
18.1 Introduction: factors limiting the shelf-life of dairy
products

The shelf-life of refrigerated dairy products is limited to 1 to 3 weeks (Muir, 1996).
A number of factors contribute to this limited shelf-life: microbial quality of the
raw milk (Muir, 1996), bacterial enzymes (Champagneet al., 1994), thermal
processing conditions (Lewis, 1999), and distribution/storage temperatures
(Henyon, 1999). Carbon dioxide (CO2) can be used to influence these factors
and improve the quality of a variety of dairy products. Growth and metabolism of a
wide range of bacteria (Dixon and Kell, 1989), particularly those found in the dairy
processing environment (Roberts and Torrey, 1988; Ruas-Madiedoet al., 1996),
are inhibited in the presence of added CO2. Combined inhibitory effects of CO2 and
other preservation techniques (refrigeration, pasteurisation or high barrier
packaging) on bacterial growth and survival have been demonstrated.

18.2 The effects of CO2 on bacterial growth

When CO2 is dissolved in an aqueous medium it can retard the growth of Gram-
positive and Gram-negative organisms. The magnitude of the effect on the
different phases of growth depends upon the organism (see Table 18.1). For
example, the lag phase of growth forPseudomonas fluorescensincreases with
increasing concentrations of CO2 (Fig. 18.1) (Hendricks and Hotchkiss, 1997).
Other organisms are similarly affected but to different degrees:Listeria
monocytogenes(Hendricks and Hotchkiss, 1997; Fernandezet al., 1997),
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Table 18.1 Effects of CO2 on bacterial growth (measured by conductance) described with the Gompertz model (adapted from Martinet al., 2003)

Organism(s) [CO2] R2 Growth Time to Max. change Doubling Lag time
(mM) rate (�S/h) max. growth in conductance time (h) (h)

rate (h) (�S)

Raw milk microflora 0.6 1.0 0.200a 26.0a 88.9a 1.8 20.0
15.4 1.0 0.132b 33.0b 92.2b 2.3 25.4
27.9 1.0 0.135c 40.2c 98.0c 2.2 32.8
38.6 0.99 0.133d 44.3d 80.5d 2.3 37.7
44.5 1.0 0.113e 52.9e 87.9e 2.7 44.1

P. fluorescens 0.4 0.99 0.112a 11.7a 78.2a 2.7 3.3
11.2 0.99 0.128b 21.1b 69.2b 2.4 13.3
27.1 0.99 0.130b 22.7c 59.9c 2.3 15.0
33.6 0.99 0.088c 27.3d 61.9d 3.4 16.0
46.3 0.99 0.088c 37.5e 65.6e 3.4 26.1

E. coli 0.5 0.99 0.064a 47.6a 56.0a 4.7 29.4
49.4 0.97 0.055b 53.8b 22.0b 5.5 38.1

L. monocytogenes 0.5 0.98 0.136a 22.6a 118.0a 2.2 15.2
48.9 0.99 0.100b 44.4b 71.5b 3.0 34.4

Enterococcus faecalis 0.5 0.99 0.055a 51.8a 69.0a 5.5 33.6
51 0.98 0.076b 50.7b 40.7b 4.0 37.6

B. cereus 0.5 1.00 0.128a 33.9a 79.3a 2.4 26.1
47.1 0.99 0.105b 37.6b 77.9b 2.9 28.1
61.4 0.99 0.057c 44.4c 74.8c 5.3 26.7

B. licheniformis 0.5 0.99 0.057a 48.4a 51.4a 5.3 30.9
49.4 0.96 0.057a 54.1b 31.2b 5.2 36.7

a–e For each organism, different superscript letters denote that parameters are statistically different from each other (� � 0:05).



Escherichia coli(Martin et al., 2003), Bacillus licheniformis(Martin et al.,
2003), SPC, and milk-borne psychrotrophs (Roberts and Torrey, 1988).

The log phase of growth is also altered by CO2. An atmosphere containing
70% CO2 doubled the generation time ofPseudomonas aeruginosawhen grown
in defined media at 24ºC compared to controls grown in the presence of air
(King and Nagel, 1967). The maximum specific growth rate (per hour) of
Bacillus cereus, in broth, decreased from 0.46 at 0.0 atm CO2 pressure to 0.37,
0.13, and 0.0 (no growth) at 0.5, 2.0, and 3.0 atm CO2 respectively (Enfors and
Molin, 1980). A simultaneous increase in the lag phase and decrease in the
growth rate due to CO2 has been demonstrated in experimental growth medium
for P. fluorescens(Devlieghere et al., 1998a) and in UHT milk forL.
monocytogenes(Martin et al., 2003).

The growth of fungi is also inhibited by CO2 (McIntyre and McNeil, 1998).
Inhibitory effects of CO2 on the growth of yeast and moulds in dairy products
have been demonstrated (Alveset al., 1996; Choi and Kosikowski, 1985; Eliotet
al., 1998). The growth of anaerobes in media (Reilly, 1980) and milk (Roberts
and Torrey, 1988) are inhibited in the presence of CO2.

Fig. 18.1 Effects of CO2 concentrations in modified atmospheres on growth of
Pseudomonas fluorescensin media at 7.5ºC. O2/CO2/N2: 20/0/80■; 20/5/75●; 20/20/60

▲; 20/40/40◆; 20/80/0❒; 10/30/60❍; 20/30/50�; 40/30/30} (Hendricks and
Hotchkiss, 1997, with permission).
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18.2.1 Effects of CO2 on spores
Carbon dioxide affects spore germination in laboratory media (Hambleton and
Rigby, 1970).Clostridiaspecies germinate at a faster rate in the presence of CO2

(Foegeding and Busta, 1983) in peptone yeast extract broth, but germination of
B. cereusspores in phosphate buffer is inhibited (Enfors and Molin, 1978b).
Even different strains respond differently to CO2. In milk treated with CO2 to a
pH of 5.86 activation ofB. cereusspores was increased by 26% whileB. cereus
var. mycoideswas not activated by the CO2 (Guirguiset al., 1984).

Carbon dioxide (11.9 mM) dissolved in sterile milk packaged in glass jars and
stored at 6ºC for 35 days had no effect on the germination and outgrowth ofB.
cereusspores (Werner and Hotchkiss, 2002). It is suggested that moderate
concentrations of CO2 will not increase the risk ofB. cereusspores growing in
milk stored for extended periods of time.

Concerns with the possibility ofClostridium botulinumgermination, outgrowth
and toxin production in CO2-treated milk prompted researchers to measure toxin
production in milk inoculated withC. botulinumspores (Glasset al., 1999). After
a heat shock treatment, a cocktail of proteolytic and nonproteolytic strains ofC.
botulinumspores was inoculated into pasteurised milk containing 9.1 and 18.2 mM

CO2 or no added CO2 (control) and stored for 6 days at abusive temperatures
(21ºC) and for 60 days at 6ºC. Controls and CO2-treated milks stored at 21ºC were
grossly spoiled (SPC reaching 107 cfu/ml) at day 2 beforebotulinumtoxin was
detectable. Milk stored at 6ºC, regardless of treatment, did not contain toxin over
the 60-day storage period, leading to the conclusion that dissolved CO2 as high as
18.2 mM in milk does not increase the risk of botulism.

18.2.2 Effects of CO2 on enzyme production and activity in milk
The effects of CO2 on extracellular enzyme production byP. fluorescensin a
simulated milk medium have been reported (Rowe, 1988). Carbon dioxide
dissolved at 30 mM resulted in a 50% reduction in protease production at 7ºC.
After 5 days, lipase production was 85% greater in controls than in CO2-treated
milk. This may have something to do with the increased solubility of CO2 in
lipids. More recently Habulin and Knez demonstrated that supercritical CO2

(100 bar) can also significantly decrease the activity of aP. fluorescenslipase by
50% (Habulin and Knez, 2001).

18.2.3 Inhibitory mechanisms of CO2

The direct and indirect mechanisms by which CO2 affects microbial growth and
metabolism are not entirely clear even though the topic has been studied in detail
(Daniels et al., 1985; Dixon and Kell, 1989; McIntyre and McNeil, 1998;
Stretton and Goodman, 1998). Four major theories on the inhibitory mechanism
of CO2 have been proposed:

1. Solubility of CO2 in lipids may adversely affect membrane stability
(Nilssonet al., 2000; Ballestraet al., 1996).
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2. Hydration reactions of CO2 result in reduced pH creating intracellular and
environmental stress (Wolfe, 1980).

3. As a metabolite in many biochemical pathways, CO2 can cause futile
expenditure of cell energy (Dixonet al., 1987).

4. CO2 can cause physiochemical alteration and regulation of enzymes (King
and Nagel, 1975; Pichardet al., 1984).

Depending upon the growth medium, the organism, and its physiological state, a
combination of these mechanisms is probably responsible for the observed
effects.

