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Abstract 

The influence of environmental factors (product composition and storage conditions) on 
the selection. growth rate and metabolic activity of the bacterial flora is presented for meat 
(pork and beef) and cooked, cured meat products. 

The predominant bacteria associated with spoilage of refrigerated beef and pork, are 
Rrochothri2x- ~~te~t?l~~sp~luc~~, Camobucterium spp., Enterobucteriuceae, L~tcti}buc~i~t~.~ spp., 

Leucmostoc spp., P.~et4~~~~t?~a~~as spp. and She~~~~nell~~ p~~~~f~~~i~~s. The main defects in meat 
are off-odours and off-flavours, but dis~olouration and gas production also occur. Bacteria 
associated with the spoilage of refrigerated meat products, causing defects such as sour 
off-Ravours, discolouration, gas production, slime production and decrease in pH, consist of 
B. tlter~to,~pl?uctu, C~rFlobac~er~u~ spp, ~actobacil~lis spp, Le~co~os~(~c spp. and Weiss&z 

SPP. 
Analysis of spoilage as measured by bacterial and chemical indicators is discussed. It is 

concluded that a multivariate approach based on spectra of chemical compounds, may be 
helpful in order to analyse spoilage, at least for spoilage caused by lactic acid bacteria.The 
consequences of bacteria-bacteria interactions should be evaluated more. 

Key~orr~s: Meat; Meat products; Bacterial spoilage; Spoilage indicator; Product composition; 
Storage condition 
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1. Introduction 

The shelf-life of meat and meat products is the storage time until spoilage. The 
point of spoilage may be defined by a certain maximum acceptable bacterial Ievel, 
or an unacceptable off-odour~off-~avour or appearance. The shelf-life depends on 
the numbers and types of microorganisms. mainly bacteria, initially present and 
their subsequent growth. 

The initial mesophiiic bacterial count on meat and cooked meat products is 
about lo’-10’ cfu,/cm’ or gram, consisting of a large variety of species (Mel et al., 
1971: BIickstad et al., 1981; Blickstad and Molin, 1983b; Jackson et al., 1992). Only 
10% of the bacteria initially present are able to grow at refrigeration temperatures, 
and the fraction causing spoilage is even Iower. Since meat products are heated to 
a temperature of 65-75”C, most vegetative cells are killed and post-heat treatment 
recontamination determines the shelf-life. The surface contamination of the cut 
meat and the meat products will determine the potential shelf-life. 

During storage, environmental factors such as temperature, gaseous atmosphere, 
pH and NaCl will select for certain bacteria, and affect their growth rate and 
activity. The shelf-life of refrigerated meat and meat products may vary from days 
up to several months (Gill and Molin, 1991; Blickstad and Molin, 1983b). 

The following presentation will focus upon bacteria able to grow and cause 
spoilage during the storage of meat (pork and beef) and cooked, cured meat 
products. 

2. Meat 

2.1. Environmental influence.~ on huctuial growth and shelf-lif2 

Growth to high numbers is a prerequisite for spoilage. The expected shelf-life and 
growth ability of different bacteria under various environmental conditions, are 
presented in Table 1. 

Three different packaging types are in use: air, vacuum and modified atmo- 
spheres (MA). MA contain different levels of oxygen and carbon dioxide, balanced 
with inert nitrogen. Packages containing up to 80% oxygen and 20% carbon dioxide 
(high oxygen-MA) will reduce the colour deterioration of retail cuts of meat, but 
will only slightly increase the shelf-life, compared to aerobic storage. Pork is 
generally stored aerobically or in MA, and beef in a vacuum or MA due to the need 
for tenderization during an extended storage. Transitions between different packag- 
ing-types may be performed for retail cuts. The shelf-life of meat increases in the 
order: air, high oxygen-MA, vacuum, no oxygen-MA and 100% CO,. 

P.wudomonm spp. dominate on aerobically stored meat, and due to a high 
growth rate the shelf-life is a matter of days (Gill and Molin, 1991). The frequent 
domination of Pswtdornontrs ,fiagi is suggested to be due to the ability of the 
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bacterium to use creatine and creatinine (Drosinos and Board, 1994). In a mixed 
broth culture of Ps. ,fiwgi, B. tiler-nrosl,flLIc.tu and Ctwnnh~~ctrr-ium rllcr1trrr.onlil.zl.s 
@scico/u], all grew at the same exponential rates at 4°C and pH 6.1. B. thct- 
~?7~s~~z~~;,t~ dominated the flora at the early stationary growth phase, but was 
eventually outgrowl~ by Ps. .ficzgi (Drosinos and Board. 1995). 

