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1. Introduction 

In spite of a diverse initial microbial population, bacterial spoilage of refriger- 
ated meat aerobically stored is due to the growth of Gram-negative psychrotrophic 
organisms dominated by members of the genus Pseudomonas. As this flora is 
effectively inhibited by 20% or more carbon dioxide enriched atmospheres (Clark 
and Lentz, 19691, they have been increasingly used in the distribution of red meats, 
poultry and seafoods in recent years (Reddy et al., 1992; Davis, 1993). In some 
instances, such as red meats, the atmospheres are also enriched in oxygen (6040%) 
to delay metmyoglobin formation (Ord6fiez and Ledward, 1977; Asensio et al., 
1988), which slows down the meat surface discoloration problem (Finne, 1982). 
However, several combinations of carbon dioxide, nitrogen and oxygen have also 
been used in modified atmosphere packaging (MAF’) to sustain visual appearance 
and to extend the shelf-life of meat and meat products (Erichsen and Molin, 1981; 
Nychas and Arkoudelos, 1990). 

The microbiological changes of refrigerated meat of normal pH (i.e. N 5.5) 
stored in MAP are reasonably well established. The final microflora is composed, 
in decreasing order of magnitude, by Brochothrix thermosphacta and/or lactic acid 
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bacteria, Enterobacteriaceae, and pseudomonas (Asensio et al., 1988; Nychas, 
1994). However, the pH may play an important role in the kind of dominant flora 
and, therefore, in the spoilage off-odour pattern. Under low oxygen (vacuum> or 
high CO, (MAP) conditions, the spoilage of abnormal high pH meat (i.e. DFD) is 
faster than meat of normal pH. In this case the relatively high pH (as also occurs in 
turkey and chicken breast) allows the growth of the very pH sensitive (Gill and 
Newton, 1979) and relatively CO, resistant (Molin and Stenstrom, 1984) She- 
wanella (Alteromonas) putrefaciens, which produces abundant H,S and, therefore, 
it may cause greening of the meat (Hood and Mead, 1993). For this reason, MAP 
of meat to extend shelf-life is not advised for high pH meat. 

The chemical changes of refrigerated meat stored in MAP have also been 
studied but to a much lesser extent than microbiological changes. Although the 
glucose depletion in aerobic and anaerobic conditions is well established (Nychas, 
19941, the patterns of the changes in the lactic acid concentration varies. Some 
authors (Drosinos, 1994; Nychas, 1994) have observed a decrease of L( + jlactic acid 
while others (Ordofiez et al., 1991) have found an increase at the end of the 
storage period under CO, enriched atmospheres, which was attributed to both 
muscle anaerobic glycolysis and the metabolism of glucose by Br. thermosphacta. 
However, the D( -)lactic acid isomer seems to increase during storage under 
different gaseous conditions (Ordofiez et al., 1991; Drosinos, 1994; Nychas, 1994). 
It does not come from either Br. thermosphacta or muscle anaerobic glycolysis 
because in both cases only L(+ Ilactic acid are produced. The increase of this 
compound must therefore be due to the metabolism of lactic acid bacteria, which 
could generate D, L or DL lactic acids (Kandler, 1984). Among the short-chain fatty 
acids, acetic acid shows a clear rising trend during the whole period of meat 
storage in MAP (Ordbfiez et al., 1991; Nychas, 1994), which could be attributed to 
the switch off metabolism of lactic acid bacteria from homo to heterofermentative 
or to other predominant organisms (Br. thermosphacta) in this packaging system 
(Nychas, 1994). 0th er short-chain fatty acids also slightly increase (propionic, 
isobutyric and isovaleric) or remain stable (n-butyric) during storage (Ordoiiez et 
al., 1991); the latter is probably not produced by microorganisms (Dainty et al., 
1979). 

A wide range of organic volatiles (mainly strain or branched primary, and 
secondary C2-C5 alcohols, C6-C8 hydrocarbons, C3-C4 ketones, and dimethyl- 
sulfides) has been detected in the head space of meat packaged under modified 
atmospheres (Nychas, 1994). The dairy/cheese odours mainly found in meat 
stored in gas mixes with CO, are undoubtedly produced by Br. thermosphacta and 
lactic acid bacteria, both of which can produce lactic acid, diacetyl/acetoin and 
alcohols (Dainty and Hibbard, 1983). 