It has been demonstrated that O2 displacement is not the only inhibitory
mechanism affecting growth (Enfors and Molin, 1980; King and Nagel, 1967).
For example, when O2 concentrations are kept constant the lag phase forP.
fluorescensincreases as CO2 concentration increases (Hendricks and Hotchkiss,
1997) (Fig. 18.1). The inhibitory effect of CO2 on anaerobes (Reilly, 1980)
supports these conclusions.

The significance of solubility
Carbon dioxide must first dissolve to have an inhibitory effect on
microorganisms. When the gas dissolves into an aqueous environment a series
of hydration reactions occur (equation 18.1):

CO2 + H2O ! H2CO3  !HCOÿ3 + H�  ! CO2ÿ
3 + 2H� 18:1

Upon solvating, CO2 forms carbonic acid, which dissociates to form the
bicarbonate anion and H+. Carbon dioxide and the H+ ions are largely
responsible for the inhibitory mechanisms mentioned above; however,
bicarbonate and carbonate ions have also been shown to have an inhibitory
effect (Diez-Gonzalezet al., 2000; Corralet al., 1988).

The equilibrium of the reaction (equation 18.1) will be determined by the pH
of the aqueous phase. At lower pH, the reaction will be pushed to the left.
Therefore the pH of the medium in which the CO2 is dissolved or its buffering
capacity may affect the mechanism that is at work.

Carbon dioxide molecules are nonpolar and therefore more soluble in lipids
than in water. When CO2 comes into contact with a bacterial membrane it will
prefer to dissolve into the lipid bilayer. In doing this, CO2 increases the fluidity
of the membrane (Sears and Eisenberg, 1961; Nilssonet al., 2000) and exposes
the cytoplasm of the cell to its toxic environment. Depending upon concen-
tration and pressures, some CO2 will eventually solubilise in the cytoplasm,
which is an aqueous environment with a neutral pH. These conditions will
permit the reduction in the pH of the cytoplasm and a change in the pH gradient
that will stress the cell.

The mechanism by which CO2 affects spores is not clear. Spores have a thin
membrane embedded beneath a series of protein coats. These coats are porous
(Setlow and Johnson, 1997) and it may be that CO2 solubilises within the spore
membrane, rendering the spore more sensitive to environmental stress such as
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heat either by triggering germination or by increasing the fluidity of the
membrane (Enfors and Molin, 1978a).

The effects of CO2 on phenotypic characteristics of microorganisms suggest
that there are changes in gene expression due to CO2 levels in the environment.
Stretton and Goodman (1998) have reviewed the literature describing the effects
of CO2 on gene expression in a wide range of microorganisms. It is proposed
that CO2 as a ubiquitous environmental signal is part of a global regulatory
system.

The inhibitory effect of CO2 is also dependent upon temperature, as it is more
soluble at lower temperatures (Tomasula and Boswell, 1999). The effect of
temperature on CO2 solubility and its inhibitory effect on the growth rate of
Lactobacillus sakedemonstrated that growth rates in laboratory media are inversely
correlated with CO2 solubility (Devlieghereet al., 1998b). Carbon dioxide is
soluble in milk even at temperatures of 38ºC (Maet al., 2001) and therefore can be
added and retained in refrigerated products during storage and distribution.

18.3 The effects of CO2 on raw milk quality

The inhibitory effect of dissolved CO2 and storage temperature on total plate
counts (TPC), psychrotrophic plate counts (PPC), coliforms, anaerobic plate
counts, lactobacilli andBacillus spp. have been demonstrated. The effects of
CO2 on spores and their outgrowth have been studied to a lesser extent. Different
species and strains have varying resistance to CO2. Physiochemical changes in
the raw milk resulting from dissolved CO2 have been observed to be minimal or
reversible depending upon the concentrations added.

18.3.1 Standard plate counts
Carbon dioxide dissolved in refrigerated (4–7ºC) raw milk can reduce the
growth of TPC organisms by 1–1.5 log compared to untreated controls that do
not contain added CO2 (Ruas-Madiedoet al., 1996, 1998b). The growth of
spoilage organisms in raw milk of both good and poor quality can be slowed
with the addition of CO2 (Espie and Madden, 1997; Roberts and Torrey, 1988).
For example, raw milk stored at 4ºC with high (1.6� 105 cfu/ml) and low (7.8�
103 cfu/ml) initial TPC prior to CO2 addition (30 mM) remained below 106 cfu/
ml for an additional 2.2 days and >3 days respectively compared to controls
(King and Mabbitt, 1982). Aerobic plate count organisms in raw milk stored at
7ºC had an increased lag phase (72 h) in the presence of 25–27 mM CO2

compared to controls (24 h) (Roberts and Torrey, 1988).

18.3.2 Psychrotrophs
Psychrotrophs in raw milk are sensitive to CO2 (King and Mabbitt, 1982; Sierra
et al., 1996). For example, after 6 days of storage at 7ºC raw milk containing 25
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mM CO2 had 3.4 log cfu/ml fewer psychrotrophs compared to controls (Roberts
and Torrey, 1988). The lag phase of psychrotrophs in raw milk stored at 4ºC was
6 days in the presence of 30 mM CO2 compared to 2 days in untreated milk
(King and Mabbitt, 1982).

Some researchers have not measured CO2 concentrations directly but instead
have looked at the effects of pH reduction due to CO2 addition on PPC. Reducing
the pH from 6.8 to 6.0 held the PPC to 5.89 log cfu/ml after 4 days’ storage at 7ºC,
compared to controls that had 7.30 log cfu/ml (Sierraet al., 1996). The same pH
reduction reduced lipolytic PPC by approx 1 log cfu/ml after 4 days at 4ºC
compared to controls that had reached 3.5 log cfu/ml (Ruas-Madiedoet al.,
1996). This bactericidal effect of CO2 on lipolytic psychrotrophs was not
discussed. Nonpolar characteristics of CO2 allow it to be more soluble in the lipid
fraction. It is possible that higher concentrations in the milk fat rendered this
particular carbon source inaccessible to the lipolytic psychrotrophs, putting them
at a disadvantage compared to the other microbial populations.

18.3.3 Coliforms
Growth of coliforms in raw milk is inhibited by CO2. After 4 days’ storage at 4ºC
raw milk acidified to pH 6.0 with CO2 had coliform counts of 2.5 log cfu/ml
compared to untreated controls that had 3.5 log cfu/ml (Ruas-Madiedoet al.,
1996). The greater the amount of CO2 dissolved in raw milk the greater the
magnitude of inhibition. For example, raw milk containing 45 mM CO2 stored at
6ºC for 6 days had 4.7 log cfu/ml coliforms compared to controls that had 7 log
cfu/ml (Espie and Madden, 1997). Milk containing lower levels of CO2 (25–28
mM) and stored at a slightly higher temperature (7ºC) for 6 days inhibited coliform
growth by 1–1.5 log cfu/ml compared to controls (Roberts and Torrey, 1988).

18.3.4 Anaerobes
Carbon dioxide has an inhibitory effect on anaerobically grown microorganisms
(Enfors and Molin, 1980). Raw milk containing 26.5 mM CO2 stored at 7ºC for 6
days had 5.7 log cfu/ml anaerobic counts compared to 8.5 cfu/ml in controls
(Roberts and Torrey, 1988).

18.3.5 Pseudomonasspecies
Pseudomonasspecies, in general, are significantly inhibited by CO2 (Roberts
and Torrey, 1988; King and Mabbitt, 1982). Counts of pseudomonads were 3 log
cycles lower in raw milk containing 30 mM CO2 stored at 4ºC for 4 days
compared to controls (Espie and Madden, 1997).

18.3.6 Biochemical and physical changes in raw milk due to CO2 addition
The biochemical effects of CO2 on raw milk have been studied. Carbon dioxide
does not alter the stability of fat-soluble vitamins in raw milk stored at 7ºC for
seven days (Sierraet al., 1996). Organic acid profiles and the casein and whey
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protein ratios in refrigerated (4ºC) raw milk were unaltered by CO2 addition that
reduced the pH to 6.0 (Ruas-Madiedoet al., 1996). High-temperature short-time
(HTST) treatments of raw milk, post-CO2 removal, did not alter the protein
ratios or composition of volatile compounds (Ruas-Madiedoet al., 1996)
compared to untreated controls. Standard analytical tests such as alkaline
phosphatase detection, freezing point, pH, antibiotic tests, and FTIR to measure
fat, protein, and lactose, were performed in raw milk with and without CO2 (Ma
et al., 2001). Alkaline phosphatase and antibiotic tests were unaltered due to
CO2 addition. Fat and protein content as measured by FTIR were also unaltered.
An absorbance increase in the lactose wavelengths due to CO2 was measured.
The reduction of pH due to CO2 (Fig. 18.2) was noted to be the likely cause of
the concurrent reduction in freezing point of raw milk with added CO2.
Reductions in pH cause a dissociation of casein micelles, resulting in a release of
calcium and phosphate salts into the aqueous portion (Gevaudanet al., 1996).
This increase in solutes likely causes the linear decrease in freezing point (FP)
from 0.55ºHortvet (ºH) in raw milk without added CO2 to 0.59ºH in milk
containing 1000 ppm CO2 (FP� ÿ0.5434ÿ 0.0000510� [CO2] (ppm); R2 �
0.98) (Maet al., 2001).

