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Introduction

Tofu is a protein-rich food product prepared by curdling

soymilk with a coagulant (Liu et al. 2010; Van Campenh-

out et al. 2012). It is generally known that tofu is suscep-

tible to microbial spoilage because of its high nutrient

and moisture content (>75%) and its relatively neutral

pH (5Æ8–6Æ2) (Champagne et al. 1991; Kim et al. 2003).

Pseudomonads belong to the most important spoilage

organisms in this product (Tuitemwong and Fung 1991;

Fouad and Hegeman 1993; Ashenafi 1994). Also in aero-

bically stored meat, fish, eggs, milk and vegetables, Pseu-

domonas species represent the dominant spoilage flora

(Masson et al. 2002).

As described by Garrity et al. (2005), the genus Pseudo-

monas contains species that are aerobic, having a strictly

respiratory type of metabolism with oxygen as the termi-

nal electron acceptor. In some cases, nitrate can be used

as an alternate electron acceptor, allowing growth to

occur anaerobically. In addition, pseudomonads are

generally considered to be the most sensitive bacteria to

CO2 (Jay et al. 2005). Eyles et al. (1993) mentioned that

concentrations as low as 10% (v ⁄ v) can reduce the

growth rate of pseudomonads. Based on these facts, it can

be expected that growth of Pseudomonas species can easily

be reduced in foods packaged in modified atmosphere

(MA), such as in MA-packaged tofu. In a recent research

(Van Campenhout et al. 2012), however, pseudomonads

present in the natural microflora of tofu were able to

grow in repeated experiments where tofu was packaged in

30% CO2 and 70% N2 and stored in refrigerated

conditions.

The purpose of this study was to focus on the growth

of Pseudomonas in MA-packaged tofu. To this end, chal-
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Abstract

Aims: The objective was to study the growth of Pseudomonas in a food product

(tofu) where it typically occurs as a spoilage organism, and when this product

is stored under modified atmosphere.

Methods and Results: A Pseudomonas strain was isolated from the endogenous

microflora of tofu. Tofu was inoculated with the strain, packaged in different

gas conditions (air, 100% N2, 30% CO2 ⁄ 70% N2 or 100% CO2) and stored

under refrigerated conditions. Microbial loads and the headspace gas composi-

tion were monitored during storage.

Conclusions: The strain was capable of growing in atmospheres containing no

or limited amounts of oxygen and increased amounts of carbon dioxide. Even

when 100% CO2 was used, growth could not be inhibited completely.

Significance and Impact of Study: In contrast to the general characteristics of

the genus Pseudomonas (strictly aerobic, highly sensitive to CO2), it should not

be expected in the food industry that removing oxygen from the food package

and increasing the carbon dioxide content, combined with cold storage, will

easily avoid spoilage by Pseudomonas species. Guarantee of hygienic standards

and combination of strategies with other microbial growth inhibiting measures

should be implemented.
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lenge tests were performed with a Pseudomonas fluorescens

strain that was originally isolated from tofu. The tofu was

packed in a series of gas compositions. The evolution of

the number of pseudomonads and of the gas composition

in the packaging headspace was determined.

Materials and Methods

Experimental design

This work included two experiments with different tofu

batches, referred to as experiment 1 and 2. In each exper-

iment, tofu was packed by vacuum compensation in dif-

ferent headspace gas compositions: air, 100% N2,

30% CO2 ⁄ 70% N2 and 100% CO2. For each condition,

eight tofu blocks were inoculated with Ps. fluorescens and

packaged. In a period of 14 days, at each sampling time,

four packages of each condition were taken for the analy-

sis. In experiment 1, microbial counts (including aerobic

and anaerobic total viable counts, and pseudomonads)

and headspace gas composition were determined on days

0, 7 and 14. In experiment 2, microbial counts (only

pseudomonads), moisture content and pH were investi-

gated on days 0, 7 and 14. Headspace gas analyses were

performed more frequently than in experiment 1 (i.e. on

days 0, 1, 4, 5, 7, 8, 11, 12 and 14). Initial levels of the

background microflora (aerobic and anaerobic total viable

counts, and pseudomonads) of noninoculated tofu sam-

ples were enumerated in both experiments.

