
Review 

Pressure depresses the freezing point of water and the 
melting point of ice, as well as enabling various high-density 
forms of ice to be obtained. These effects of pressure on the 
solid-liquid phase diagram of water ';ave ~everal potential 
applications in food technology, including pressure-assisted 
freezing, pressure-assisted thawing and non-frozen storage at 

low temperature (under pressure). Studies that have been 
published in these and in related areas are reviewed, and the 
potential applications and limitations are highlighted. 

Potential food applications 
of high-pressure effects 

on ice-water transitions 

M.T. Kalichevslff, D. Knorr 
and P.J. LiUford 

High pressure has interesting effects on the solid-liquid 
phase diagram of water (Fig. 1). These effects have 
been studied in detail by Bridgman z, but little attention as the tissue or textural damage could also he cou- 
has been paid to the potential food applications until re- siderable (as the volume change, AV, is >17%; see 
cent years. The application of high pressure reduces the Table 1). 
freezing and melting points of water to a minimum of Some of the triple points of water are given in Table 2. 
-22°C at 207.5 MPa (Tables 1 and 2), as pressure op- The knowledge of these may prove useful, as Bridgnmn 2 
poses the volume increase occurring on the formation of reported that the rate of a solid-to-solid transformation 
type I ice crystals (the type we are familiar with). The seems to increase rapidly in the vicinity of  a triple point; 
homogeneous ice-nucleation temperature (i.e. the tern- for example, the transformation of ice HI to ice V was 
perature at which crystal nucleation occurs in the ab- 'explosive" at -17°C (the triple point), but 'almost 
sence of impurities or other ice-nucleation sites) is simi- impossible' at -35°C, whereas the transformation of 
larly reduced, from -40°C to a minimum of --92°C at ice V to ice VI is slow at -17°C (Ref. 2). 
209MPa (Ref. 4). At higher pressures other ice poly- 
morphs may be formed (Fig. 1). Ice I is unique in hay;rig 
a lower density than liquid water, resulting in a volume 
increase of ~9% on freezing at 0°C, increasing to ~13% 
at -200(2 (Table 1), which may cause significant tissue 
or textural damage. 

The formation of other ice polymorphs generally in- 
volves a similar or smaller decrease in volume (increase 
in density) relative to the liquid st~t,~ (Table 1), which 
may result in reduced tissue damage compared with 
ice I. Ice VI may be formed at room temperature at 
pressures of ~900 MPa. ff such pressures became readily 
available, high-pressure 'frozen' storage (type VI ice) 
might be an economical alternative to conventional 
freezing for some products, as cooling would not he 
necessary. However, uo vxpedments have yet been 
carried out in this area, owing to the high pressures 
required. (It is sometimes possible to obtain certain ice 
forms, such as ice III or ice VI, outside their regions of 
stability, especially with the aid of nucleating agents 
specific to each formS.) 

Pressure shifting between the ice polymorphs I, III 
and V (in the range 160-460MPa, at -25"C) has been 
envisaged as a means of disrupting microorganisms, 
with shifts between type I and HI ice (in the range 
160-225 MPa) proving the most successful 6.7. However, 
this is unlikely to be suitable for food applications 
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It should he noted that the presence of solutes in foods 
(particularly those of low molecular weight) will result 
in a shift in the water phase diagram (e.g. melting-point 
depression). In the case of surimi, the detnessed 
melting-point curve was found to he almost parallel to 
that of pure water as a function of pressure s. 

The primary applications of pressure in relation to the 
water phase diagram are the increased freezing rates 
obtained using pressure-assisted freezing (the pressure- 
induced melting-point depression enables the sample to 
he supercooled to -20°C, resulting in rapid and uniform 
nucleation and growth of ice crystals on releasing the 
pressure), the increased thawing rates and also the 
possibility of non-frozen storage at subzero tempera- 
tures. These aspects will he considered in more detail. 

High.pressure-assisted freezing 
The optimum freezing rate for food products or 

living cells is highly system-dependent. Slow freezing 
generally results in larger ice-crystal sizes, which may 
cause extensive mechanical damage, whereas ultra- 
rapid freezing (e.g. cryogenic freezing) may cause 
lethal inla'acellular ice crystallization 9 or mechanical 
cracking ~°. 