In high oxygen-MA, a variety of bacteria are able to grow to high final numbers, 
such as B. tl7rr.nlos~~i7ac.tcr, Pscuclot77ot7~~s “pp., Lcuc~~rwstor~ spp. and Lactohucilhrs 

spp. (Ord6iiez et al., 1991; Jackson et al., 1992). Most bacteria are more or less 
inhibited by CO,. and thus the growth rate is reduced, compared to air, and the 
shelf-life increased. When incubated as a mixed broth culture in SO% 0, and 20% 
CO,, the maximum counts decreased in the order: B. tker-n7clsphcrc,ttr > C. pisci- 

c~kl > Ps. ,fkgi. Two factors explain why P.r. ,fkgi was outnumbered in the 20% 
CO,-enriched atmosphere: the growth rate was reduced and the advantageous 
creatinine-metabolism was suppressed (Drosinos and Board, 1995). 

In a vacuum-pack the composition of the gaseous phase changes during storage: 
the concentr~~tion or oxygen decreases while that of carbon dioxide increases (Gill 
and Molin, 1991). The bacterial flora is gradually selected towards a CO1-tolerant 
but slowly growing one. Vacuum-packaged beef may have a storage life of lO_ 12 
weeks at 0°C until the off-flavour becomes unacceptable (Egan, 1983). The 
bacterial flora is dominated by lactic acid bacteria, mainly Crr,-nnhnc,tc~iun, spp., 
Ltrctohucifh spp. and L~uconostoc spp. (Shaw and Harding, 1984: Borch and 
Molin, 1988). The film pernieability has been shown to affect shelf-life (Newton and 
Rigg, 1979). With increasing permeability. the growth rate and the maximum 
number of Pseudon~~ntr.r spp. increases; the growth rate of B. the~,nospl7u~tu is 
unaffected, but the maximum count increases: Lcrc,tobcrciflu,s ssp. growth is unaf- 
fected. 

A long shelf-life may be attained in pure CO,. The time needed to reach 10’ 
bacteria/cm’ and off-odour. was 10 days in air, and 40 days in 100% COZ for pork 
stored at 4°C (Blickstad et al., 1981). The effect of CO, is enhanced by a low 
storage temperature, due to increased solubility of the gas. On pork loins stored 
under CO, at ~ 1.5”C, a maximum bacterial number of 10’ cfujcm” was reached 
after 63 days (Greer et al., 1993). Shelf-life extension by CO, results from an 
immediate selection, as opposed to a gradual one in a vacuum-pack, of lactic acid 
bacteria growing at a reduced rate (Blickstad et al.. 1981; Greer et al., 1993). 
Depending on pH and storage temperature, other bacteria such as Acwmonus spp.. 
B. thermosphactu and Eilterobacteriar~riile may grow (Rlickstad and Molin, 1983a; 
McMullen and Stiles, 1993). However, the lower the temperature, the greater the 
inhibition of Enterobrtcteriacear and B. thrrmssphuctu (Blickstad et al.. 1981; Greer 
et al., 1993). 

Retail display often includes the opening of a package and exposure to air with 
subsequent storage at a higher temperature. On pork chops prepared from loins 
stored under CO, at -- 1.5”C, lactic acid bacteria dominated the flora during 
storage in air at PC, and in addition the rapid growth of Psadomonas spp. to high 
numbers occurred (Greer et al., 1993). The retail case life (estimated as off-odour) 
decreased with increasing storage times in CO?. In contrast, the storage time of 



vacuum-packaged beef at 4°C did not directly affect the subsequent aerobic 
shelf-life. The retail shelf-life (estimated as time to IO7 cfu bacteria/cm’), was 5-6 
days when prepared from beef stored for two to six weeks in a vacuum (Borch, E., 
unpublished results). Prolonged storage in a vacuum-pack favoured the growth of 
slowly growing lactic acid bacteria and Enterobacteriuceue at the expense of rapidly 
growing Pseudomonas spp., during the subsequent aerobic storage (Table 2). 