Destabilisation of the casein micelle due to CO2 addition may be of concern
with respect to increased fouling on plate heat exchangers during thermal
processing. It is known that decreasing the pH of milk during thermal treatment
can increase the amount of fouling (Patil and Reuter, 1988; Skudderet al., 1986)
and CO2 acidification of milk could cause an increase in scaling on the heat

Fig. 18.2 Effect of dissolved CO2 on pH of raw milk (38ºC) from two different farms
(distinguished by open and closed symbols) (Maet al., 2001, with permission).
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exchangers (Calvo and de Rafael, 1995). Twenty litres of raw milk treated with
CO2 sufficient to reduce the pH to 6.0 and heated for 20 s at 80ºC formed
deposits of mostly protein and minerals on pasteuriser plates. The lipid content
of the deposits on heat exchanger plates exposed to the CO2-treated milk was
dramatically lower (45 ± 0.72 g/kg dry matter) than in untreated controls (234 ±
0.79 g/kg dry matter). The concentration of CO2 dissolved in the milk was not
measured. Milk acidified to the same pH with hydrochloric acid completely
clogged the pasteuriser (Calvo and de Rafael, 1995).

Recent work (Guillaumeet al., 2002) concluded that the effects of
acidification of reconstituted milk to pH 5.8 were completely reversible after
CO2 was removed by vacuum treatment. Both the composition and structure of
the micellar calcium phosphate were unaltered by CO2 addition and removal.

18.4 The effects of CO2 on dairy product quality

Carbon dioxide is ‘Generally Recognized As Safe’ (GRAS; FDA, 2000). It can
be used to extend the shelf-life of a variety of dairy products including
concentrated raw milk, pasteurised milk, yogurt, cottage cheese, ice cream
mixes, and aged cheeses. For fluid products CO2 can be directly sparged in-line
(DAC) but for cheeses CO2 is incorporated into a modified atmosphere
surrounding the product. Important to both of these approaches is a low CO2/O2

permeability of the package barrier.

18.4.1 Concentrated raw milk
Growth of Gram-negative and TPC can be reduced in raw milk that has been
concentrated by reverse osmosis (RO) or ultrafiltration (UF) techniques
(Hotchkiss, unpublished data). UF whole milk containing 25.3 mM CO2 had
TPC of 105 cfu/ml after 14 days of storage at 7ºC, compared to untreated
controls that had 108 cfu/ml. RO concentrated whole milk containing 25 mM

CO2 had 103 and 105 cfu/ml of Gram-negatives and TPC respectively after 7
days compared to 106 cfu/ml for both Gram-negative and TPC in controls.

18.4.2 Fluid milk
Carbon dioxide can improve the microbial quality of milk packaged in paper-
board cartons (Duthie, 1985), glass containers (Glasset al., 1999), and plastic
pouches (Hotchkisset al., 1999). Depending upon packaging material and CO2

concentration, the shelf-life can be increased by as much as 200% (Hotchkisset
al., 1999). Table 18.2 describes the relationship between package barrier
permeability, CO2 concentration in the milk, and microbial growth. Shelf-life,
defined as the days to reach 106 cfu/ml, increases as CO2 concentration increases
and package barrier permeability to CO2 decreases. Shelf-life of milk packaged
in a low-barrier film increased by 65% from 9.6 days without added CO2 to 15.9
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days at 21.5 mM CO2. Milk packaged in higher-barrier films had a shelf-life of
19 days (Hotchkisset al., 1999).

The growth of psychrotrophs (Duthie, 1985), pseudomonads (Hotchkisset
al., 1999; King and Mabbitt, 1982; Shipeet al., 1982), and SPC (Glasset al.,
1999) is inhibited in pasteurised milk that has been treated with CO2. Safety
issues associated with the effect of CO2 on toxin-producing anaerobes, such as
Clostridium botulinum(Glasset al., 1999) and pathogenic spore formers such as
Bacillus cereus(Werner and Hotchkiss, 2002) have been addressed. Carbon
dioxide does not appear to increase the risk of toxin production byC. botulinum
or the outgrowth ofB. cereusin inoculated refrigerated milks.

The sensory threshold, as determined by a trained panel, for CO2 in 2%
pasteurised milk is approximately 9.0 mM. At levels just below the threshold
(8.7 mM) a high-barrier package increased the shelf-life by nearly 40% (Table
18.2). The organoleptic properties of CO2-treated milk are improved after 14
days (Duthie, 1985) and 21 days (Glasset al., 1999) of refrigerated storage
compared to controls not containing CO2.

Recently, conductance, which correlates with plate counts, has been used to
monitor the growth at 15ºC of inoculated spoilage organisms (in mixed and pure
cultures) and pathogens in milk containing dissolved CO2 at levels ranging from
0.4 to 61.4 mM (Martin et al., 2003). Conductance data accurately fit the
Gompertz model withR2 ranging from 0.96 to 1.00, permitting a quantifiable
effect of CO2 on the lag, exponential and stationary phases of growth (Table
18.1). The doubling time for native microflora in raw milk was 1.8 h in controls
containing 0.6 mM CO2 and increased to 2.3 and 2.7 h in milk containing 15.4
and 44.5 mM CO2 respectively. Lag times (h) for raw milk microflora were 20,
25.4 and 44.1 respectively for the same CO2 concentrations mentioned above.
The doubling time forB. cereusincreased from 2.4 to 2.9 and 5.3 h as the CO2

concentration (mM) increased from 0.5 to 47.1 and 61.4 respectively. The
doubling time forListeria monocytogenesincreased from 2.2 to 3.0 h and the lag
time more than doubled from 15.2 to 34.4 h in milk containing 0.5 and 48.9 mM

CO2 respectively (Martinet al., 2003).

Table 18.2 Combined effects of dissolved CO2 and packaging permeability on shelf-
life of milk (adapted from Hotchkisset al., 1999)

Film permeabilitya Days at 6.1ºC for SPC to reach 106 cfu/mlb

[CO2] (mM)

0 8.7 14.2 21.5

3801 9.6 11.8 12.5 15.9
2040 – 9.9 14.0 14.6
110 – 13.4 18.4 19.6
<0.5 – 13.3 19.1 19.1

a (cm3/m2/24 h at 7ºC).
b Initial counts = 1 cfu/ml.
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18.4.3 Effects of CO2 on the microbial quality of cottage cheese
Several commercial cottage cheese manufacturers in the United States use CO2

to improve the quality of their product (DMI, 1998) as well as in other parts of
the world. When CO2 is flushed into the headspace (Kosikowski and Brown,
1972; Maniaret al., 1994), bubbled into the cream dressing (Lee, 1996; Chen
and Hotchkiss, 1991, 1993), or bubbled directly through the finished product
(Moir et al., 1993), the lag phase of spoilage organisms increases and product
quality improves.

A simple and effective approach to incorporating CO2 into cottage cheese is
to add it to the cream dressing prior to mixing with the curds. An inline sparging
apparatus and flow diagram for this process has been described (Hotchkiss and
Lee, 1996). Cottage cheese prepared in this way can have a shelf-life as long as
80 days (Fig. 18.3). A mixture of three Gram-negative psychrotrophic spoilage
organisms inoculated at a level of 103 cfu/ml did not grow in CO2-treated (40%
in head space) cottage cheese over a 70-day period when stored at 4ºC in glass
jars (Chen and Hotchkiss, 1991). In controls not containing CO2 bacterial levels
reached 106 cfu/ml within 15 days. A storage temperature of 7ºC combined with
CO2 addition held counts below 104 cfu/ml for 30 days, and in controls, SPC
reached 106 cfu/ml within 5 days.

Fig. 18.3 Standard plate counts in cottage cheese packaged with (solid symbols) and
without (open symbols) added dissolved CO2 and stored at 4ºC (●, ❍) and 7ºC (▲, �)

(Chen and Hotchkiss, 1991, with permission).
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Gram-negative organisms, particularlyPseudomonasspp. (Moiret al., 1993),
psychrotrophs (Maniaret al., 1994), yeasts and moulds (Kosikowski and Brown,
1972; Chen and Hotchkiss, 1991) and lactic acid bacteria (Maniaret al., 1994),
are inhibited by CO2 in cottage cheese. Microscopic examination of CO2-treated
cottage cheese showed that Gram-positive bacilli and cocci predominated
compared to controls (Chen and Hotchkiss, 1991). Carbon dioxide seemed to
have an inhibitory effect on the yeast and mould populations in cottage cheese,
as they were undetectable in CO2-treated samples but found in the controls at
levels of 10 cfu/g (colony forming units per gram). These effects are not
attributed to the pH-reducing effect of CO2 as the controls and treated samples
had similar pH (5.2–5.25) (Chen and Hotchkiss, 1991).