Tofu samples

Commercially produced and air-packaged tofu blocks

(Tofu Basis; Alpro� soya, Wevelgem, Belgium) of

approx. 375 g and dimensions of 120 · 80 · 35 mm3

were purchased from a local retail supermarket. Tofu

from the most recent production batch was chosen. The

products were transported to the laboratory under refrig-

erated conditions and kept at 2–7�C until they were

examined, which was within 24 h of purchase.

Pseudomonas fluorescens strain and inoculum

preparation

Pseudomonas fluorescens was isolated from commercially

produced and air-packaged tofu (IOOP, Hasselt, Bel-

gium). Identification was obtained by API 20 NE and 16S

rDNA sequencing. Pseudomonas cells were revived from a

stock culture kept at )80�C by incubation in 20 ml nutri-

ent broth (NB; Biokar Diagnostics, Beauvais, France) in a

shaking water bath at 22�C for 17 h. The cells were har-

vested by centrifugation (Centrifuge 5810; Eppendorf,

Hamburg, Germany) at 1575 g for 5 min and resus-

pended in sterile peptone physiological salt solution

[0Æ85% (w ⁄ v) NaCl, 0Æ1% (w ⁄ v) peptone] to obtain a

final concentration of about 1 · 108 colony forming units

(cfu) ml)1 (corresponding to a turbidity of 0Æ5 McFarland

at 600 nm). The inoculum was obtained by diluting the

suspension with peptone physiological salt solution to

achieve a cell density of approx. 1 · 105 cfu ml)1.

Inoculation procedure

A small puncture was made in the original package of the

tofu using a sterile knife. Prior to inoculation, whey was

allowed to leak from the curd through the opening for

10 min and under aseptic conditions. Each tofu block

was inoculated by transferring 40 ml inoculum in the

package through the opening. After inoculation, the punc-

ture was closed with strong adhesive tape. The blocks

were turned over several times to obtain a homogeneous

distribution of bacterial cells. They were stored overnight

at 2–7�C to allow colonization. After storage, the remain-

ing liquid was removed from the curd through the punc-

ture. Then the original packages were opened completely

to repackage the tofu as described below.

Packaging and storage

The inoculated tofu blocks were repackaged under strictly

hygienic conditions using a tray sealer (Meca 900; Deca-

technic, Herentals, Belgium). A tray and foil were selected

that are commonly used in the industrial practice of MAP

of food products. The trays (Deca-2314-35, 231 · 146 ·
35 mm3; Decapac, Herentals, Belgium) consisted of RCP

(Random CoPolymer, Decapac) with oxygen, carbon diox-

ide and nitrogen transmission rates of 65, 367 and

27 cm3 m)2 24 h)1 atm)1, respectively. The OPA ⁄ PE foil

(Oriented PolyAmide ⁄ PolyEthylene, Opalen 1550 Peel;

Bemis Europe, Soignies, Belgium) was characterized by

oxygen, carbon dioxide and nitrogen transmission rates of

35, 158 and 6 cm3 m)2 24 h)1 atm)1 at 23�C, 50% RH and

1 atm, respectively. A sealing temperature of 200�C was

used for all packages. The food grade 100% N2 gas, 100%

CO2 gas and 30% CO2 ⁄ 70% N2 gas mixture were obtained

from Praxair (Schoten, Belgium). In MA-packaged prod-

ucts, the gas (or headspace)-to-product volume ratio (g ⁄ p)

is usually 2 : 1 or 3 : 1 (Sivertsvik et al. 2004). In this

study, a g ⁄ p in the centre of this range, i.e. 2Æ5 : 1, was cho-

sen for all packages. Packaged samples were stored at 2–

7�C in a home type refrigerator over a period of 14 days.