The lowest cold-storage temperature for meat is - 1.5”C1 while the minimum 
growth temperature of psychrotrophic bacteria is - 3°C (Gill and Molin, 1991). 
Decreasing refrigeration temperatures decrease bacterial growth, and affect the 
composition of the bacterial flora. For vacuum-packaged beef, a bacterial count of 
about lo7 cfu/cn? was reached after 14 weeks at - l.S’C, but as early as after three 
weeks at 4°C (Fig. la, Blixt and Borch, unpublished results). The growth of 
ErzterobnctL~riLrceue was drastically reduced at - l.YC, but a t~dilsit~on to 4°C 
initiated the growth (Fig. 1 b). This is in accordance with McMullen and Stiles 
(1994). On vacuum-packaged beef, Hujkiu afuei dominated among the Ei~tero~~icte- 
riuceae at 4°C while Serrntia liqu@zciens dominated at - 1.5”C (Blixt and Borch, 
unpublished results). Also among the lactic acid bacteria, the composition varies 
with the storage temperature. In the study by McMullen and Stiles (1994), 
Curnobacterium spp. dominated the microbial flora on pork in 100% CO, at 
- l.S’C, while homofermentative Luctobacilh spp. dominated at 4°C and 7°C. 

The meat pH and availability of nutrients affect the selection and growth of 
bacteria. Normally, the muscle pH decreases post mortem to values between 5.4 
and 5.8. A high ultimate pH ( > 6.0; DFD-meat, dark firm dry) may be the result 
of stress of the living animal. Adipose tissues also have a higher pH than normal 
meat. Meat contains about 0.2% glucose and 0.4% amino acids. In adipose tissue 
and high pH meat, the levels of bacterial nutrients are lower. High pH meat and 
adipose tissue spoil more rapidly than normal pH meat since amino acids are 
rapidly attacked. 

Bacteria able to grow well on vacuum-packaged high pH meat are B. ther- 
mosphactu, Enterobacteriaceae such as H. alvei, S. Eiquefucie~ls and Enterobacter sp., 

Table 2 

Microbial flora on beef steaks, prepared from beef loins stored for 1, 3 or 5 weeks in vacuum-packs at 

4°C and stored in air at 4°C for seven days 

Storage in vacuum (weeks) Composition of microflora in air (76) 

Pselrdomonas spp. Lactic acid bacteria Enterohacteriacear 

I 95 0 5 

3 25 45 30 
5 0 75 20 



, I----’ 

IO 12 14 16 18 

Time (weeks) 

0 2 4 6 8 10 12 14 16 18 

Time (weeks) 

Luctobrrcillus spp., and S~~~~~u~l~~l~~ ~~Lit~~~~~~,~~il.s (Patterson and Gibbs, 1977; Gill 

and Newton, 1979). For high pH beef, the storage life may be extended by storage 

below 0°C (Shay et al., 1994) and storage in pure CO? (Erichsen and Molin, 1981). 

In 100% CO,, homofermentative Lnctnhcccil/z4.s spp. completely dominated the 
bacterial flora at 4°C (Erichsen and Molin, 1981). Neither Etltcrohuc*teriu~~~u~, nor 

B. thwmspfwcta were able to grow on high pH meat stored in 100% CO, at 
-- 1.5”C (Jeremiah et al., 1995). 

Vacuum-packed pork is reported to have a shorter shelf-life than beef, even 

though lactic acid bacteria dominate on both types of meat. Glycogen and glucose 
decrease at a faster rate in pork than in beef, leading to an earlier initiation of 
amino acid degradation in pork. In addition, Enterobrr~ter.ia~r~t~~ are reported to 
develop better on pork than on beef (Boers, 1992). 



21.4. Other jhctors 
Interactions between bacteria are important in a natural ecosystem such as meat. 

In addition to competition for nutrients, the production of antibacterial substances 
such as hydrogen peroxide, lactic acid and bacteriocins is likely to select the 
growing bacteria. Several lactic acid bacteria produce such metabolic products 
(Holzapfel et al., 1995). It has been proposed that specific bacteria may be used as 
a protective culture, delaying spoilage caused by other bacteria. Characteristics of 
such bacteria would be: growth and production of antagonistic compounds during 
prevailing storage collditions, and no off-odour production. 