Improved flavour scores for cottage cheese parallel the improved microbial
quality in CO2-treated samples (Maniaret al., 1994; Kosikowski and Brown,
1972; Lee, 1996). The amount of CO2 added is below the taste threshold and
cannot be detected by the consumer.

Concerns with outgrowth of facultative and obligate anaerobes, such asL.
monocytogenesand C. sporogeneshave been addressed (Chen and Hotchkiss,
1993). Over a 63-day storage period at 4ºC and 7ºC,C. sporogenesdid not grow
in either CO2-treated (35% of the volume in the headspace) or control cottage
cheeses.Listeria monocytogenesinoculated at 104 cfu/ml in CO2-treated cottage
cheese did not increase during 63 days of storage at 4ºC, but did increase by 1
log when stored at 7ºC. In the control products without added CO2, counts
reached 107 cfu/ml in 28 days and 7 days when stored at 4ºC and 7ºC
respectively.

18.4.4 Carbonated milk-based beverages
Milk-based beverages with sufficient CO2 to be detectable by taste have a
refrigerated shelf-life of more than 6 weeks. Such carbonated flavoured dairy
beverages have equal or better nutritional quality than that of milk. The amount
of CO2 added and the type of flavouring system used in these products are
critical to their acceptance.

18.4.5 Yogurt
When using CO2 to improve the quality of fermented dairy products, the growth
of beneficial bacteria such as lactic acid producers or probiotics cannot be
inhibited and at the same time spoilage organisms must be inhibited in order to
extend shelf-life. Two approaches have been taken to improve the quality of
yogurts and cheeses:

1. Incorporate CO2 into the raw milk to provide starting ingredients with good
microbial quality.

2. Incorporate CO2 into the final product or atmosphere surrounding the
product to inhibit spoilage.

402 Dairy processing



To evaluate these strategies, researchers have monitored the growth and
metabolism of fermentative bacteria in CO2-treated products and evaluated their
quality compared to controls made by conventional methods.

Yogurt made from CO2-treated raw milk (to a pH of either 6.0, 6.2, or 6.4)
had similar sensory properties and viscosity as control yogurt but lower pH
values after 7 days of storage at 7ºC (Calvoet al., 1999). In a different study
growth and metabolism of two combinations of yogurt starter cultures in
carbonated milk were monitored over a 49-day storage period at 4ºC (Vinderola
et al., 2000). Carbon dioxide was added to the milk after the heat treatment of
the raw milk and prior to inoculation with either of two starter culture blends:

• Lactobacillus acidophilusandStreptococcus thermophilus
• L. acidophilus, S. thermophilusandBifidobacteria bifidum.

The growth of the first culture mixture was unaltered by the addition of CO2

which reduced the pH from 6.84 to 6.31. In the presence ofB. bifidumand CO2

the counts ofL. acidophiluswere lower towards the latter part of the storage
period. Concentrations of organic acids (pyruvic, lactic, and acetic) were the
same in both CO2-treated and control milks for both culture combinations at the
end of the storage period. However, acetic acid was lower in the CO2-treated
milk containingB. bifidumduring the first 4 weeks of storage, which may have
been related to the lower counts ofL. acidophilusin these samples later on.
After 24 days the sensory properties of the yogurts, including mouthfeel, odour,
acidity, and overall acceptability, were slightly improved in the CO2-treated
yogurts, but statistically indistinguishable from controls. Carbon dioxide-treated
milks reached the break point pH of 5.0 sooner than untreated milk (Vinderolaet
al., 2000). Gueimondeet al. (2002) found that CO2 dissolved in milk did not
have a negative effect on the growth of probiotic bacteria.

When CO2 was dissolved directly into finished Swiss-style yogurt, the
growth and viability of inoculated pathogens (L. monocytogenes, E. coli) and
typical starter cultures were unaltered (Karagul-Yuceeret al., 2001). In this
study the CO2 content was not measured directly so the actual amount dissolved
is unclear.

A consumer acceptance test demonstrated that the shelf-life of a yogurt
beverage could be extended to 4 months with the addition of CO2 (5 kg/cm2 at
4ºC) compared to uncarbonated controls that were spoiled at 30 days
(Kosikowski and Choi, 1985). The yogurt beverages (fermented withL.
bulgaricusandS. thermophilus) were packaged in glass containers and stored at
4.4ºC and 10ºC. After 40 days yeast and mould counts increased from 10 cfu/g
to 100 and 200 cfu/g in uncarbonated yogurt beverages stored at 4.4 and 10ºC
respectively, whereas in the carbonated product they remained below 10 cfu/g
over an 80-day period at both storage temperatures. The soluble protein and
volatile fatty acid content of the control yogurts increased at a faster rate than the
carbonated samples, an indication that spoilage was occurring more rapidly,
though unfortunately SPC were not measured. The noncarbonated yogurt pH
dropped faster than the carbonated yogurt pH, indicating slowed metabolism of
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the lactic acid bacteria (LAB), but their growth was not measured in the different
treatments.

18.4.6 Ice cream and unfrozen mixes
Early attempts to incorporate CO2 into ice-cream processing did not
demonstrate a significant effect on microbial growth in the frozen product
(Pruchaet al., 1922; Rettgeret al., 1922; Valley and Rettger, 1927). Extending
the shelf-life of the unfrozen mix using dissolved CO2 may be more useful and
feasible. Total aerobic plate and Gram-negative counts were measured in
chocolate ice-cream mix containing 0, 690, and 1080 ppm CO2, packaged in
high-barrier pouches and stored at 6.1ºC for 43 days (Hotchkiss, unpublished
data). Total aerobic plate counts reached 6.0 log cfu/ml at 20, 35 and 41 days in
mixes containing 0, 690 and 1080 ppm CO2 respectively. Gram-negative counts
reached 6.0 log cfu/ml in control mix at 30 days, whereas the CO2-treated
samples took longer than 40 days to reach this level. Sensory tests on soft-serve
ice cream made from treated mixes indicated that the threshold for CO2 was 800
to 1400 ppm.

18.4.7 Aged cheeses
Carbon dioxide added to raw milk to be used for cheese production can decrease
the processing time (Montillaet al., 1995; McCarneyet al., 1995; Ruas-
Madiedoet al., 2002), reduce the amount of rennet necessary for coagulation
(Montilla et al., 1995; McCarneyet al., 1995; Calvoet al., 1993), and increase
yields (Ruas-Madiedoet al., 1998a, 2002). Organoleptic properties of cheese
made from CO2-treated milk are as good as (Ruas-Madiedoet al., 2002) or
better than (McCarneyet al., 1995) controls made from untreated milk.

The amount of rennet necessary to make Cheddar cheese can be decreased by
50% when added to milk that has been treated with CO2 to a concentration of
30.6 mM (McCarneyet al., 1995). Lipolysis and proteolysis in cheese made
from CO2-treated milk was significantly lower compared to controls after 3
months of storage at 7ºC. The cheese made from CO2-treated milk received a
higher sensory score than control cheese as determined by a commercial grader
(McCarneyet al., 1995).

When raw milk with high TPC (5� 105 cfu/ml) was sparged with CO2 (to pH
6.2) and refrigerated (4ºC) prior to being used for production of a short ripened
cheese, the resulting cheese had a higher yield compared to cheese made from
uncarbonated milk (Ruas-Madiedoet al., 1998a). After 7 days of ripening at
17ºC the CO2-treated cheese had a yield of 10.4% compared to 5.9% in the
control. After 3 and 7 days of ripening the non-casein nitrogen fraction of the
cheese made from CO2-treated milk was significantly lower than in the
untreated controls, an indication of reduced proteolysis. Alpha, beta, and gamma
casein fractions were not affected by the CO2 treatment, and at 15 days of
ripening the proteolytic activity in both cheeses was the same. Treating milk
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with CO2 did not alter the sensory properties of the cheeses compared to controls
(Ruas-Madiedoet al., 1998a).

Carbon dioxide dissolved in milk does not affect the growth and metabolism
of cheese starter cultures (Van Hekkenet al., 2000; Ruas-Madiedoet al., 1998a;
Calvo et al., 1993). The growth of individual strains and mixed cultures of
Lactococcusssp. andLeuconostoc citreumat 22ºC over an 18 h period was the
same in pasteurised milk treated with CO2 (to a pH of 6.2) and untreated
controls (pH 6.7). After 8 hours of incubation the concentrations of organic acids
(citric, pyruvic, lactic, formic, acetic, and hippuric) were identical in both CO2-
treated and control milks (Ruas-Madiedoet al., 1998a).

