sample C, however in
ESE film a decrease in MPD was observed.

The reduction of the maximum population density was
more important in ESE packaging film having low gas perme-
ability. The maximum applied concentrations (6.66 mM of
sorbate in sample F or 6.94 mM benzoate in sample I) pro-
duced a slightly bactericidal effect; in this case a linear model
was applied and the slope R adopted negative values that
were near zero.

As observed, maximum population density (MPD) de-
creased significantly when the preservative concentration in-
creased. The use of low gaseous permeability films improved
the performance of the preservatives, obtaining lower MPD
values, in comparison to samples packaged in polyethylene.

Inhibition Index
In order to analyze the inhibitory action of potassium sor-

bate and sodium benzoate, an Inhibition Index (II) was de-
fined as follows: II = 1 – (log(N/N0)treated / log(N/N0)control),
where N = number of microorganisms at time t, No = initial
level of microorganisms. The values of log(N/No)treated and
log(N/No)control were evaluated at the time the sample C
reached the stationary phase (14 and 17 d for the samples
packaged in polyethylene and ESE, respectively). It must be
noted that, if the Inhibitory Index is equal to 1, then the mi-
croorganisms in the treated samples remain into lag phase
(N = No); should the Index surpassed 1, a bactericidal action
takes place and log(N/No)treated has negative values while,
II = 0, indicates a microbial growth similar to that of control
samples. Moreover, II values between 0 and 1 reflect a defi-
nite microbial growth at a lower rate than that of control
samples because of the preservative action. Inhibition Indi-
ces were calculated for each assayed condition.

Table 2—————Mathematical modelling of molds and yeast growing in orange juice samples, packaged in polyethylene or
ESE and stored at 10 8C. Gompertz parameters (a, b, c, m), derived parameters (m, lag phase duration (LPD), maxi-
mum population density (MPD= a+c) and slopes (R) of the linear model. Key to samples composition in Table 1.

Packaging Gompertz and derived parameters Linear model

Sample  film a b c m m LPD MPD R
log(CFU/ml) 1/d log(CFU/ml) d log (CFU/ml)/d d log(CFU/ml) log(CFU/ml)/d

A Polyethylene 2.1960.02 0.6560.01 5.5260.34 4.1860.13 1.3260.25 2.6460.43 7.7160.60 —
B 1.9260.03 0.6260.03 5.0960.06 4.7660.05 1.1660.33 3.1560.50 7.0160.30 —
C 1.6360.01 0.3560.02 6.6160.15 4.4960.15 0.8560.35 1.6361.22 8.2460.40 —
D 1.2860.14 0.4060.07 6.3460.29 8.2160.26 0.9360.62 5.7161.73 7.6260.66 —
E 0.5660.14 0.2360.03 7.0460.42 9.9160.36 0.6060.45 5.5663.33 7.6060.75 —
F — — — — — — — –0.0260.01
G 0.2860.18 0.2460.02 7.2460.28 5.2960.24 0.6460.38 1.1262.50 7.5260.68 —
H 0.8360.11 0.2260.02 6.1560.27 10.0860.31 0.5060.32 5.5362.97 6.9860.62 —
I — — — — — — — –0.0260.01
A ESE 2.3060.06 0.6360.07 4.3760.08 3.6160.17 1.0160.43 2.0260.78 6.6760.37 —
B 1.1760.12 0.5660.07 5.1660.19 4.6160.21 1.0660.51 2.8260.96 6.3360.56 —
C 1.6460.09 0.3960.03 4.8160.13 4.1560.17 0.6960.31 1.5961.21 6.4560.47 —
D 1.0460.19 0.3960.06 4.4460.23 5.3460.47 0.6460.41 2.7861.75 5.4860.65 —
E 1.0560.19 0.3360.09 4.2860.31 0.1260.76 0.5260.48 8.6762.89 5.3360.71 —
F — — — — — — — –0.0160.01
G 0.2060.74 0.3160.08 5.9660.89 4.0960.97 0.6860.63 0.8663.10 6.1661.28 —
H 0.5360.19 0.3360.08 4.4560.30 8.1360.51 0.5460.47 5.1062.69 4.9860.70 —
I — — — — — — — —0.0260.01