2.2. Bucteriu ussociated with spoilage 

The predominant bacteria associated with spoilage of refrigerated beef and pork, 
are B. t~~eri?losp~~uctu, ~urnobucterium spp., E~lterobucter~uceae, Luctobac~lI~s spp., 
Let~conostoc spp., Ps~u~~~rn~~~s spp. and Siz. pl~trefucie~s (Dainty and Mackey, 
1992). The main defects of meat are off-odour and off-flavour$ but discolouration 
and gas production also occur. 

2.2.1. Offlou’ours und off-flaaours 
Off-odours such as sweet and fruity, putrid, sulphury and cheesy, characterize 

aerobically stored meat (Dainty and Mackey, 1992). ~seudo~l(~n~ls spp., specifically 
Ps. .fragi produce ethyl esters coinciding with the early stages of spoilage. Sulphur- 
containing compounds contribute to the putrid and sulphury odours. The responsi- 
ble compounds are for example hydrogen sulphide formed by Enterobucteriaceue, 
and dimethyl sulphide formed by Pseudomonas spp. Cheesy odours are associated 
with acetoindiacetyl and 3-methylbutanol formation, presumably by Enterobacteri- 
uceue, B. thermosphactu and homofermentative Luctobucilhls spp. (Borch and 
Molin, 1989; Dainty and Mackey, 1992). 

The off-odour of meat packaged in high oxygen-MA is characterized as cheesy 
and rancid. In this atmosphere a variety of bacteria such as P~~e~~~(~nioi~us spp., B. 
t~?~~rt~?osp~?~~ctfl and lactic acid bacteria (Ordbnez et al., 1991; Jackson et al., 1992) 
are able to grow, and contribute to spoilage. The presence of oxygen will increase 
the spoilage potential of both E, thermosphucta and lactic acid bacteria, due to the 
formation of end-products such as acetoin and acetic acid (Dainty and Hibbard, 
1980; Blickstad and Molin, 1984; Borch and Molin, 1988). 

The off-odours of vacuum and anaerobic MA-packaged meat are less offensive 
than of aerobically stored meat. The spoilage characteristics are sour and acid, and 
are typically associated with lactic acid bacteria and the production of lactic acid 
and acetic acid (Dainty and Mackey, 1992). Sulphur-compounds may also con- 
tribute to off-odour (Edwards and Dainty, 1987). During extended storage of meat 
a depletion of glucose is likely. A metabolic switch due to glucose depletion, leads 
to the formation of end-products such as acetic acid and hydrogen sulphide in 
homofermentative Luctobncillus spp. in anaerobic atmospheres (Egan et al., 1989; 
Borch et al., 1991). 