Microbiological analyses

Microbial counts were carried out according to the ISO

Standards for microbial analysis of food as compiled by
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Dijk et al. (2007). For each tofu block, a sample of

approx. 100 g was transferred aseptically to a sterile stom-

acher bag and weighed. The same weight of sterile pep-

tone physiological salt solution was added. The mixture

was then homogenized for 1 min at low speed and 2 min

at high speed (Stomacher 400; LED Techno, Hensden

Zolder, Belgium). Decimal dilutions were prepared using

the same diluent and plated in duplicate on appropriate

growth media.

Counts of Ps. fluorescens were determined on spread

plates of Cetrimide Fucidine Cephalosporin Agar (CFC

agar base plus selective supplement; Biokar Diagnostics)

and incubated at 25�C for 48 h. Confirmation tests were

performed with at least five suspect colonies per plate.

After streak plating on Nutrient Agar (NA; Oxoid, Erem-

bodegem, Belgium, 24 h at 25�C), oxidase tests were per-

formed using Oxidase Identification Sticks (Oxoid)

according to the manufacturers’ prescriptions. Positive

colonies were investigated for glucose fermentation by

picking them from the NA plates and stabbing into Glu-

cose Agar tubes (Biokar Diagnostics, 24 h at 25�C). The

absence of a yellow colour throughout the whole tube

indicated a negative reaction.

Aerobic micro-organisms were enumerated on Plate

Count Agar (PCA; Biokar Diagnostics) using the pour

plate technique. Plates were incubated at 30�C for 72 h.

Anaerobic organisms were also investigated on pour

plates of PCA, but plates were incubated in jars contain-

ing a GasPak� EZ Anaerobe Container System sachet

(Becton Dickinson, Erembodegem, Belgium) and an

Anaerobic Indicator (Oxoid). Results are expressed as log

(N ⁄ N0), where N is the microbial count (CFU g)1) and

N0 the initial microbial number (CFU g)1). At each sam-

pling time and for each headspace gas composition, four

tofu blocks were analysed (=4 replicates).

Headspace gas analyses

Oxygen and carbon dioxide concentrations in the head-

space of the tofu packages were measured with a head-

space analyser (Checkpoint O2 ⁄ CO2; PBI Dansensor,

Ringsted, Denmark). The instrument was calibrated

immediately before each series of readings with 100% N2

and air. A septum (reusable type; PBI Dansensor) was

fixed onto the foil of each tray and pierced with a needle

(Ø 0Æ5 mm) connected to the analyser. At each sampling

time and for each headspace gas composition, four tofu

blocks were analysed (=4 replicates).

Determination of moisture content and pH

Prior to each moisture analysis, whey was allowed to leak

from the tofu curd during 5 min. At each sampling time

and for each packaging condition, four tofu blocks were

investigated and for each block, duplicate samples were

taken (=8 replicates). Each sample consisted of

approx. 5 g and was spread on predried watch glasses.

They were dried for 24 h at 105�C and cooled in a desic-

cator for at least 15 minutes. The moisture content was

calculated from the weight loss during drying.

For each tofu block, the pH was determined on the

remains of the block after sampling for microbial counts

and moisture analysis (about 250 g). The leaked sample

was homogenized with a spatula to obtain a soft paste

without cavities. The electrode of a pH-meter (Portames

910, Germany) was placed in three different spots, and

readings were averaged. For each packaging condition,

four tofu blocks were analysed at each sampling time

(=12 replicates).

Statistical analyses

SPSS (IBMª SPSS Statistics ver. 19, Armonk, NY) was used

for statistical analyses. One-way anova was performed to

investigate the effect of the headspace gas composition on

Pseudomonas counts for each sampling time (7 and

14 days). Multiple comparison was performed by Duncan’s

post hoc test. A significance level of 0Æ05 was used.

Results

Microbiological analyses

Counts of the microbial load of the tofu blocks as

obtained from the supermarket were all below the detec-

tion thresholds as calculated from the respective methods

according to Dijk et al. (2007): <2Æ3 log CFU g)1 for

Pseudomonas, <1Æ3 log CFU g)1 for aerobes and <1Æ3 log

CFU g)1 for anaerobes.