Slow freezing (>30rain) may cause problems owing 
to structural damage, accelerated enzyme and micro- 
biological activities as well as potentially increased 
oxidation rates, resulting from the increasing subslrate 
concentration and the insolubility of  oxygen in ice 9.u. 
However, the increasing solute concentration (reducing 
diffusion rates) tends to reduce these effects. In cases 
where rapid freezing is desirable, cryogenic freezing 
(where the tem~rature change, AT, is very large) often 
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(a), General (redrawn from Hobbs t, by permission of Oxford University Press); 
(b), detail of the region of greatest interest (redrawn from Bridgman2). 

induces cracking, especially in large samples, because 
of the initial volume decrease (due to cooling) and the 
subsequent volume increase (due to freezing) as the 
sample cools and freezes from the outside in. Products 
of high density (i.e. of high water content) and low 
porosity are generally more susceptible to freeze crack- 
ing than those with low density and high porosity t°. 

For each degree K of superc~,~ling (i.e. closer to the 
homogeneous nucleation temperature) there is an in- 
crease of about tenfold in file ice-nucleaziou rate n. The 
use of high pressure facilitates supercooling, and pro- 
motes uniform and rapid ice nucleation and growth 
throughout the sample on pressure release, producing 
smaller ice crystals, rather than a stress-inducing ice 
front moving through the sample. Pressure-shift freez- 
ing generally involves cooling the (unfrozen) sample 
under pressure (usually up to 200MPa) to -21°C or 
above (without freezing) before the pressure is released. 
(Higher pressures and lower temperatures could give 
rise to other ice forms.) 

Food research applications: microscopy 
High pressure is being increasingly used to aid 

the cryo-fixation of samples for electxon microscopy. 
Micr,,:crystalline (<20nm) or amorphous cryo-fixation 
is required to avoid structural damage. This is only 
possible for samples of a thickness of ~10p, m without 
the aid of antifreezing agents, which may produce arte- 
facts ~3. The use of high pressure (~200 MPa) reduces the 
critical cooling rate, or increases the maximum sample 
thickness, by depressing the freezing point of water. 
Liquid nitrogen is generally used to obtain rapid cool- 
ing, with the result that ice II or ice [ ]  may be obtained 
in addition to amorphous water. Samples must be stored 
below the devitrifieation temperature (-133°C) to avoid 
the formation of ice I; thus, pressurization must be 
maintained until the centre of the specimen is cooled 
below -133°C (Ref. 13). 

Commercial food applications 
High pressure is still a relatively new technology in 

food science; applications of pressure-assisted freezing 
are still under development and, so far, only a few pre- 
liminary studies have been published. 

A few early studies were carried out with regard to 
the medical applications of high-pressure technology, 
but pressure-assisted freezing of chick skin cells and 
human conjunctiva resulted in their reduced viability as 
compared with samples that had undergone conven- 
tional freezing ~4. This may be due to intracellular ice 
formation (resulting from more-rapid freezing), or simply 
to a combination of the harmful effects of pressure and 
freezing. 

Freezing under a gaseous (nitrogen) pressure of 
~0.3-10MPa (50-1500Psig) at -20 to -25°C resulted 
in an improvement in the quality of subsequently air- 
dried fruit, vegetables and meat products relative to 
samples frozen at -20°C without pressure ~5. F~ezing 
under gaseous pressure resulted in reduced textural 
damage and shrivelling, more-rapid dehydration and 
more-uniform rehydration, owing to tiny gas bubbles 
being trapped in the tissues. Pressure-frozen fruit (e.g. 
strawberries, pineapples and bananas) possessed a softer 
texture and could be eaten without thawing nS. 

Pressure-shift freezing has been carried out success- 
fully on tofu n6, by cooling i t  t o  -18°C under 200MPa. 
The pressure-shift-frozen, room-temperature-thawed 
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Phase Irar~on T (oQ P (MPa) AV(om3.g -1) ~ ( I k~  4) 

Liquid --) ice I -20 193.3 +0.1313 -241 
-15 156.0 +0.1218 -262 
-10 110.9 +0.1122 -285 
-5 59.8 +0.1016 -308 
o o.1 +0.o90o -334 

Ice I -o ice II -35 212.3 -0.2177 -42.5 

ice I -o ice III -30 211.5 -0.1919 +14.6 
-20 206.3 -0.1773 +23.4 

Ice II --> ice III 25 330.6 +0.0148 +68.2 

Ice II ~ ice V -25 350.2 +0.0401 +66.5 

Ice III -~ ice V -25 341.1 +0.0546 -3.64 
-20 345.5 +0.0547 -3.72 

Liquid ~ ice III -22 207.5 -0.0466 -213 
-20 246.2 -0.0371 -226 
-17 346.3 -0.0241 -257 

Liquid --> ice V -20 308.0 -0.0828 -253 
-15 372.8 -0.0754 -265 
-10 442.4 -0.0679 -276 
-5 533.7 -0.0603 -285 
0 623.9 -0.0527 -293 