Once cheese has been manufactured, modified atmospheres containing CO2

can be used to extend shelf-life (Alveset al., 1996; Eliot et al., 1998;
Piergiovanniet al., 1993; Pintado and Malcata, 2000; Gonzalez-Fandoset al.,
2000; Olarteet al., 2001, 2002). Fluorescent light exposure may need to be
considered in order to prevent defects in colour that are enhanced by high CO2

concentrations (Colchinet al., 2001).
Pintado and Malcata (2000) compared the growth of psychrotrophs,

mesophiles, lactococci, lactobacilli,Bacillus, and spore-forming clostridia,
amongst others, in Requeija˜o, a whey cheese, packaged under 100% CO2 to that
packaged under 100% N2. After 15 days at 4ºC storage under CO2, none of the
populations tested had reached 106 log cfu/g, whereas under N2 most had
exceeded this level. For example, PPC reached 5.97 and 8.08 log cfu/g under
CO2 and N2 atmospheres respectively.Pseudomonasspp. reached 4.32 log cfu/g
under 100% CO2 compared to 8.81 log cfu/g under N2-packaged cheese. At
18ºC the two packaging configurations had less effect on the outgrowth of the
microbial populations tested, emphasising the need for refrigerated storage
together with MAP to hinder microbial growth. Yeasts and moulds were not
detected in cheeses stored in 100% CO2 at day 15 (at 4ºC) compared to 4 log
cfu/g in 100% N2. Bacillus spp. were not detected at days 2 and 4 in CO2-
packaged cheese but reached 5.6 log cfu/g by day 15, the same as that found in
N2-packaged cheese (Pintado and Malcata, 2000).

Atmospheres containing 20–100% CO2 reduced proteolysis and lipolysis in
Cameros, a fresh goat’s milk cheese, and inhibited the growth of psychrotrophs,
mesophiles, Enterobacteriaceae, and coliforms. After 28 days of storage at 4ºC
control cheeses, packaged in the presence of air, had psychrotrophic levels
reaching eight log cfu/g whereas in an atmosphere containing 100% CO2 counts
had not exceeded 2.7 log cfu/g (Gonzalez-Fandoset al., 2000). Yeasts were
undetectable in the CO2-stored cheese, but in controls counts reached 3.34 log
cfu/g in 28 days. Packaging Taleggio cheese in an atmosphere containing 10%
CO2 resulted in a 1 log reduction in moulds compared to controls packaged in
the presence of air (Piergiovanniet al., 1993). Anaerobes decreased in Cameros
cheese packaged in 100% CO2 atmospheres from 3 log cfu/g to 1 log cfu/g after
28 days. In controls (air), 20 and 40% CO2 atmospheres (balance N2) there was a
4 log cfu/g increase over the same time period (Olarteet al., 2002). Sensory
analysis of Cameros cheeses suggests that 100% CO2 atmospheres can be
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deleterious to quality but that a 50/50 (CO2/N2) atmosphere is optimal for
improving flavour and reducing microbial growth (Gonzalez-Fandoset al.,
2000; Olarteet al., 2001).

The microbial quality of Mozzarella shreds (Eliotet al., 1998) and slices
(Alves et al., 1996) stored under modified atmospheres containing CO2 was
improved over those packaged under air or N2, and 100% CO2 atmospheres
inhibited the growth of yeast and moulds in both products. Over a 58-day
storage period at 7ºC no growth of yeast and moulds was detected on Mozzarella
slices packaged in 100% CO2 compared to greater than 106 cfu/ml in controls
after only 10 days.

Shredded Cheddar cheese stored at 4ºC under 100% CO2 (barrier
permeability: O2 transmission of 2 cm3/m2/day forming layer; 4 cm3/m2/day –
non-forming layer) contained lower levels of volatiles associated with mould
growth (Colchinet al., 2001).L*, a* and b* colour-values for N2- and CO2-
packaged cheeses stored under fluorescent lighting were measured.L* values
were significantly higher, anda* and b* values were significantly lower, in
cheeses stored under CO2 compared to N2. It is suggested that CO2 generates free
radicals in the presence of fluorescent light, oxidising bixin (the carotenoid
compound in anatto responsible for the orange colour) and resulting in a bleached
appearance. Perhaps opaque packaging material could hinder this defect.

18.5 Bactericidal and sporicidal effects of dissolved CO2
during thermal processing

Bacteria and their spores are more sensitive to thermal treatments under acidic
conditions (Jay, 1992). When CO2 is dissolved in an aqueous solution, such as
milk, the pH decreases (equation 18.1, Fig. 18.2). The effects of CO2 on the
thermal resistance of vegetative cells and spores have been studied. The majority
of work has been conducted in media at high pressures or near-supercritical
conditions and at moderate to ambient temperatures.

D-values (min) forL. monocytogenesin a solution of physiological saline and
media (1%) under 15 atm CO2 pressure were 35.8, 22.3 and 14.3 at 25ºC, 35ºC
and 45ºC respectively (Erkmen, 2000). At 60 atm CO2 the D-values at these
temperatures decreased to 13.4, 8.8 and 7.3 respectively, demonstrating that
increased CO2 pressures can increase the thermal sensitivity of a common
facultative pathogen. A similar pattern was observed for the inactivation ofE.
coli in ringer solution (Ballestraet al., 1996). TheD35ºC-values (min) were 496,
30.3 and 1.9 at 1.2, 2.5 and 5 MPa CO2 respectively.

At 45ºC in the absence of CO2 the viability of E. coli cells was unchanged
over a 1 h period. As the CO2 pressure was increased from 1.2 to 5 MPa the
inactivation curves became biphasic. An initial shoulder portion during the first
30 min of exposure became shorter and the slope of the second phase became
more negative as CO2 pressure increased (Ballestraet al., 1996). Similar
patterns were observed forL. monocytogenes(Erkmen, 2000). It is hypothesised
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that during the initial phase CO2 penetrates the cell, and that the second phase
represents the point at which a critical amount of CO2 has collected in the cell,
resulting in a more dramatic drop in viability. Scanning electron micrographs
(SEM) of CO2-treated cells revealed deformed cell walls of some cells but the
percentage of damaged cells did not correlate with the loss in viability. The
activity of seven of eight enzymes assayed was reduced in the CO2-treated cells
compared to untreated (Ballestraet al., 1996). It is hypothesised that CO2 passes
through the cell membrane and acidifies the cell cytoplasm below the isoelectric
point of the enzymes, rendering them inactive. It has also been proposed that the
chemical composition of the bacterial cell wall and the surface-to-volume ratio
of the cell may be important factors determining the sensitivity of a particular
bacterial strain (Dillowet al., 1999).

The amount of heat and the concentration of CO2 influence the degree of
increased thermal sensitivity of bacteria in milk. Microbial survivors
(enumerated by SPC) in heat-treated raw milk were significantly lower in milk
containing 44–58 mM CO2 compared to controls that had natural levels of CO2

ranging from 2 to 4 mM (Loss and Hotchkiss, 2002). For example, CO2-treated
milk heated for 5 min at 67ºC, 72ºC and 90ºC had 257, 89 and 25 cfu/ml
respectively compared to controls that had 338, 282 and 44 cfu/ml in untreated
milk heated for the same time and temperatures (Loss and Hotchkiss, 2002).
Aerobic plate counts andL. monocytogenesin whole milk heated to 45ºC under
60 atm of CO2 both decreased by 3 log cycles after 12 hours (Erkmen, 2000).
Unfortunately, reductions in control milks without added CO2 are not mentioned
in this study.

Thermal inactivation rates ofP. fluorescensin whole milk treated with CO2
(0–35 mM) increase as concentration of CO2 increases (Fig. 18.4). There is a
negative linear correlation betweenD50ºC-value (min) and CO2 concentration
(D50ºC� ÿ0:20x� 13:74; r2 � 0:90). D50ºC-values in the untreated control, 15
and 35 mM CO2-treated milk were 13.4, 10.5 and 7.2 min respectively,
representing reductions of 22% and 46% (Loss and Hotchkiss, 2002). Although
this organism is sensitive to HTST treatments, its lipolytic and proteolytic
enzymes are not (Champagneet al., 1994). Perhaps on-farm thermisation
combined with CO2 treatments could reduce the numbers of psychrotrophs that
can proliferate during bulk milk collection and transportation.

Carbon dioxide added to fluid foods in the form of carbonate can reduce the
pH of the food and increase the thermal sensitivity of spores (Alderton, 1969).
Unlike vegetative cells, spores are essentially metabolically inactive and support
little enzyme activity. It has been proposed that the increased acidity results in a
desorption of cations from the spore causing an increase in hydration of the core
of the spore (Lynch, 1988). Dehydration of the spore is its main defence against
thermal treatments as wet heat is more severe than dry heat (Setlow and
Johnson, 1997).