Inoculation of tofu blocks resulted in an average initial

Pseudomonas level of 4Æ9 log CFU g)1 (day 0, counted

after inoculation and before packaging). Whatever gas

mixtures applied for packaging, the counts increased in

any case during the storage period of 14 days (Fig. 1).

When tofu was packaged in air, Pseudomonas counts were

increased with 3Æ4 and 3Æ6 log cycles at 7 and 14 days

respectively. For tofu packaged in 100% N2, the counts

were increased with 2Æ5 and 2Æ6 log cycles at 7 and

14 days respectively. At 7 days, statistically there was no

difference between air and 100% N2 (P > 0Æ05), but at

14 days the difference was significant (P < 0Æ05). For tofu

packaged in 30% CO2 ⁄ 70% N2, numbers were found at 7

and 14 days that were, respectively, 1Æ9 and 2Æ3 logs

higher than the initial value. Hence, numerically, the

counts were lower for 30% CO2 ⁄ 70% N2 than for

100 N2%, but the difference between these two conditions

J. Stoops et al. Pseudomonas in modified atmosphere
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was not statistically different (P > 0Æ05). Therefore, there

was no surplus value of adding carbon dioxide to the gas

mixture at a concentration of 30% compared to using

100% N2. The highest degree of inhibition was obtained

when tofu was packaged in 100% CO2. In this case, Pseu-

domonas numbers only increased with about one log

cycle, and they were significantly lower (P < 0Æ05), both

at 7 and 14 days, than all other gas mixtures used.

Results for aerobic and anaerobic plate counts in

experiment 1 are given in Table 1. At the start of the

test, the aerobic and anaerobic counts were comparable

(3Æ4 and 2Æ8 log CFU g)1, respectively, counted after

inoculation and before packaging) and they also

increased during the experiment in a similar way. On

day 7, both aerobic and anaerobic counts tended to be

lower in 30% CO2 ⁄ 70% N2 and in 100% CO2 than in

air or 100% N2. This can be explained by the general

inhibitory effect of CO2 on the aerobic and anaerobic

population, because lower counts coincided with higher

CO2 concentrations in the headspace (Table 2). This

effect had disappeared at 14 days of storage. It is likely

that those organisms in the population that were the

least susceptible to CO2 dominated and finally deter-

mined the numbers.

Headspace gas analyses

Oxygen and carbon dioxide concentrations measured on

days 0, 7 and 14 are given in Table 2. In both experiments

immediately after packaging, O2 concentrations of 0Æ0%

were obtained in all MA-packages and CO2 concentrations

were very close to those in the respective gas mixtures used.
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Figure 1 Growth of Pseudomonas fluore-

scents in tofu during storage at 2–7�C and

packaged in air (d), 100% N2 ( ), 30%

CO2 ⁄ 70% N2 ( ) or 100% CO2 (·). Ratio of

microbial count (N) to initial value (N0). Data

are the means of two independent experi-

ments (n = 2). In each experiment, four

replicates were analysed for each sampling

point.

Table 1 Aerobic and anaerobic plate counts of tofu packed under

different atmospheres (air and modified atmosphere packaging of

100% N2, 30% CO2 ⁄ 70% N2, 100% CO2) during storage at 2–7�C
for experiment 1. Ratio of microbial count (N) to initial number (N0)

Storage

time (days)

Packaging

conditions

Log (N ⁄ N0)*

Aerobic

counts

Anaerobic

counts

7 Air 4Æ7 5Æ1

100% N2 4Æ6 5Æ0

30% CO2 ⁄ 70% N2 3Æ8 4Æ6

100% CO2 3Æ3 3Æ5

14 Air 5Æ2 5Æ4

100% N2 5Æ4 5Æ9

30% CO2 ⁄ 70% N2 5Æ3 5Æ4

100% CO2 5Æ4 5Æ6

*Data are the means of four replicates.