The bacterial production of hydrogen sulphide converts the muscle pigment to 
green sulphmyoglobin. Hydrogen sulphide is produced from cysteinc and is trig- 
gered by glucose limitation. ~~~~~~b~l~~~ll(s s&e forms hydrogen sulphide, but only 
when the glucose and oxygen availability is limited (Egan et al.. 1989). SLllphmyo- 
globin is, however, not formed in anaerobic atmospheres (Borch and Agerhem, 
1992). Other bacteria able to produce hydrogen sulphide are H. alwi and S/7. 

~~~~~~~~c~~~.~ (Dainty et al., 1989a). Greening is typically associated with high pH 
meat, but may also occur in normal pH meat. 

Clostridiiw~l spp. have been associated with the production of large amounts of 
gas (H, and CO,) in vacuum-packaged beef, accompanied by foul off-odours 
(Dainty et al., 1989b). Gas production (CO?) by lactic acid bacteria without 
extensive off-odours may be associated with vacuum-packaged beef and pork. 

3. Heat processed meat products 

The microbiological stability of cooked, cured meat products depends on extrin- 
sic factors, mainly the packaging method and storage temperature, and on intrinsic 
factors, such as the product composition. 

3.1. I. Pa ckqing 

Cooked meat products are chill-stored. usually in vaccum-pack or in MA-packs, 
but are also distributed unpacked, i.e. stored in an aerobic atmosphere. Further- 
more, in retail shops slicing is performed after the opening of packages, with 
subsequent storage in an aerobic atmosphere. 

During the aerobic storage of cooked, sliced meat products a mixed florrt 
composed of Bu~ilj~s spp., _~~i~~~~o~~~~s spp. and ~i~~t~~b~l~il~l,~~~ spp. is reported to 
dominate (Aim et al., 1961). In addition, rs~z~~~[)~l~rz~i~~ spp. may increase up to 10’ 
cfui’g (Krabisch et al., 1992). In cured, raw meat products, B. fhet-tnosphuctcl, 
Mora.xelh spp.lP.F?lchrobacter spp. and Pseuhmonus spp. were retrieved. In addi- 
tion good growth of yeast occurred (Dowdell and Board, 1968; Blickstad and 
Molin, 1983a). 

Vacuum-packaging is frequently used for cooked meat products. The combina- 
tion of the microaerophilic conditions, the presence of curing salt and nitrite 
favours the growth of psychrotrophic lactic acid bacteria (von Holy et al., 1991). B. 
tlwmzosphactu may also be a dominant part of the bacterial flora; this will 
particularly be the case when the film permeability is high (Nielsen, 1983). 

Storage under modified atmospheres (CO, plus N,; often 20%:80%,) is also used 
for cooked, cured meat products. Comparisons of the shelf-life of cooked, cured 
meat products in vacuum-packs and in MA-packs have resulted in different 



findings. While some investigations indicated no extension of the shelf-fife of 
MA-packaged meat products (Simard et al., 1983; Boerema et al., 1993), other 
studies reported an increase in shelf-life by MA (Blickstad and Molin, 1983b; 
Ahvenainen et al., 1989; Borch and Nerbrink, 1989). For meat products stored in 
MA, the shelf-life with respect to bacterial numbers was prolonged by 75% 
compared to vacuum-packaged, independent of the proportions of CO1 and N, 
used (Borch and Nerbrink, 1989; Fig. 2). The effects on flavour and slimy spoilage 
varied, however, with the different gaseous atmospheres used, where lOO”/o N, gave 
the best overall result followed by MA with an initial CO, concentration < 50%. 
High conc~ntratjons of GOI may cause discolouration, off-odours and off-flavours, 
and a release of liquid from the meat products (Ahvena~nen et al., 1989). The 
amount of drip from emulsion sausage stored in vacuum or modified atmospheres 
decreased in the order: 100% CO, > vacuum > 70% N, > 30% CO* > 100% N, 
(Borch and Nerbrink, 1989). 

The growth of lactic acid bacteria is favoured in atmospheres of CO, plus N,, 
while the growth of Enterobacterkmxre, B. thermosplzactn and yeast is restricted 
(Blickstad and Molin, 1983b; Simard et al., 1983; Borch and Nerbrink, 1989). 
However, the growth rate of some lactic acid bacteria is reduced in CO,-atmo- 
spheres compared to aerobic (Bfickstad and Molin, 1984), which may explain the 
iroionged shelf life. 

0 IO 20 30 

Time (h) 

40 50 60 

Fig. 2. Total count on emulsion sausage stored at 4°C in l , v~~uurn; B, N2: A, 50% Nz + 50% COz. 
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0 10 20 30 40 50 60 70 80 

Time (days) 

Fig. 3. Growth of L. sake in MA-packaged (30% COL:70’%~ NZ) Bologna-type sausage at 0. 15°C: 1. 