Carbon dioxide at 5 MPa can increase the thermal sensitivity of bacterial and
fungal spores in Ringer solution (Ballestra and Cuq, 1998).Bacillus subtilis
spores heated at 80ºC under 5 MPa CO2 for 1 h were reduced by 3 logs, but in
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the absence of CO2 no reduction in viability was observed at this temperature.
D90ºC-values forB. subtilisspores were 14 min at 5 MPa CO2 and 66 min in the
absence of CO2. D80ºC-values forByssochlamys fulvaascospores decreased from
350 min in controls to 85.5 min in the presence of 5 MPa CO2. D50ºC-values for
Aspergillus nigerconidia decreased from >200 min in controls to 11 min under 5
MPa CO2. At 60ºC and 85ºC 5 MPa CO2 had no effect on the thermal sensitivity
of A. nigerconidia andB. fulva ascopores, suggesting that the lethal effects of
the heat treatment are masking the sporicidal effects of the CO2 (Ballestra and
Cuq, 1998).

The D89ºC-value forBacillus cereusspores was significantly decreased from
5.56 min in control milks (no added CO2) to 5.24 min in milk containing 33 mM
CO2 (Loss and Hotchkiss, 2002). A higher concentration of dissolved CO2 (37
mM) in milk containing an initial inoculum of 8.7 log cfu/ml also resulted in
fewer survivors (4.25 log cfu/ml) after a 15-minute treatment at 89ºC compared
to controls that had 4.73 log cfu/ml survivors (Loss, 2001). After a 40-second
treatment at 105ºC, CO2-treated TSB (pH reduced to 6.3) had 1 log fewer
survivors ofB. cereusspores compared to untreated (pH 7.2) media heated for
the same amount of time (Loss, unpublished data).

The effect of CO2 on spore germination at higher heat treatments for shorter
durations depends upon species and strain (Guirguiset al., 1984). For example,
100% of spores ofB. subtilisin reconstituted milk with pH adjusted to 5.86 with
CO2, heated at 120ºC for 2 s, survived compared to 0.1% survival of spores

Fig. 18.4 Effect of dissolved CO2 on D50ºC-values forP. fluorescensR1-232 in milk
(y� ÿ0:20x� 13:74;R2 � 0:90). Dotted lines represent 95% confidence bands (n� 1).
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suspended in control milk that had no CO2. On the other hand, 2% ofB. cereus
spores heated at 125ºC for 2 s in the CO2-treated milk survived compared to
100% survival in control milk.

The combined effects of dissolved CO2 and thermal treatment on inactivation
of spores and vegetative cells have been modelled using the Weibull function
(Loss and Hotchkiss, 2002) (Fig. 18.5). Thermal inactivation curves forP.
fluorescensat 50ºC in the presence and absence of CO2 are distinctly biphasic in
nature, as is the case forB. subtilisspores (Ballestra and Cuq, 1998) andE. coli
(Ballestra et al., 1996). The Weibull model more accurately describes the
combined effects of dissolved CO2 and thermal treatments on survival of
common milk spoilage organisms (R2 � 0.96, 0.99 and 0.97 for 1, 15 and 36 mM

CO2 treatments respectively) than does the linear model (R2 � 0.83, 0.89 and
0.90 respectively). Given a useful model like the Weibull, nonthermal
treatments such as CO2 combined with thermal processing can be used to
optimise hurdle preservation approaches.

Two major obstacles to producing raw milk cheese on a large scale are the
potential for survival of pathogens (such asL. monocytogenes) and the
deleterious effects of psychrotrophic spoilage organisms. Current data suggest
that CO2 combined with heat treatments may decrease the number of pathogens
in the cheese at the beginning of the ageing process and also improve sensory
quality by reducing the number of surviving spoilage organisms.

Fig. 18.5 Nonlinear modelling of thermal death rate ofP. fluorescensR1-232 at 50ºC in
milk. Curves represent nonlinear regressions of the survival data in milk containing 1 (❍

actual,❍ predicted), 15 (� actual,� predicted) and 36 mM (❒ actual,❒ predicted)
dissolved CO2, respectively.R2 � 0:96; 0:99 and 0:97 respectively (n� 2; �1 s.d.).
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18.6 Conclusions

Carbon dioxide is a unique natural antimicrobial and processing aid that has
several potential uses in the dairy industry. It is unique because it can be added
to and removed from dairy products with no deleterious effects. It is GRAS, and
at the present time does not need to be declared on an ingredient label. The
physiochemical properties of CO2, i.e. ease of solubility in aqueous and lipid
phases, its ability to reduce pH, and temperature-dependent solubility, make it
ideal for use in dairy products. It can be dissolved into fluid dairy products as a
preservative to inhibit growth of pathogens and spoilage organisms and/or to
alter the functionality of the casein micelle, and then it can be removed with a
simple vacuum or by agitation and mild heating.

The benefits of CO2 to the cottage cheese industry are quite clear. There is
also an abundance of data supporting the use of CO2 to improve the microbial
quality of raw milk, but the benefits of this technology have not transferred to
the farm and milk collection sector of the industry. Safe raw milk cheeses are
highly desirable in the US and Europe, and CO2 has the potential to reduce the
risk of pathogen survival in these products without altering their unique flavour
characteristics.

Quantifying the effects of CO2 on growth of spoilage organisms and
pathogens through the use of statistical modelling will be critical for optimising
its use and ensuring safe and wholesome products. Work in this area is just
beginning but thus far has demonstrated that the effects of CO2 can be accurately
described using the Gompertz growth model (Martinet al, 2003). All
preservation technologies from refrigeration to pasteurisation have altered the
microbial ecology of dairy products. Refrigeration has selected for Gram-
negative psychrotrophs, and pasteurisation has created a niche for
psychrotrophic spore formers. Undoubtedly, CO2 will also effect the microbial
ecological balance in dairy foods. Modelling the effects of CO2 on a wide
spectrum of bacteria in pure and mixed cultures, in a variety of dairy products,
will give us a better understanding of the changes due to CO2 and allow us to
protect and preserve our nutritious supply of dairy foods.

18.7 References
ALDERTON G (1969), ‘Process for sterilizing foods and other materials’, United States

Patent Office, Patent No. 3454406.
ALVES R M V, ISABEL C, SARANTOPOULOS G L, VANDENDER A G Fand FARIA J A F (1996),

‘Stability of sliced mozzarella cheese in modified-atmosphere packaging’,J Food
Prot, 59, 838–844.

BALLESTRA P andCUQ J L (1998), ‘Influence of pressurized carbon dioxide on the thermal
inactivation of bacterial and fungal spores’,Lebens- Wiss- und -Technol,31(1),
84–88.

BALLESTRA P, DASILVA A A andCUQ J L (1996), ‘Inactivation ofEscherichia coliby carbon
dioxide under pressure’J Food Sci,61(4), 829–831, 836.

410 Dairy processing



CALVO M M and DE RAFAEL D (1995), ‘Deposit formation in a heat exchanger during
pasteurization of CO2 acidified milk’, J Dairy Res, 62, 641–644.

CALVO M M, MONTILLA M M and OLANO A (1993), ‘Rennet-clotting properties and starter
activity on milk acidified with carbon doixide’,J Food Prot,56, 1073–1076.

CALVO M M, MONTILLA A and COBOS A (1999), ‘Lactic acid production and rheological
properties of yogurt made from milk acidified with carbon dioxide’,J Sci Food
Agric, 79, 1208–1212.

CHAMPAGNE C P, LAING R R, MAFU R D, AKIER AandGRIFFITHS, W(1994), ‘Psychrotrophs in
dairy products: their effects and their control’,Crit Rev Food Sci Nutr,34(1), 1–30.

CHEN J HandHOTCHKISS J H(1991), ‘Effect of dissolved carbon dioxide on the growth of
psychrotrophic organisms in cottage cheese’,J Dairy Sci74(9), 2941–2945.

CHEN J H andHOTCHKISS J H(1993), ‘Growth ofListeria monocytogenesandClostridium
sporogenesin cottage cheese in modified atmosphere packaging’,J Dairy Sci,
76(4), 972–977.

CHOI H S and KOSIKOWSKI F V (1985), ‘Sweetened plain and flavored carbonated yogurt
beverage’,J Dairy Sci,68, 613–619.

COLCHIN L M, OWENS S L, LYUBACHEVSKAYA G, BOYLE-RODEN E, RUSSEK-COHEN Eand
RANKIN S A (2001), ‘Modified atmosphere packaged cheddar cheese shreds:
influence of fluorescent light exposure and gas type on the color and production of
volatile compounds’,J Agric Food Chem,49, 2277–2282.

CORRAL L G, POST L Sand MONTVILLE T J (1988), ‘Antimicrobial activity of sodium-
bicarbonate’,J Food Sci, 53, 981–982.

DANIELS J A, KRISHNAMURTHI R and RIZVI S S (1985), ‘A review of the effects of carbon
dioxide on microbial growth and food quality’,J Food Prot,48, 532–537.

DEVLIEGHERE F, DEBEVERE JandVAN IMPE J (1998a), ‘Concentration of carbon dioxide in
the water-phase as a parameter to model the effect of modified atmosphere on
microorganisms’,Int J Food Microbiol,43(1–2), 105–113.