Table 2 Headspace composition (oxygen and carbon dioxide concen-

tration) of tofu packed under different atmospheres (air, 100% N2,

30% CO2 ⁄ 70% N2 and 100% CO2) during storage at 2–7�C.

Storage

time (days)

Packaging

conditions O2 (%)* CO2 (%)*

0 Air 21Æ3 (20Æ8; 21Æ7) 0Æ1 (0Æ1; 0Æ0)

100% N2 0Æ0 0Æ6 (1Æ1; 0Æ0)

30% CO2 ⁄ 70% N2 0Æ0 28Æ6 (28Æ2; 28Æ9)

100% CO2 0Æ0 94Æ6 (90Æ2; 98Æ9)

7 Air 8Æ8 (0Æ0; 17Æ6) 9Æ5 (16Æ2; 2Æ7)

100% N2 0Æ0 6Æ1 (11Æ0; 1Æ2)

30% CO2 ⁄ 70% N2 0Æ3 (0Æ1; 0Æ5) 19Æ9 (22Æ7; 17Æ0)

100% CO2 1Æ4 (1Æ3; 1Æ5) 87Æ7 (81Æ6; 93Æ8)

14 Air 0Æ1 (0Æ0; 0Æ2) 21Æ0 (32Æ2; 9Æ7)

100% N2 0Æ0 12Æ2 (22Æ7; 1Æ6)

30% CO2 ⁄ 70% N2 0Æ1 (0Æ0; 0Æ2) 25Æ0 (34Æ7; 15Æ2)

100% CO2 2Æ2 (0Æ3; 4Æ1) 85Æ7 (86Æ1; 85Æ2)

*Data are the means of two independent experiments (n = 2). Individ-

ual data points obtained in experiment 1 and 2, respectively, are given

between brackets. Each data point originating from a single experi-

ment consisted of four replicates.
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However, the headspace gas composition changed during

storage. The evolution in O2 and CO2 concentrations of

tofu packed under various atmospheres differed between

the two experiments. For tofu packed in air, the O2 concen-

tration decreased during storage, while the CO2 concentra-

tion increased. The decrease in O2 and the increase in CO2

in the headspace occurred faster and were more pro-

nounced in experiment 1 than in experiment 2. For sam-

ples packed in 100% N2, a more pronounced increase in

the CO2 concentration in the first experiment compared to

the second was also noticeable. The CO2 concentrations of

tofu packed in enriched CO2 atmospheres decreased during

the 14 days of storage in experiment 2, whereas in experi-

ment 1, a reduction was observed during the first 7 days,

followed by an increase at the end of the storage.

In experiment 2, headspace gas compositions were

recorded more frequently than in experiment 1 to obtain

detailed profiles (Fig. 2). Note that the data presented in

Table 2 for experiment 2 are also included in this figure. In

air-packaged tofu, the decrease in the O2 concentration fol-

lowed a sigmoid shape which had been previously observed

(e.g. Van Campenhout et al. 2012). The CO2 concentration

showed the inverse pattern. For tofu packaged in 100% N2,

the O2 concentration increased minimally during the first

4 days, dropped to 0Æ0% after 7 days and then remained

constant. A minor increase in CO2 content was noted

throughout the whole trial period. For tofu packed in

30% CO2 ⁄ 70% N2, the O2 concentration increased slightly

during the first 5 days and then dropped to 0Æ2% after

14 days. The CO2 profile showed a decline during the two

weeks of storage, which was most pronounced during the

first 5 days. For tofu packaged in 100% CO2, the O2 con-

tent steadily increased up to 4Æ1% and the CO2 content

continuously decreased to 85Æ2%.

Moisture content and pH

Results obtained for the moisture content in experiment

2 are given in Table 3. The initial moisture content of

tofu was 79Æ42% and decreased in all tofu samples during

storage. The moisture content of tofu packaged in 100%

CO2 was remarkably lower than values for all other types

of tofu. This was observed at days 7 and 14.

The initial pH of tofu was 6Æ07 (Table 3). In general,

the pH values obtained during storage hardly deviated

from the initial value.