7T; A,, SK and V, 0.6”C. 

The lactic flora of vacuum or MA-packaged cooked, cured meat products 
consists of L~ctob~cillu~~ spp., predominantly L. strke and L. UWZ~US (Dykes and 
von Holy, 1994). Leuconostoc spp. such as Le~~cono,~toc ~elidi~~l, ~eucu~z~sfo~ 
carrzosum and Leliconostoc ~nes~~ntero~des sensu stricro-group are also frequently 
found to dominate (Schillinger and Liicke, 1987; Korkeala and MBkel%, 1989; 
Dykes et al., 1994). Furthermore, Weissella [L~~cto~uc~ilu.~] oiridescens, Carnobac- 
terium diuergens, C. rnu~turorn~c~s [t7iscicola] and B. th~rnl~~.~~~l~uctu have been 
isolated (Egan et al., 1980; Gardner, 1983: Collins et al., 1987). 

3.1.2. Temperuturr 
On vacuum or MA-packaged meat products the dominance of lactic acid 

bacteria is unaltered by the refrigeration temperature used, but the growth rate is 
affected. Inoculation studies with lactic acid bacteria on vacuum-packaged 
Bologna-type sausage demonstrated that with a decrease in temperature from 
7°C to 2”C, the growth of lactic acid bacteria was retarded almost two-fold; 
from 7°C to 0°C about four-fold (Fig. 3; Muermans et al., in press). Thus, for 
meat products the storage temperature is an important factor influencing the 
shelf-life. 
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3.1.3. Product composition 
Intrinsic factors that contribute to the microbial stability of cooked, cured meat 

products are mainly salt content, water activity (a,,.), pH and nitrite concentration 
(Grant et al., 1988). The concentration of NaCl is 335% calculated on the water 
content, pH values are 6.0-6.5, water activity values 0.96-0.99, and the residual 
nitrite level is below 100 ,ug/g. 

Cooked meat products may, in addition to sodium chloride, also contain other 
humectants such as phosphates and sodium lactate. These humectants will result in 
a decrease of the LX,,.. The addition of 4% sodium chloride in the water phase, will 
decrease the cl,,. value from 0.99 to about 0.97. Salt-sensitive microorganisms, such 
as Pseudomonas spp. and Eriterobacferiuceae, will not grow at these reduced water 
activity values, and the microflora developing will shift to more salt tolerant 
microorganisms such as lactic acid bacteria and yeasts (Blickstad and Molin, 
1983a). The growth of yeasts is furthe~ore greatly affected by the gaseous 
atmosphere, being restricted in an anaerobic atmosphere. The growth rate and the 
lag phase of tactic acid bacteria are in~uenced by reduced u,,. values. For example, 
a decrease in u,,. value from 0.98 to 0.96 in a Bologna-type sausage resulted in a 
three-fold increase in the lag time and a two-fold decrease in the growth rate of the 
lactic acid bacteria that dominated the bacterial flora (Kant-Muermans, unpub- 
lished results). 

The initial pH-value of cooked meat products will not restrict microbial growth. 
The pH may, however, decrease from pH 6.0-6.5 to pH 5.0-5.3 during storage, 
due to the activity of lactic acid bacteria (Fig. 4; Kant-Muermans, unpublished 
results; Dykes et al., 1991). Such a decrease will restrict the growth of B. ther- 

mosphuctu, but not of Lactohucillus spp. (Blickstad, 1983). Figure 4 also shows that 
product formulation, e.g. the addition of liver, affects the decrease in pH, and the 
growth rate. 

The pink colour of cooked, cured meat products is the result of the addition of 
nitrite and/or nitrate prior to heating, and the subsequent formation of nitroso- 
haemochrome (Gardner, 1983). Nitrite has an inhibitory action on the the growth 
of several micro-organisms, such as Enterobucferiuceue and B. thermosphacta, but 
not on lactic acid bacteria (Nielsen, 1983). 

3.2. Brxteriu rtssocikted with spoikge oj’ meat products 

Lactic acid bacteria are the major bacterial group associated with the spoilage of 
refrigerated vacuum- or MA-packaged cooked, cured meat products (Blickstad and 
Molin, 1983b; Shaw and Harding, 1989; von Holy et al., 1991). At the time of 
spoilage some products contain a ‘pure’ culture of only one species, while in others 
a mixture of L~ctob~c~llus spp. and Leuco~ostoc spp. was found (Kant-Mue~ans, 
unpublished results). The great diversity of bacteria isolated from spoiled meat 
products is confirmed by several studies (Korkeala and Makehi, 1989; von Holy et 
al., 1991; Yang and Ray, 1994). The genus/species of lactic acid bacteria responsible 