DEVLIEGHERE F, DEBEVERE JandVAN IMPE J (1998b), ‘Effect of dissolved carbon dioxide
and temperature on the growth ofLactobacillus sakein modified atmospheres’,Int
J Food Microbiol41(3), 231–238.

DIEZ-GONZALEZ F, JARVIS G N, ADAMOVICH D A andRUSSELL J B(2000), ‘Use of carbonate
and alkali to eliminateEscherichia coli from dairy cattle manure’,Env Sci
Technol, 34, 1275–1279.

DILLOW A K, DEHGHANI F, HRKACH J S, FOSTER N Rand LANGER R (1999), ‘Bacterial
inactivation by using near and supercritical carbon dioxide’,Proc Nat Acad Sci,
96, 10344–10348.

DILLOW A K, LANGER R S, FOSTER NandHRKACH J S(2000), ‘Supercritical fluid sterilization
method’, Massachusetts Institute of Technology, USA, Patent No. 6149864.

DIXON N M and KELL D B (1989), ‘A review – the inhibition by CO2 of the growth and
metabolism of microorganisms’,J Appl Bacteriol,67(10), 109–136.

DIXON N M, LOVITT R W, KELL D B AND MORRIS J G (1987), ‘Effects of pCO2 on the growth
and metabolism ofClostridium sporogenesNCIB 8053 in defined media’,J Appl
Bacteriol, 63(2), 171–182.

DMI (1998), ‘Extending shelf life of dairy foods’,Innovations in Dairy Technology
Review,April, 1–6.

DUTHIE C M (1985), ‘Effect of low-level carbonation on the keeping quality of processed
milk’, Masters Thesis Department of Food Science, Cornell University, Ithaca,
NY.

ELIOT S C, VUILLEMARD J C andEMOND J P(1998), ‘Stability of shredded mozzarella cheese

Use of dissolved carbon dioxide to extend the shelf-life of dairy products 411



under modified atmospheres’,J Food Sci,63, 1075–1079.
ENFORS Sand MOLIN G (1978a), ‘Mechanisms of the inhibition of spore germination by

inert gases and carbon dioxide’, in Chambliss G and Vary J C,Spores VII,
Madison, American Society for Microbiology, 80–84.

ENFORS S OandMOLIN G (1978b), ‘The influence of high concentrations of carbon dioxide
on the germination of bacterial spores’,J Appl Bacteriol,45(2), 279–285.

ENFORS S Oand MOLIN G (1980), ‘Effect of high concentrations of carbon dioxide on
growth rate ofPseudomonas fragi, Bacillus cereus,andStreptococcus cremoris’, J
Appl Bacteriol,48, 409–416.

ERKMEN O (2000), ‘Effect of carbon dioxide pressure onListeria monocytogenesin
physiological saline and foods’,Food Microbiol, 17, 589–596.

ESPIE W E and MADDEN R H (1997), ‘The carbonation of chilled bulk milk’,
Milchwissenschaft,52(5), 249–253.

FDA (2000), ‘Code of Federal Regulations’, National Archives and Record
Administration, Washington DC.

FERNANDEZ P S, GEORGE S M, SILLS C Cand PECK M W (1997), ‘Predictive model of the
effect of CO2, pH, temperature, and NaCl on the growth ofListeria
monocytogenes’, Int J Food Microbiol,37, 37–45.

FOEGEDING P MandBUSTA F F(1983), ‘Effect of carbon dioxide, nitrogen and hydrogen on
germination ofClostridium botulinumspores’,J Food Prot,46, 987–989.

GEVAUDAN S, LAGAUDE A, DE LA FUENTE T and CUQ J L (1996), ‘Effect of treatment by
gaseous carbon dioxide on the colloidal phase of skim milk’,J Dairy Sci, 79,
1713–1721.

GLASS K A, KAUFMAN K M, SMITH A L, JOHNSON E A, CHEN J HandHOTCHKISS J(1999), ‘Toxin
production byClostridium botulinumin pasteurized milk treated with carbon
dioxide’, J Food Prot,62(8), 872–876.

GONZALEZ-FANDOS E, SANZ SandOLARTE C (2000), ‘Microbiological, physiochemical and
sensory characteristics of Cameros cheese packaged under modified atmospheres’,
Food Microbiol, 17, 407–414.

GUEIMONDE M, CORZO N, VINDEROLA G, REINHEIMER Jand DE LOS REYES-GAVILAN C G

(2002), ‘Evolution of carbohydrate fraction in carbonated fermented milks as
affected by beta-galactosidase activity of starter strains’,J Dairy Res,69, 125–137.

GUILLAUME C, MARCHESSEAU S, LAGAUDE AandCUQ J L (2002), ‘Effect of salt addition on
the micellar composition of milk subjected to pH reversible CO2 acidification’, J
Dairy Sci, 85, 2098–2105.

GUIRGUIS A H, GRIFFITHS M W and MUIR D D (1984), ‘Spore forming bacteria in milk. II.
Effect of carbon dioxide addition on heat activation of spores ofBacillusspecies’,
Milchwissenschaft,39(3), 144–146.

HABULIN M andKNEZ Z (2001), ‘Activity and stability of lipases from different sources in
supercritical carbon dioxide and near-critical propane’,J Chem Technol
Biotechnol,76, 1260–1266.

HAMBLETON R and RIGBY G J (1970), ‘A study on the effect of carbon dioxide on the
germination and outgrowth of spores ofClostridium butyricumusing a slide
culture technique’,J Appl Bacteriol,33, 664–673.

HENDRICKS M T and HOTCHKISS J H (1997), ‘Effect of carbon dioxide onPseudomonas
fluorescensand Listeria monocytogenesgrowth in aerobic atmospheres’,J Food
Prot, 60, 1548–1552.

HENYON D K (1999), ‘Extended shelf-life milks in North America: a perspective’,Int J
Dairy Technol,52(3): 95–101.

412 Dairy processing



HOTCHKISS J Hand LEE E (1996), ‘Extending shelf-life of dairy products with dissolved
carbon dioxide’,Euro Dairy Mag,3, 16–19.

HOTCHKISS J H, CHEN J Hand LAWLESS H T (1999), ‘Combined effects of carbon dioxide
addition and barrier films on microbial and sensory changes in pasteurized milk’,J
Dairy Sci, 82, 690–695.

JAY J M (1992),Modern Food Microbiology, 4th edn. London, Chapman & Hall.
KARAGUL-YUCEER Y, WILSON J C and WHITE C H (2001), ‘Formulations and processing of

yogurt affect the microbial quality of carbonated yogurt’,J Dairy Sci,84, 543–550.
KING A D and NAGEL C W (1967), ‘Growth inhibition of aPseudomonasby carbon

dioxide’, J Food Sci,32(5), 575–579.
KING A D and NAGEL C W (1975), ‘Influence of carbon dioxide upon the metabolism of

Pseudomonas aeruginosa’, J Food Sci,40(2), 362–366.
KING J S and MABBITT L A (1982), ‘Preservation of raw milk by the addition of carbon

dioxide’, J Dairy Res,49(3), 439–447.
KOSIKOWSKI F V and BROWN D P (1972), ‘Influence of carbon dioxide and nitrogen on

microbial populations and shelf life of cottage cheese and sour cream’,J Dairy Sci,
56, 12–18.

KOSIKOWSKI F V andCHOI H S (1985), ‘Sweetened plain and flavored yogurt beverages’,J
Dairy Sci, 68, 613–619.

LEE E (1996), ‘Carbon dioxide gas analysis and applications in the determination of the
shelf-life of modified atmosphere packaged dairy products’, Masters Thesis,
Department of Food Science, Cornell University, Ithaca, NY.

LEWIS M (1999), ‘Microbiological issues associated with heat treated milks’,Int J Dairy
Technol,52(4) 121–125.

LOSS C R (2001), ‘Effect of dissolved carbon dioxide on the thermal resistance of
microorganisms in milk’, Masters Thesis, Department of Food Science, Cornell
University, Ithaca, NY.

LOSS C Rand HOTCHKISS J H(2002), ‘The effect of dissolved carbon dioxide on thermal
resistance of milk borne microorganisms’,J Food Prot,65, 1924–1929.

LYNCH D J (1988), ‘Effects of organic acids and processing variables on thermal
inactivation of Bacillus spores in meat slurries and particulates’, PhD Thesis,
Department of Food Science, Cornell University, Ithaca NY.

MA Y, BARBANO D M, HOTCHKISS J H, MURPHY Sand LYNCH J M (2001), ‘Impact of CO2
addition to milk on selected analytical testing methods’,J Dairy Sci, 84, 1959–
1968.

MANIAR A B, MARCY J E, BISHOP J R and DUNCAN S E (1994), ‘Modified atmosphere
packaging to maintain direct-set cottage cheese quality’,J Food Sci59, 1305–
1308, 1327.

MARTIN J D, WERNER B G, HOTCHKISS J H(2003), ‘Effects of carbon dioxide on bacterial
growth parameters in milk as measured by conductivity’,J Dairy Sci. 86: 1932–
1940.