Discussion

When the atmosphere in a food containing package is

modified, immediately after packaging the gas composi-

tion is equal or close to that of the gas mixture intro-

duced. However, the gas composition will change during
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Figure 2 Headspace gas composition (oxygen and carbon dioxide

concentration) of tofu packaged under different atmospheres during

storage at 2–7�C for experiment 2: ( ) oxygen concentration, left y-

axis; (d) carbon dioxide concentration, right y-axis. Data are the

means of four replicates. The data presented in Table 2 for experi-

ment 2 are also included in this figure.
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storage, owing to the interactions with the food, micro-

bial respiration and gas permeability of the packaging

material (Simpson et al. 2009). As demonstrated previ-

ously (Van Campenhout et al. 2012) and as confirmed in

the data presented here, for tofu, these changes in the

headspace composition during storage are substantial. At

any time in the storage period, the net O2 concentration

in the headspace is the result of (i) O2 permeating from

the exterior into the package (as the package is not com-

pletely gastight), (ii) O2, which was not completely

removed from the product during packaging, diffusing

out of the product into the headspace and (iii) O2 being

consumed by the microflora. The net CO2 concentration

at any time in the storage period is the result of (i) CO2

permeating from the headspace to the exterior of the

package (in the case of 30% CO2 ⁄ 70% N2 and

100% CO2), (ii) CO2 dissolving into the water and fat

phases of the product and (iii) CO2 being produced by

the microflora. These effects urge to evaluate growth of

Pseudomonas in MA-packaged tofu, not in relation to the

composition of the gas mixture introduced, but rather to

the composition in the headspace obtained during

storage.

The effect of oxygen reduction alone can be evaluated

when comparing counts in air and in 100% N2. Although

counts in 100% N2 were statistically lower than in air at

14 days of storage, the numerical difference (about one

log cycle) does not imply a great industrial significance.

In agreement with our results, Eyles et al. (1993) found

that the growth rate of Ps. fluorescens was reduced only

slightly or not at all by incubation in 100% N2. Clark and

Burki (1972) stated that concentrations of O2 as low as

0Æ1% are sufficient for growth of pseudomonads in foods

or complex media. Also Seydim et al. (2006) reported

that residual oxygen in the packages support a slow

increase in pseudomonads, even leading to higher popula-

tions than reported normally. Despite the use of a gas

mixture without O2, the gas can appear in the headspace

because of permeation through the packaging material or

migration out of the product. These minor amounts can

be enough to allow growth of specific Pseudomonas

strains.

With respect to carbon dioxide, it can be stated that to

a large extent a ‘dose-response’ was observed: the more

CO2 present in the headspace, the more Pseudomonas

growth was reduced. Growth inhibition of micro-organ-

isms in MA is determined by the concentration of dis-

solved CO2 in the product (Devlieghere et al. 1998a,b).