Other non-volatile compounds (amines) have also been detected in meat MAP. 
Among them, putrescine and cadaverine show a constant increase during storage, 
spermine, spermidine and tryptamine stay at a similar level and a small rise in 
tyramine levels is usually observed during the last half of storage (Ordoiiez et al., 
1991). As lactic acid bacteria (Dainty et al., 1986) and Br. thermosphacta (Edwards 
et al., 1985) are not amine producers, the formation of these compounds has been 
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attributed to Enterobacteriuceae (Ordofiez et al., 19911, although tyramine could 
also be formed by ‘some strains of the genus Lactobacillus (Edwards et al., 1987). 

The above considerations indicate that most work has been focused on studying 
the limiting factors of meat MAR. However, concerns have been expressed by 
regulatory authorities (Gill, 1988), food industry groups (Anon, 1988) and others 
that this practice may represent an unnecessary safety hazard. Indeed, despite 
increasing commercial interest in the use of MAP to extend the shelf-life of many 
perishable products, such as meat, the concern about the potential growth of 
pathogenic bacteria, which could survive and grow even at refrigeration tempera- 
tures, remain the limiting factors to further expansion of this method. Indeed, only 
few studies have examined the effect of MAP on the growth/survival of the 
foodborne psychrotrophic pathogens. This paper deals with these aspects. Never- 
theless, sometimes when there is an abuse of the storage temperature, other 
pathogenic bacteria may come into play; their behaviour in meat MAP is exempli- 
fied in the present article with the fate of Salmonella enteritidis on chicken stored 
under different gaseous conditions. 

2. Aeromow hydrophila 

This bacterium has a high incidence in food products. A study by Barnhart et al. 
(1989) detected Aeromonas spp. in 98% of chicken carcasses examined. Other 
authors found similar, although less alarming, results; Myers et al. (1982) isolated 
Aeromonas spp. in 20% of vacuum packaged pork samples examined. The data 
vary considerably in other meat products with mean values ranging from 28% to 
35% (Hudson and DeLacy, 1991). The minimum growth temperature of Aeromonas 
strains isolated from food products is lower than that of clinical samples Kirov et 
al., 1990) and varies from -0.1 to + 1.2”C (Walker and Stringer, 19871, although 
recently (Hudson et al., 1994) A. hydrophilu has been demonstrated to multiply at 
even lower temperatures. 

Growth of A. hydrophila has been shown to be favoured in nitrogen atmo- 
spheres compared to in air (Varnam and Evans, 1991), although this result was not 
verified in turkey and pork packaged in an atmosphere of 100% N, and kept at 1 
and 7°C. In the latter two cases in spite of microbial counts increasing during 
storage, the generation times (g> were longer in nitrogen than in air (Mano et al., 
unpublished data). A. hydrophila growth has been detected in a variety of vacuum 
packaged products stored between -2 and 10°C such as beef (Gill and Reichel, 
19891, roast beef (Hudson et al., 1994) and pork kept at 1°C (Sheridan et al., 1992; 
van Laack et al., 19931, although results were occasionally contradictory (van Laack 
et al., 19931, since in one series of samples growth of the inoculated strain was not 
detected. In summary, the probability of bacterial growth of this microorganism in 
vacuum packed products is very high even at temperatures below 0°C. 

It has been reported that CO, inhibits A. hydrophila (Varnam and Evans, 
1991). Sheridan et al. (1992) did not detect any growth of this bacteria in lamb 
packaged in an atmosphere of CO,/O, (20:80), CO/N, (50:50) or in 100% CO, 
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at 5°C even after 21 days storage in enrichment media. This psychrotroph was also 
inhibited in roast beef packaged in an atmosphere of 100% CO, and kept at 15°C 
although growth was detected in this food product packaged in the same atmo- 
sphere at 3°C. Similar results were observed by Gill and Reichel (1989) who 
detected growth of this bacterium in beef (pH 6) packaged in a controlled 
atmosphere of CO, at 10°C but not at 6°C. Mano et al. (unpublished data) 
detected growth in pork and turkey packaged in an atmosphere of COJO, (20:80) 
and kept at 7°C but not at 1°C. However, when these meat products were packaged 
in an atmosphere of COJO, (40:60), growth was not even detected at 7°C. From 
data in the literature we can therefore conclude that growth of this organism is not 
completely stopped by CO, but it is inhibited. In general, the lag phase and 
generation time of A. hydrophilu are both prolonged when packaged in CO,-en- 
riched atmospheres as opposed to when vacuum packed or packaged aerobically. 
We can thus conclude that A. hydrophilu is not an added hazard in meat products 
packaged in modified atmospheres in comparison with traditional storage methods 
since when temperatures are kept low, A. hydrophilu multiplication is prevented in 
products packaged in CO,-enriched atmospheres and if unfavourable changes in 
temperature occur the rate of multiplication is prolonged in the presence of this 
gas. 