for spoilage, depend on the product composition (product-related flora) as well as 
the manufacturing site (house-related flora; Korkeala and Make&, 1989). 



Lactic acid bacteria spoil refrigerated meat products by causing defects such as 
sour of-f-flavours, discolouration, gas production, slime production and decrease in 

PH. 

3.2. 1. ~i~-o~t~u~~~ iitnd (~~~~uL,[j~fr.~ 

Off-devours in vacuum- or ~A-packaged cooked meat products are typically 

described as sour and acid (Gardner, 1983). The donlitl~tin~ bacteria, lactic acid 
bacteria, produce acids such as lactic acid. acetic acid and formic acid: the levels 
depending on genus species and growth conditions (Borch and Molin, 1985; Borch 

and Molin, 1989; Borch et al., 1991). Meat products stored aerobically or vacuum- 
packaged using a film with a relatively high permeability to oxygen may. in 

addition to sour and acid flavours. develop a slightly sweet, cheesy obnoxious 
odour. This is also found in meat products that have initially been stored anaerobi- 

cally and subsequent to opening the package in an aerobic atmosphere. An aerobic 

atmosphere induces the formation of acetoin in B. thr~n7o,sl~/~uc~t~r, iktohu~i/h.s 
spp. and Curnohcrc,tcriu,?l spp. (Borch and Molin. 1989). 

7 7 7 Diwolouration _ .il..... 

Bacteria producing H,O, may cause a green discolouration through the oxidation 
of nitrosohaemochrome to choleomyoglobin, frequently seen as green spots. Expo- 
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Fig. 4. Growth (filled symbols) and pH curves (open symbols) of Luc/ohac~i//~r.s ~xhv in MA packaged 
(30% C0,:70%NZ) Bologna-type sausage containing 0% ((1) and li”X ( n ) liver at a storage temperature 

of 7T. 
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sure to air is necessary for the formation of H,O,. The bacterial greening in the 
centre of meat products is caused by bacteria surviving the cooking process which 
after exposure to air start to produce H,O,. Due to a high heat resistance, W. 
viridescens has been demonstrated to survive regular heat processing in sausage 
processing, being able to survive for more than 40 minutes at 68°C (Niven et al., 
1954; Borch et al., 1988). The surface greening is caused by bacteria which 
contaminate the product after cooking. Homofermentative Luctobacillus spp., 
heterofermentative La-tobacillus spp., Leuconostoc spp. and C. divergens are able to 
form H,O, (Borch and Molin, 1989). Other bacteria that have been associated with 
greening are Elzterococcus spp. and Pediococcus spp. (Grant et al., 1988). 

3.23. Gus ,formution 
Accumulation of gas (CO,) is often associated with the growth of Leuconosfoc 

spp., such as Ln. ~1e~s~~rit~Jro~di~s. Ln. ~~rnos~~~~ and Ln. ~mei~b~[}surn (MBkel% et al., 
1992; Yang and Ray, 1994; Dykes et al., 1994). 

Ropy slime formation associated with vacuum-~cked, cooked meat products is 
caused by homofermentative ~~etob~~~i~lus spp. and Leu~o~~~,~t~~~ spp. (Korkeala et 
al.. 1988; von Holy et al., 1991; Dykes et al., 1994). Lff~tobu~illu~ sake, Ln. 
rrmeiibiosum, Ln. curnosum, Ln. gelidum, Ln. mesenteroides subsp. dextrunicum and 
Ln. mesenteroides subsp. mesrnteroides have been associated with slime formation 
on meat products. Ropy slime-producing L. sake and Ln. nmelibiosum were 
recovered from the processing rooms at meat plants where the meat products were 
handled after heat processing (Mgkelg et al., 1992). Furthermore, slime formation 
is an early indication of spoilage, often observed before the sell-by date (Korkeala 
et al., 1988). The formation of ropy slime does not require that the meat product 
contains sucrose. 

4. Analysis of spoilage 

4.1. Bcwteriul indicators 

The maximum level of bacteria reached during refrigerated storage of meat is 
IO’- 10” cfuicm’, and of meat products about lo’-10’ cfu/g. The correlation 
between bacterial numbers, in particular lactic acid bacteria, and sensorial spoilage 
is imprecise, which makes it difficult to use bacterial levels as an estimate of 
spoilage. Korkeala et al. (1987) concluded that the probability that lo7 Lu~t~)b~z~~/- 
1~~s spp./g cooked meat product would cause overt spoilage is about 10%. The times 
between reaching bacteria1 counts of IO’ cfuig, and that of evident spoilage, were 19 
and 30 days at 4°C and 2”C1 respectively (Korkeala et al., 1989). A similar situation 