Ice V -~ ice VI -20 624.4 -0.0381 -0.76 
0 626.0 -0.0389 -0.83 

Liquid -~ ice Vl -10 518.0 -0.0960 -264 
0 623.9 -0.0916 -295 

10 749.5 -0.0844 -311 
20 882.9 -0.0751 -320 
30 1038.9 -0.0663 -330 

'After Karlno etaU; data obtained from ReL 2 
T, Transition temperature 
P, Transition pressure 
AV, Volume change 
AH, Enlhaipy change 

product had a homogeneous structure very similar to 
that of an untreated product, whereas air-blast-frozen 
samples dripped, deformed and had a rigid core follow- 
ing thawing I~. 

High-pressure air (300-800MPa) has also been used 
to sterilize pre-sorted food materials following liquid- 
nitrogen freezing and before freeze drying, resulting in 
more rapidly rehydrated dried products, which retained 
both nutrients and taste 17. The effects of this procedure 
are unclear. Perhaps pressure blanching occurs at very 
low temperatures (owing to the formation of different 
ice polymorphs, as discussed above). The improved 
dehydration and rehydmrion could be the result of the 
incorporation of air, as demonstrated by the aforemen- 
rioned work of Haas e t  a l .  Is 

Preliminary studies carried out at the Berlin 
University of  Technology, Germany, have shown 
that high-pressure treatment and freezing can influence 
the dehy&ation and subsequent rehydration of potatoes, 
green beans and carrots (Refs 18, 19and H. Koch and 

M.N. Eshtiaghi, unpublished). The remits are very 
product-dependent. Studies of high-pressure freezing 
and thawing of food gels (e.g. agar, starch and whey 
protein) and the effects on the gel structure are also in 
progress (M.T. Kalichevsky, unpubfished). 

Practical aspects 
Because of the large heat of fusion (AH) ef  ice for- 

marion (Table 1), freezing has a warming effect, and 
therefore additional cooling of the sample is required 
to enable complete freezing to occur. This may fimit 
the sample size that can be successfully pressure-shift 
frozen, as incomplete freezing could result in subse- 
quent sample deterioration, arising from the growth of 
ice crystals and the melting of smaller ice crystals. 
Some form of agitation within the pressure vessel would 
aid heat transfer. 

Pressurization itself induces a temperature increase 
(AT), which increases with increasing initial tempera- 
ture and increasing pressurization rate, until adiabatic 
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Table 2. Trlp~ points of water" 

T, iCe #nt  

Liquid-ice I-ice III 

Ice I-ice II-ice Ill 

Ice II-ice Ill-ice V 

Liquid-ice J-ice V 

Liquld-ice V-ice VI 

Pressure (MPa) 

207.5 

212.9 

344.3 

346.3 

62~.9 

Temper~twe (°C) 

-22.O 

-34.7 

-24.3 

-I 7.0 

+0.16 

"Data taken from Ref. 2 

heating is observed z°. The AT per MPa also decreases 
with increasing pressure zt. The calculation of AT is 
complicated by the fact that the constants required are 
pressure- and temperature-dependent. The adiabatic AT 
is proportional to the thermal expansion coefficient of 
the sample (%, in K -t) and inversely proportional to the 
heat capacity (Cp, in Jg-JK -~) as shown by Eqn 1 (after 
Nakabara2'): 

A T I  &P = (T.V cxp) / Cp (1) 

where T is the temperature in degrees Kelvin, and V 
the molar volume. Estimates of AT for various liquids, 
calculated using Eqn 1, are shown in Table 3. 

Table 3 indicates that AT for water at ambient tempera- 
ture is generally relatively small, owing to its low com- 
pressibility and high heat capacity. The data for ethyl- 
ene glycol in water are of interest, as ethylene glycol is 
often used as the pressure-transmitting medium at low 
temperatures. It should be noted that pressure treatment 
of samples containing large concentrations of organic 
liquids, such as fats or alcohol, could involve consider- 
ably greater temperature variations. The equation pre- 
dicts a fall in temperature on pressurizing water below 
4°C (the temperature of  the maximum density of  water), 
because of the anomalous negative thermal expansion 
coefficient. However, under high pressures the behav- 
iour of water becomes less anomalous2; for example, 
the 'sharpness' of the density maximum decreases with 
increasing pressure 25. 

When freezing occurs on pressure release a tempera- 
ture decrease is generally observed in the pressure 
medium, while the temperature of  the water-containing 
sample increases rapidly to its melting point, owing to 
the release of the latent heat of crystallization as ice is 
formed (for example, see Kanda et al.t6). The sample 
temperature then remains at its melting point (below 
0°C in the presence of solutes) until freezing is 
complete. 