3. Listeria monoqtogenes 

Listeria is ubiquitous. It is found in environments that range from a healthy 
intestine in man or animals, to household environments (refrigerators and cleaning 
cloths), food products and soil. Food products are often contaminated with low 
levels of listeria, for example approximately 8% of meat ready for consumption, 
15% of cooked poultry, 2.5% of milk and milk products and 5% of vegetables are 
contaminated although in all cases at concentrations of less than 100 cfu/g of food 
(Ryser and Marth, 1991). 

Meat and fish products are hazardous because this bacterium is often present in 
these foods and L. monocytogenes can survive and multiply in their normal storage 
conditions (Buchanan et al., 1989). At refrigeration temperatures, growth of L. 
monocytogenes is slow. Growth is considered possible at 1°C (Varnam and Evans, 
1991) although it has also been reported at - 1.5”C (Hudson et al., 19941. 

Growth of L. monocytogenes in packaged meat under modified conditions has 
been the focus of numerous, although in some cases controversial, studies. This 
bacterium is not greatly inhibited by vacuum packing or packaging in CO, 
enriched atmospheres and can predominate in refrigerated meat or meat products 
packaged in this way (Zhao et al., 1992). This assertion is based on the fact that L. 
monocytogenes grew faster than the other flora present in raw (Wimpfhimer et al., 
1990) or precooked chicken (Marshall et al., 1991) when packaged in modified 
atmospheres. In contrast however, other authors have shown that packaging in 
these atmospheres inhibits listeria growth (Gill and Reichel, 1989; Hudson et al., 
1994). 
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The growth capacity in vacuum packaged products has been well demonstrated 
in beef at refrigeration temperatures (Grau and Vanderlinde, 19901, lamb at 5°C 
(Sheridan et al., 19921, pork at 1°C (van Laack et al., 1993) and roast beef at 
- 1.5”C (Hudson et al., 1994). It was also present in turkey (pH 6.0) in 100% N, at 
7°C but not at 1°C and was not detected in pork (pH 5.3) at 7°C (Mano et al., 
1995). The effect of CO, on listeria growth and survival is not clear. A number of 
studies report that this organism does not develop in chicken at 1 and 6°C (Hart et 
al., 1991), beef at 5°C (Gill and Reichel, 19891, lamb at 5°C (Sheridan et al., 1992) 
or roast beef at - 1.5”C (Hudson et al., 1994) packaged in atmospheres of 100% 
CO, although growth has been detected in roast beef in this atmosphere at 3°C 
indicating that the growth of this organism is not prevented by the absence of 
oxygen. Listeria growth has been demonstrated in lamb at 5°C in an atmosphere of 
CO,/N, (50:50) (Nychas, 1994) in ‘frankfurter’ type sausages packaged in atmo- 
spheres of distinct proportions of CO/N, at 4, 7, and 10°C (Kramer and 
Baumgart, 1992) and in pork packaged in CO,/N, (40:60) at 4°C (Manu-Tawiah et 
al., 1993). In contrast, other authors have not detected growth in the absence of 0, 
(except for the previously mentioned studies in 100% CO,) and there was no 
growth in chicken packaged in CO,/N, (30:70) (Hart et al., 1991) at 6°C or at 4°C 
in an atmosphere of CO,/N, of 75:25 (Wimpfhimer et al., 1990). 

The effect of including oxygen in CO, enriched atmospheres is also confusing. 
Wimpfhimer et al. (1990) showed that growth was induced when oxygen was added 
to atmospheres in which it was previously suppressed, i.e. addition of 5% 0, 
(CO,/O,/N,, 72.5:5:22.5) to an anaerobic atmosphere (CO,/O,/N,, 75:0:25) 
induced listeria growth. In contrast, no difference was observed in listeria growth 
in pork at 4°C packaged in anaerobic (CO,/O,/N,, 40:0:60) or aerobic 
(CO,/O,/N,, 40:10:50) conditions. More confusing still is the absence of growth 
of any of the strains in unpackaged minced beef in either modified atmospheres or 
air at 4°C (Johnson et al., 1988; Shelef, 1989) or at 25°C (Shelef, 1989). 

Other authors (Mano et al., 1995) have not detected growth in pork (pH 5.3) at 
either 1 or 7°C or in turkey at 1°C packaged in CO,/O, atmospheres (20:80 or 
40:60), whereas growth was observed in turkey in these atmospheres at 7°C. Similar 
results have been described above for atmospheres of 100% N,. These results, as 
previously mentioned, indicate the importance of the meat pH, since growth was 
observed in vacuum packaged beef at 7°C at pH 5.8 but not at pH 5.6 (Kaya and 
Smith, 1991). 