SK: potassium,sorbate, BZ: sodium benzoate

Table 3—Inhibition Indices for the different tested samples
in both packaging film (Key to sample notation in Table 1)

Inhibition Index

Packaging film

Sample Polyethylene ESE

D 0 0
E 0.2 0.8
F 1.0 1.1
G 0 0.2
H 0.3 0.4
I 1.0 1.1
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Inhibition index values were obtained from experimental
data and are shown in Table 3. Concentrations of 1.66 mM
potassium sorbate or 1.73 mM sodium benzoate (sample D
and G) had no inhibitory effect on mold and yeasts. The in-
hibitory indices increased when 3.33 mM potassium sorbate
or 3.47 mM sodium benzoate were added (sample E and H);
this effect was more significant in ESE film than in polyethyl-
ene. The addition of 6.66 mM sorbate (sample F) or 6.94 mM
benzoate (sample I) produced a slightly bactericidal effect on
the microbial flora on both packaging films that is character-
ized by an inhibition index . 1 (Table 3).

Storage life
Confidence limits of the storage life were determined,

considering that the average experimental error in the mi-
crobial counts was 0.2 log CFU/ml.

Storage life values (time to reach microbial counts of 106

6 0.2 CFU/ml) at 10 °C for the different samples and packag-
ing conditions are shown in Table 4. Juices obtained from or-
anges whose peel was washed with water (sample A) showed a
mean storage life value of 5.7 d when polyethylene packaging
was used; in ESE film, storage life was 6.7 d (Table 4). Washing
the orange peel with a solution of sodium hypochlorite (sam-
ple B) and using simultaneously films of low gas permeability
allowed to extend the storage life of the juice from 7.4 to 9.7 d.
The addition of natural preservatives to the juice (sample C)
has not a significant effect on storage life values in comparison
to sample B in both packaging films.

Storage life values ranging between 11.5 and 15.7 d, were
obtained for samples D and E packaged in polyethylene and
treated with potassium sorbate in concentrations of 1.66 and
3.33 mM, respectively. For vacuum packaging in ESE film, the
storage life reached values . 20 d for both samples. The use
of similar sodium benzoate levels (samples G - H) allowed to
reach storage life values of 11.5 and 19.5 d in polyethylene.
With the low gaseous permeability film (ESE), storage life was
extended to 14 and . 20 d for G and H samples, respectively.

Shelf life values . 20 d were obtained with 6.66 mM of potas-
sium sorbate (sample F) or 6.94 mM sodium benzoate (sam-
ple I) , for both packaging films.

The combined effect of chemical preservatives (potassium
sorbate and sodium benzoate) and low gaseous permeability film
allowed to extend storage life of unpasteurized orange juice.

The evaluation of the final quality of the juice in all the as-
sayed conditions (sample A - I) packaged in both plastic films
showed values lower than 2 MPN/ml for Total Coliforms and
sulfite-reducing Clostridium, indicating the good sanitary
conditions of the product.
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Table 4—Storage life of the different orange juice samples
stored at 10 8C. (Key to sample notation in Table 1)

Storage life (days to reach 10 60.2 CFU/ml)

Packaging film

Sample Polyethylene ESE

A 5.7 6 0.2 6.7 6 0.7
B 7.4 6 0.4 9.7 6 1.4
 C 7.5 6 0.5 10.4 6 1.5
D 11.5 6 0.5 . 20
E 15.7 6 0.7 . 20
F . 20 . 20
G 11.5 6 0.5 14.0 6 2.2
H 19.5 6 2.7 . 20
I . 20 . 20