High- lz remre t h ~ i n g  
Thawing generally occurs more s lowly than freezing, 

potentially allowing further damage to the sample. 
Faster thawing reduces the loss of liquid retention proper- 
ties and can improve colour and fiavour preservation 

in fruit 9. The earliest studies of pressure-assisted thaw- 
ing appear to have been in the medical field, possibly 
resulting in improved survival rates for slowly frozen 
human conjunctiv# 4. To our knowledge, subsequent 
studies have not been carried out in this area. 

A frozen food at -10 or -18°C may be thawed by 
pressure treatment at 110 or 200MPa, respectively 26. 
The presence of sugar or salt reduces the pressure re- 
quired to thaw ice 27. Heating is also required to supply 
the heat of fusion (which results in cooling on thawing) 
and also to prevent recrystallization on depressurizatiou. 
The thawing rate depends only on the conduction of 
heat, as pressure is transmitted uniformly through the 
sample. In fact, a small temperature increase is expected 
on depressurizatiun below 4°C (Table 3), favouring 
thawing. It is uncertain whether this is observed in prac- 
rice, as ice crystalhzatiun often occurs in this region. 
Takm et al. g claim to have observed such a temperature 
increase in thawed surimi blocks, on depressurization, 
but the temperature change observed by them is larger 
than predicted and may also have been caused by the 
formation of a small amount of ice. 

Conditions of -10°C and 120MPa were found to be 
suitable for thawing frozen beef in a third of the time re- 
quired at atmospheric pressure, whereas at lower tem- 
peratures and higher pressures, toughening and surface 
whitening were observed 26. In addition, Deuchi and 
Hayashi 27 observed that high-pressure thawing of beef 
results in reduced drip. Reduced drip, but no increase in 
the thawing rate, was also observed for pressure-thawed 
tuna muscle block 2s. However, colour changes and re- 
doced solubility of sarcoplasmic proteins (due to protein 
denaturation) were also observed with increasing thaw- 
ing pressure (from 50 to 150MPa) 2s. Takai et  aL s ob- 
served greatly enhanced thawing rates for surimi, de- 
pending on the temperature of  both the sample and the 
medium and also on the pressure used; they also noted 
protein denaturation and discolourariun of the fish meat 
at higher pressures. 

No improvement in the texture of  a 1.7% agar gel 
frozen at -20°C on pressure thawing was observed rela- 
tive to a sample thawed at ambient pressure 2~, indicating 
that, in this case, the structural damage occurs largely 
on freezing and not on thawing. Pressure treatment of 
200MPa for 30rain at 5°C was found to be sufficient to 
completely thaw ices prepared at temperatures in the 
range -10  to -30°C. A reduced treatment time produced 
a 'state of  sherbet' (small ice crystals in liquid water), 
apparently indicating the uniform nature of pressure 
thawing27; however, this may also have been caused by 
racrystallizatiun in a fully thawed sample on depressur- 
izatiun, owing to insufficient wanning. The uniform ac- 
tion of pressure was clearly shown by three thermc-- 
couples in a block of ice, which all read the same 
temperature at different locations during pressure treat- 
ment 29. 

The use of pressure facilitates rapid thawing without 
the necessity of heating the sample above 5°C (Ref. 8). 
Limitations arise as a result of pressure-induced 
protein denaturation (producing toughening) and meat 
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Table 3. Calculation of A T, lee temperatu~ chan~ per 100 MPa pce~ure increase' 

I Sample T(°C) 103.~p (K 4 ) Cp ( J~-~K -' ) I06.V (m3g -' ) 

Water (liquid) 60 0.60 4.184 1.016 
i 25 0-26 4.180 1.005 
] 0 -0.07 4.218 0.999 

-10 -0.29 4.252 b 0.999 

Ice -10 0.16 2.032 1.088 

Ethanol 20 1.094 2.50 ] .267 

Acetone 25 1.43 125 7.41 

Hexane 25 1.36 195 13.2 

Ethylene glycol 100 25 0.85 b 2.43 0.793 
~/o in water) 52 20 0.538 3.26 0.924 

34 20 0.455 3.62 0.941 
20 20 0.343 3.90 0.971 

AT(~..JIN MIIII) 

4.8 
!.9 

-0.45 
-1.8 

2.2 

17.34 

25 

27 

8.3 
4.5 
2.9 
2.5 

=After NakaharaZ'; additional data from Refs 22-24 
bThis is an extrapolated estimate 
T, Temperature 