MCCARNEY T, MULLAN W M A and ROWE M T (1995), ‘Effect of carbonation of milk on
cheddar cheese yield and quality’,Milchwissenschaft,50, 670–674.

MCINTYRE M and MCNEIL B (1998), ‘Morphogenetic and biochemical effects of dissolved
carbon dioxide on filamentous fungi in submerged cultivation’,Appl Microbiol
Biotechnol,50(3), 291–298.

MOIR C J, EYLES M JandDAVEY J A (1993), ‘Inhibition of pseudomonads in cottage cheese
by packaging in atmospheres containing carbon dioxide’,Food Microbiol, 10(4),
1–7.

Use of dissolved carbon dioxide to extend the shelf-life of dairy products 413



MONTILLA A, CALVO M M andOLANO A (1995), ‘Manufacture of cheese made from CO2-
treated milk’,Z Lebensm-Unters und -Forsch A, 200, 289–292.

MUIR D D (1996), ‘The shelf-life of dairy products. 1. Factors influencing raw milk and
fresh products’,J Soc Dairy Technol, 49: 24–32

NILSSON L, CHEN Y, CHIKINDAS M L, HUSS H H, GRAM L and MONTVILLE J (2000), ‘Carbon
dioxide and nisin act synergistically onListeria monocytogenes’, Appl Env
Microbiol, 66(2), 769–774.

OLARTE C, GONZALEZ-FANDOS E and SANZ S (2001), ‘A proposed methodology to
determine the sensory quality of a fresh goat’s cheese (Cameros cheese):
application to cheeses packaged under modified atmospheres’,Food Qual Pref, 12,
163–170.

OLARTE C, GONZALEZ-FERNANDEZ E, GIMINEZ M, SANZ SandPORTU J(2002), ‘The growth of
Listeria monocytogenesin fresh goat cheese (Cameros cheese) packaged under
modified atmospheres’,Food Microbiol, 19, 75–82.

PATIL G R andREUTER H (1988), ‘Deposit formation in UHT plants. III. Effect of pH of
milk in directly and indirectly heated plants’,Milchwissenschaft,43, 360–362.

PICHARD B, SIMARD R E and BONCHARD C (1984), ‘Effect of nitrogen, carbon monoxide,
and carbon dioxide on the activity of proteases ofPseudomonas fragiand
Streptomyces caespitosus’, Sci Aliment,4(4), 595–608.

PIERGIOVANNI L, FAVA P andMORO M (1993), ‘Shelf-life extension of Taleggio cheese by
modified atmosphere packaging’,Ital J Food Sci,2, 115–127.

PINTADO M E andMALCATA F X (2000), ‘The effect of modified atmosphere packaging on
the microbial ecology in Requeijao, a Portuguese whey cheese’,J Food Process
Preserv,24, 107–124.

PRUCHA M J, BRANNON J MandAMBROSE A S (1922), ‘Does carbon dioxide in carbonated
milk and milk products destroy bacteria?’,University of Illinois Agricultural
College and Experimental Station Circular,256, 1–8.

REILLY S (1980), ‘The carbon dioxide requirements of anaerobic bacteria’,J Med
Microbiol, 13, 573–579.

RETTGER L F, WINSLOW C E Aand SMITH A H (1922), ‘Report of an investigation into the
effect of freezing ice cream in an atmosphere of carbon dioxide’, National
Association of Ice Cream Dealers, New York.

ROBERTS R Fand TORREY G S (1988), ‘Inhibition of psychrotrophic bacterial growth in
refrigerated milk by addition of carbon dioxide’,J Dairy Sci,71(1), 52–60.

ROWE M T (1988), ‘Effect of carbon dioxide on growth and extracellular enzyme
production byPseudomonas fluorescens’, Int J Food Microbiol,6, 51–56.

RUAS-MADIEDO P, BADA-GANCEDO J C, FERNANDEZ-GARCIA E, DELLANO D Gand REYES-

GAVILAN C G (1996), ‘Preservation of the microbiological and biochemical quality
of raw milk by carbon dioxide addition: a pilot-scale study’,J Food Prot,59(5),
502–508.

RUAS-MADIEDO P, ALONSO L, DELLANO D GandDEREYES-GAVILAN C G(1998a), ‘Growth and
metabolic activity of a cheese starter in CO2-acidified and non-acidified
refrigerated milk’,Z Lebens-Unter und -Forsch A,206, 179–183.

RUAS-MADIEDO P, BASCARAN V, BRANA A, BADA-GANCEDO J Cand DE LOS REYES-GAVILAN

C G (1998b), ‘Influence of carbon dioxide addition to raw milk on microbial levels
and some fat-soluble vitamin contents of raw and pasteurized milk’,J Agric Food
Chem,46(7), 1552–1555.

RUAS-MADIEDO P, BADA-GANCEDO C, ALONSO Land REYES-GAVILAN D (1998c), ‘Afuega’l
pitu cheese quality: carbon dioxide addition to refrigerated milk in acid-coagulated

414 Dairy processing



cheese making’,Int Dairy J, 8, 951–958.
RUAS-MADIEDO P, ALONSO L, DELGADO T, BADA-GANCEDO J Cand REYES-GAVILAN C G

(2002), ‘Manufacture of Spanish hard cheese from CO2-treated milk’,Food Res
Int, 35, 681–691.

SEARS D FandEISENBERG R M(1961), ‘A model representing a physiological role of CO2

at the cell membrane’,J Gen Physiol,44(5), 869–887.
SETLOW P and JOHNSON E A (1997), ‘Spores and their significance’, in Doyle M P,

Beauchat L R and Montville T J,Food Microbiology Fundamentals and Frontiers,
Washington DC, ASM Press, 30–65.

SHIPE W F, SENYK G F, ADLER E Jand LEDFORD R A (1982), ‘Effect of infusion of carbon
dioxide on the bacterial growth in fluid milk’,J Dairy Sci,65 (Suppl), 77.

SIERRA I, PRODONAV M, CALVO M, OLANO A and VIDAL-VALVERDE C (1996), ‘Vitamin
stability and growth of psychrotrophic bacteria in refrigerated raw milk acidified
with carbon dioxide’,J Food Prot, 59(12), 1305–1310.

SKUDDER P J, BROOKER B E, BONSEY A DandALVAREZ-GUERRERO N R(1986), ‘Effect of pH
on the formation of deposit from milk on heated surfaces during ultrahigh-
temperature processing’,J Dairy Res,53, 75–87.

STRETTON SandGOODMAN A (1998), ‘Carbon dioxide as a regulator of gene expression in
microorganisms’,Antonie van Leeuwenhoek, 73, 79–85.

TOMASULA P M andBOSWELL R T (1999), ‘Measurement of the solubility of carbon dioxide
in milk at high pressures’,J Supercrit Fluids, 16, 21–26.

VALLEY G and RETTGER L F (1927), ‘The influence of carbon dioxide on bacteria’,J
Bacteriol, 14, 101.

VAN HEKKEN D L, RAJKOWSKI K T, TOMASULA P M, TUNICK M H andHOLSINGER V H (2000),
‘Effect of carbon dioxide under high presssure on the survival of cheese starter
cultures’,J Food Prot, 63, 758–762.

VINDEROLA C G, GUEIMONDE M, DELGADO T, REINHEIMER J AandDE LOS REYES-GAVILAN C G

(2000), ‘Characteristics of carbonated fermented milk and survival of probiotic
bacteria’,Int Dairy J, 10, 213–220.

WERNER B GandHOTCHKISS J H(2002) ‘Effect of carbon dioxide on the growth ofBacillus
cereusspores in milk during storage’,J Dairy Sci,85, 15–18.

WOLFE S K (1980), ‘Use of CO- and CO2-enriched atmospheres for meats, fish, and
produce’,Food Technol,34(3), 55–58.

Use of dissolved carbon dioxide to extend the shelf-life of dairy products 415


	Front Matter
	Table of Contents
	Part I. Dairy Product Safety and Quality
	Part II. New Technologies to Improve Quality
	13. On-Line Measurement of Product Quality In Dairy Processing
	14. Rapid On-Line Analysis to Ensure the Safety of Milk
	15. High-Pressure Processing to Improve Dairy Product Quality
	16. Optimising Product Quality and Process Control for Powdered Dairy Products
	17. Separation Technologies to Produce Dairy Ingredients
	18. The Use of Dissolved Carbon Dioxide to Extend the Shelf-Life of Dairy Products
	18.1 Introduction: Factors Limiting the Shelf-Life of Dairy Products
	18.2 The Effects of CO2 on Bacterial Growth
	18.3 The Effects of CO2 on Raw Milk Quality
	18.4 The Effects of CO2 on Dairy Product Quality
	18.5 Bactericidal and Sporicidal Effects of Dissolved CO2 During Thermal Processing
	18.6 Conclusions
	18.7 References

	Part III. Cheese Manufacture
	Part IV. Appendix
	Index