The amount of CO2 dissolved is mainly affected by the

initial concentration in the gas phase on the one side and

the gas-to-product volume ratio (g ⁄ p) on the other (Dev-

lieghere et al. 1998a). In this study, the g ⁄ p was the same

for all samples (2Æ5 : 1), while the initial gas composition

differed. Hence, the higher the initial CO2 concentration

in the headspace, the higher was the concentration of

dissolved CO2 in the product. In our data, packages filled

with either air or 100% CO2 presented clearly the two

extremes in the dose-response for both experiments. The

Pseudomonas counts for tofu packed in 100% N2 and tofu

packed in 30% CO2 ⁄ 70% N2 show at first sight a discrep-

ancy between experiment 1 and 2. In experiment 1, the

Pseudomonas counts were very similar for 100% N2 and

30% CO2 ⁄ 70% N2 (a difference of 0Æ2 and 0Æ1 log N ⁄ N0

at 7 and 14 days respectively). In experiment 2, the

counts differed more (0Æ9 and 0Æ6 log N ⁄ N0 at 7 and

14 days respectively). However, when the actual CO2 con-

centrations in the headspace are considered, the data are

consistent. In experiment 1, in the packages filled with

100% N2, a considerable amount of CO2 was produced

by the microflora at day 7 and even more at day 14

(Table 2), which resulted in the fact that the Pseudomonas

counts were similar to those found in tofu packed in

30% CO2 ⁄ 70% N2. In the packages filled with 100% N2

in experiment 2, there was no microbial CO2 production

(or a minor production of the gas that then dissolved

into the product) (Table 2). Therefore, Pseudomonas

counts were found, which were in between those for air

and 30% CO2 ⁄ 70% N2. It is not completely clear why

CO2 production occurred in the first experiment and not

in the second, but the fact that the tofu batches (and

their microbial loads) varied between the two experiments

may at least partially explain the findings. The back-

ground microflora cannot be compared between experi-

ment 1 and 2, since in experiment 2, only pseudomonads

were counted. Contradictory results have been reported

in the literature on the inhibitory effect of CO2 on pseu-

Table 3 Moisture content and pH of tofu packed under different

atmospheres (air, 100% N2, 30% CO2 ⁄ 70% N2 and 100% CO2) dur-

ing storage at 2–7�C for experiment 2.

Storage

time (days)

Packaging

conditions

Moisture

content (%)* pH�

0 None� 79Æ42 6Æ07

7 Air 75Æ75 6Æ10

100% N2 76Æ08 6Æ05

30% CO2 ⁄ 70% N2 78Æ42 6Æ03

100% CO2 70Æ07 6Æ03

14 Air 74Æ22 6Æ23

100% N2 77Æ96 6Æ18

30% CO2 ⁄ 70% N2 74Æ90 6Æ04

100% CO2 69Æ23 5Æ96

*Data are the means of two measurements made for each of four

tofu blocks (8 replicates).

�Data are the means of three measurements made for each of four

tofu blocks (12 replicates).

�After inoculation and before packaging.
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domonads. In several studies, the sensitivity of Pseudomo-

nas spp. towards elevated CO2 is reported (Eyles et al.

1993; Moir et al. 1993; Bennik et al. 1998; Amanatidou

et al. 1999; Berruga et al. 2005). Eyles et al. 1993 and

Amanatidou et al. 1999 found that CO2 concentrations as

low as 20% reduce the growth rate of pseudomonads. In

contrast, Seydim et al. (2006), Arvanitoyannis et al.

(2011) and Lee et al. (2011) found that Pseudomonas spe-

cies can grow under low O2 (below 5%) and high CO2

conditions (between 15% and 60% in the gas mixture

used). Paulsen et al. (2006) even found higher Pseudomo-

nas counts in MA-stored beef (30 and 100% CO2,

balanced with N2 under a reduced pressure of 20 to

30 kPa) compared to vacuum-packaged beef.

Whereas from a microbial point of view, packaging in

100% CO2 would be preferable, this application has an

important practical limitation. Part of the CO2 dissolved

into the tofu, creating a partial vacuum and causing the

packages to shrink. As a consequence, the tofu blocks

were compressed, resulting in pronounced drip loss dur-

ing storage. This explains the moisture content that was

lower for tofu packed in 100% CO2 compared to the

other samples (Table 3). In addition, at 14 days of stor-

age, the pH was lower for tofu packed in 100% CO2 than

for the other samples (Table 3). It is well known that

CO2 dissolves into the product to form carbonic acid.

This further dissociates into bicarbonate, carbonate and

also H+ ions which acidify the matrix (Wang et al. 2010).

An increase in pH was observed, however, for tofu pack-

aged in air and in 100% N2, at the end of the storage per-

iod. This can be attributed to microbial production of

peptides, amino acids or amines (Kim et al. 2003).

From the results obtained in this study, it can be con-

cluded that removing oxygen from a food package and

increasing its carbon dioxide content, combined with cold

storage, will not easily avoid spoilage by Pseudomonas

species. Hygiene during food production and possibly a

combination strategy with other growth inhibiting mea-

sures should be implemented.
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