Mano et al. (1995) measured the g values of pork and turkey flora packaged in 
modified atmospheres and concluded that these are greater for listeria than for the 
other flora. Similarly, these values increase as the CO, concentration increases 
indicating therefore the inhibitory effect of CO,. 

In general, atmospheres in which L. monocytogerm multiplication is inhibited 
are not bactericidal. In cases where a decrease in listeria count was observed 
during storage was of little relevance (Mano et al., 1995). 

These data suggest that modification of the atmosphere can not be considered 
as the only factor involved in listeria inhibition since changes in temperature, pH 
and even possibly competition of other flora also affect growth. Packaging in 
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modified atmospheres does therefore not necessarily have to signify additional 
hazard of L. monocytogenes growth in comparison to conventional packaging in 
aerobic conditions. 

It has been shown that mathematical modelling techniques can be used to 
predict, with confidence, the effects of environmental variables, such as tempera- 
ture, water activity, and pH on the growth and survival of bacteria in foods. A 
growth model has now been developed for L. monocytogenes that includes carbon 
dioxide as a controlling factor (Fernandez et al., 1995). This model describes the 
effect of carbon dioxide (balance nitrogen), NaCl, pH and temperature on growth 
of L. monocytogenes. A good agreement has been obtained between predictions of 
growth from the model, and the observed growth of L. monocytogenes in modified 
atmosphere packed foods, including many meat products (Femandez et al., 1995). 

4. Yersinia enterocolitica 

Yersinia enterocolitica and related species are present in all terrestrial and fresh 
water ecosystems. Pork products are possibly the principal food items responsible 
for the presence of Yersinia in man. 

Growth and survival of this microorganism in meat depends on the pH, 
temperature and environmental conditions (packaging in modified atmospheres) 
used in its storage (Nychas, 1994). The most accepted minimum growth tempera- 
ture is 4°C (Varnam and Evans, 1991) but Yersinia growth has been detected in 
meat at 1°C (Hanna et al., 1977) and also at - 1.5”C (Hudson et al., 1994) and 
- 2°C (Gill and Reichel, 1989). 

As regards vacuum packaging, Yersinia growth was not detected in pork at 1°C 
and colonies were only sporadically isolated in lamb stored for 9 days. Other 
authors however, detected growth of this microorganism in lamb at 0°C (Sheridan 
et al., 1992; Sheridan and Doherty, 1994), beef at -2°C (Gill and Reichel, 1989), 
and roast beef at 3°C although not at - 1.5”C (Hudson et al., 1994). Growth was 
also detected in pork packaged in 100% N, and stored at 1°C (Mano et al., 
unpublished data). 

The effect of CO, on Y. enterocolitica growth is not clear. In comparison to the 
other pathogens studied here, this bacterium appears to be relatively resistant to 
CO, (Riinner, 1994) thus poses a greater health risk than other organisms in food 
products stored in modified atmospheres. Ronner (1994) also demonstrated how 
this bacterium could multiply in culture media that contained 0.053 mM CO, per 
ml but not at concentrations of 0.079 mM. In contrast, other in vitro studies 
showed that an atmospheric CO, concentration greater than 40% inhibited Yersinia 
growth (Zee et al., 1984). In studies on food products growth was not detected in 
pork packaged in CO,/O,/N, (25:65:10) (Elzen et al., 1994) or in CO,/O, (20:80) 
and stored at 7°C but there was a slight decrease in the number of bacteria 
surviving during storage (Mano et al., unpublished data). Other authors however 
(Manu-Tawiah et al., 1993) observed a quite rapid growth in vacuum packaged 
pork chops and in atmospheres of CO,/O,/N, of (20:0:80, 40:0:60 and 40:10:50) 
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incubated at 4°C. In contrast, when Yersiniu cultures were incubated in air, growth 
was slower and finished earlier possibly because of the presence of competing flora 
thus the final load was significantly lower than the total microbial count (Manu- 
Tawiah et al., 1993). Y. enterocolitica has been shown in other experiments to 
develop in beef (pH 6.0) at 5°C in a controlled atmosphere of 100% N, whereas 
Eklund and Jarmund (1983) reported a decrease in Y enterocolitica growth of 100, 
98 and 43% in an atmosphere of 100% CO, of their growth in air at 2, 6 and 20°C 
respectively in an experimental model. Sheridan et al. (1992) and Sheridan and 
Doherty (1994), however, did not detect growth in lamb either in 100% CO, or in 
CO,/O, (20:80) at 0°C but they did detect it at 5°C. Paradoxically, these authors 
observed multiplication of this bacterium at 1°C in an atmosphere of CO,/N, of 
(50:50) that is theoretically more inhibiting than the latter; this seems to indicate 
an inhibitory effect for O,, in accordance with observations of other authors 
(Manu-Tawiah et al., 1993). Moreover, Sheridan et al. (1992) and Sheridan and 
Doherty (1994) demonstrated that Yersinia did not grow in minced lamb at 0°C in 
an atmosphere of CO,/N, of (50:50) but did grow in a whole piece of lamb under 
the same conditions. Mincing of the meat was also an impediment to Yersiniu 
growth at 5°C and 100% CO,, i.e. bacteria multiplied in the whole piece of meat 
but not in the minced meat. Similar results were also reported by Kleinlein and 
Untermann (1990) who found that Y. enterocolitica did not grow at 4°C in an 
atmosphere of CO,/O, (20:80). 