is also valid for vacuum-packaged beef (Fig. 1 a). At 4°C off odours occurred one 
week after achieving a count of IO7 cfujcm’. However, at - 1.5”C off-odours were 
pronounced as early as four weeks before a count of 10’ cfu/cm2 (Blixt and Borch. 



Table 3 

Odours from bacteria associated with spoilage, inoculated on sterilized beef and stored in vacuum pucks 
at 4°C for 30 days 

-._-..-- 

Bacterial strain Odours, normal pH Odours. high pH 

Brorlmthri.x thernrosphacm Butter, slightly yeast 

Curnobcrc~terium dirwgrns Butter. acid 

Lactohucillu,s sp. Butter, acid. putrid, plastic 
Lnctohwillus sp. Sulphurous, acid 

Locdx~dlir.~ sp. Butter, sulphurous 
Lnc~tohac~illrrs scrke Sulphurous, butter 
1dclocorc~u.s c.~ffirwluc~lis Butter. slightly fresh 

i~~~~tzrwoc~ sp. SM RICC 2 19 Butter. fresh, ethanol 
LculYM?o.~foc~ sp. Acid, very fresh, sour milk 
Stwiith /iqu~/irc~rens Slightly butter. plastic, slightly 

acid 
Swrfffiit liql~i,f~i[,i~fi~~ Acid. meat 

Yeast, sweaty feet 

Acid, slightly sulphurous 

Butter, acid. plastic 

Sulphurous 

Sulphurous 

Sulphurous 

Butter, fresh 

Butter. fresh, sweet dissolvent 

Acid. fresh 

Slightly sulphurous. acid. fruity 

Acid, fresh, slightly sweet 
. 

unpublished results). Off-odours formed before achieved tn~ximum bacterial count 
are also reported for pork stored at - 1.5”C in 100% CO2 (McMullen and Stiles. 
1994). 

Instead of using the total count of bacteria as a spoilage indicator, the growth of 
specific spoilage bacteria could be analysed. This approach requires the frequent 
presence of a few specific spoilage bacteria. However, based on present knowledge, 
at least for anaerobically stored meat, these bacteria have not yet been identified. 
Sterilized beef inoculated with bacteria previously associated with meat spoilage, 
developed a range of odours during storage in vacuum at 4°C (Table 3; Blixt and 
Borch, unpublished results). However, a typical vacuum off-odour (dense, sour and 
slightly putrid) was not identified. 

On the contrary, sterilized beef inoculated with H. alwi together with a mixture 
of lactic acid bacteria isolated from spoiled vacuum-packed beef, gave rise to the 
typical vacuum off-odour after 8 weeks in a vacuum-pack at 4°C. However, if solely 
the mixture of lactic acid bacteria was inoculated, the spoilage odour was sul- 
phurous (Blixt and Borch, unpublished results). L. sake. known to produce H$, 
was isolated on the spoiled beef inoculated with solely lactic acid bacteria, while 
this strain was not isolated on the beef co-inoculated with H. dwi. This indicates 
that the off-odour emanates from interactions between several bacteria. 

As an alternative to bacterial determinations, n-lactate, acetoin, tyr~rni~~e, pH- 
value and headspace gas composition have been suggested as chemical indicators of 
bacterial spoilage in meat and meat products (Korkeala et al., 1987; De Pablo et al., 
1989: Yano et al., 1995). The use of such spoilage indicators is, however, dependent 
on product composition. The occurrence of slime and the decrease in pH in meat 
products, will depend on the presence of fermentable carbohydrates. For example, 



a drop in pH from 6.3 to 5.6 was observed in Bologna-type sausage, while in liver 
sausage, the pH droped to 5.0 (Fig. 4; Kant-~ue~ans, unpublished results). 
furthermore, in the study by Borch and Agerhem (1992) it was concluded that the 
type and amount of bacterial end-products formed were dependent on the type of 
bacteria growing on the meat. o-lactate and acetate indicated high numbers of a 
L~~~~o~~~~~~us sp., while D-lactate and ethanol indicated high numbers of a Leu- 

conostoc sp. 
It may be postulated that several chemical indicators will be needed in order to 

estimate the degree of spoilage. Differences in concentrations of single compounds 
of the headspace from unspoiled and spoiled meat have been revealed by comparing 
the CC-MS spectra of the volatile compounds (Edwards and Dainty, 1987). Use of 
an electronic nose to analyse headspace volatiles also shows promise. Differences in 
the patterns of output from the instrument have been used to distinguish between 
ground pork and beef meat and, furthermore, predict the time of storage (Winquist 
et al., 1993). The advantages of the electronic nose are that it can be made small 
and portable, and rapid on-line analysis may be performed. 
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