The lag phase of Y enterocolitica has been observed to be the same in a vacuum 
as in 100% CO, at 3°C (Hudson et al., 1994) but the generation time is 5-times 
greater in the CO, atmosphere. Also, X enterocolitica can multiply at the same 
rate as the other flora in beef (pH 6.0) packaged in 100% CO, at 5°C (Gill and 
Reichel, 1989). 

Although the data in the literature may seem confusing and often contradictory, 
Hudson et al. (1994) concluded that to ensure total inhibition of Y enterocolitica 
growth in the absence of O,, an atmosphere with more than 75% CO, was 
necessary. However, taking into consideration all the experiments to date on this 
organism, unequivocal conclusions can not yet be reached. More research is 
recommended into the effect of pH, temperature and packaging in modified 
atmospheres on growth of this bacteria with special emphasis on the possible 
inhibitory effect of air described by Manu-Tawiah et al. (1993). 

5. Salmonella enteritidis 

Salmonella is not considered as a psychrotrophic pathogen, but Salmonella 
survival and growth is well known to be dependent on, besides the temperature, 
numerous factors such as pH, atmosphere and competitive flora. Indeed, the 
inability of S. enteritidis to compete successfully with lactic acid bacteria has been 
reported (Gibbs, 1987). In experiments performed on poultry (breast and thigh) 
inoculated with S. enteritidis and stored in several atmospheres (vacuum, 100% 
carbon dioxide, 100% nitrogen and 20% carbon dioxide/go% air), this bacterium 



228 G.D. Garcia de Fernando et al. /ht. .I. Food Microbiology 28 (1995) 221-231 

survived, but did not grow at 3°C (Nychas, 19941. At lO”C, the numbers of S. 
erzteritidis increased rapidly in samples flushed with 100% nitrogen or with CO,/air 
(20:80) and to a lesser extent in vacuum-packaged samples. It is worth noting that 
in samples stored under 100% CO,, S. enteritidis numbers decreased (about 1 log 
unit) after 12 days storage in breast, while in thigh (lower leg) they remained at the 
initial level. Similar results were obtained by Gray et al. (1984). No doubt this can 
be attributed to the higher pH of thigh, which could be considered as a type of 
DFD muscle. The type of muscle (thigh or breast) did not significantly affect 
survival at 3°C or the rate of growth at 10°C of S. enteritidis in the other 
atmospheres used. 

This experiment demonstrates that although S. entetiri& can not grow in 
modified atmospheres at refrigeration temperatures (e.g. 3°C) it may constitute a 
risk when a temperature abuse is produced in the commercial chain. This situation 
may also occur with other non-psychrotrophic organisms. 

6. Conclusions 

It may be said, in conclusion, that vacuum and modified atmosphere packaging 
under 100% of nitrogen are atmospheres that may readily support the growth of 
psychrotrophic pathogen bacteria (Y enterocolitica, Aeromonas hydrophila and 
Listeria monocytogenes). It also seems to be that the growth of these organisms is 
inhibited by the enrichment of atmosphere with carbon dioxide and, in general 
terms, the higher the CO, concentration and the lower the temperature and pH, 
the greater is the growth inhibition. At normal meat pH (i.e. 5.5) and at a low 
temperature (e.g. l°C) the growth of psychrotrophic pathogens is stopped when the 
CO, concentration is 40%. However, when the meat pH is high (i.e. 6.0 or higher) 
and/or an abuse of storage temperature could occur, these organisms, as other 
non-psychrotrophic pathogens, may grow. Therefore, it seems to be that the use of 
CO, enriched atmospheres for meat packaging are safer than the conventional 
aerobic storage. 
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