Thermal expansion coefficient, defined as the change in volume per degree Kelvin divided by the volume at O°C 
Cp, Heat capacity 
V, Specific volume (in m3g -I X 10 s) 
AT, Change in temperature on increasing the pressure by 1 O0 MPa, as predicted using Eqn 1 

discolouration. However, these obstacles may be over- 
come by optimizing the thawing conditions used. It is 
likely that pressure-assisted thawing will have many 
applications in foea and medical fields, especially in 
cases where significar, t sample deterioration occurs dur- 
ing thawing. Apparently, Japanese R&D personnel are 
aiming to commercialize small high-pressure units for 
thawing fish in sushi bars, and also for other commercial 
applications where quality mid freshness are of primary 
importance. 

tow-temp~r_~,jre non-frozen storage under pressure 
The earliest studies of  low-temperature food storage 

under pressure appear to have been carried out by 
Charm et al. 3° In this case, fis~, quality and enzyme 
(horseradish peroxidase and red-crab trypsin) stability 
were studied on storage at -3°C under 24 MPa, which 
was sufficient to prevent freezing. In general, enzyme 
activity was inhibited by pressure below a certain 
critical temperature, which was dependent on the en- 
zyme (above this temperature, pressure increased en- 
zyme activity). Cod fillet stored under these conditions 
for 36 days had a perceived storage time of 7 days at 
I°C under ambient pressure, as compared with 6 days 
for a similar period of frozen storage. Samples stored 
at I°C under ambient pressure were unacceptable after 
9 days. In the case of polioek fillet, storage for 12 days 
at l°C and 34.2 MPa gave a perceived storage time of 
7days compared with a product stored at ambient 
pressure (also at I°C). The authors pointed out that a 
significant energy saving could be made using pressure 
storage rather than freezing ~°. Product deterioration 
due to .freezing and thawing effects is also avoided. 

Prolonged non-frozen storage under pressure (at 
-15°C) has also been proposed for red blood cells, but 
this does not appear to have been tested expen- 
mentally 31. 

More recent work in this area has been carried out in 
Japan. The studies of Deuchi and Hayashi ~a'~3 have 
shown that the mechanical properties of agar gels 
could be maintained by non-frozen storage at -20°C 
and 200MPa (Ref. 27). Strawberries and tomatoes 
maintained their fresh taste and colonr on storage for a 
few days or weeks under 50-200MPa at -5  to-20°C. 
Raw pork could also be successfully stored, avoiding 
the drip losses occurring after thawing. The microbial 
counts of  most microorganisms in ground beef (colt- 
forms, enterobacteriaceae, Gram-positive and Gram- 
negative psychrophiles, enterecocci and lactic acid 
bacteria) were reduced by low-temperature storage 
under pressure (200MPa, -20°C), in some cases more 
than by freezing. Yeasts and some bacteria were inacti- 
vated. Enzymes that are inactivated by freezing (cata- 
lase, [3-amylase, cathepsin and lactate dehydrogenase) 
generally had reduced activity after non-frozen storage, 
but were not inactivated 3~a. 

Ooide et al. ~ have carried out studies on muscle from 
chicken and carp stored a t - 8  or-15°(2 under 170 MPa 
for 50 days. They showed that it is possible to preserve 
meat texture at low temperatures without extensive 
protein denaturation, but that enzyme activity under these 
conditions may be a potential problem. Enzymatic degra- 
clarion of compounds related to nucleic acids (i.e. ATP, 
ADP, IMP and AMP) was only slightly slower under 
high-pressure conditions than under refrigerated storage, 
whereas it was significantly reduced by freezing ~. 
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Low-temperature non-frozen storage under pressure 
therefore appears to be applicable to prolonging the 
sheif fife of  certain foods, as compared with refriger- 
ation, while avoiding the damage caused by freezing. 
Continuing (though reduced) enzyme activity is likely 
to limit potential storage times (unlike freezing). 

Othe r  re lated areas o f  interest  
Watanabe et al. 35-37 have carried out several studies 

on ice-nucleation bacterial cells, which are the most 
effective heterogeneous ice-nucleating agents known. 
According to these authors, a high-pressure treatment of  
_>300MPa at 5°C or 20°C was sufficient to sterilize the 
ice-nucleating bacteria Erwinia ananas and Xamhomonas 9 
campestris, but storage for I day at 0°C was necessary 
before recovery of ice-nucleation activity after pressur- 
izing E. ananas at 20°C. Subsequent freeze drying could l0 
result in 2 sterile ice-nucleation-active preparation, ii 
whereas thermal sterilization resulted in the loss of 
ice-nucleatiun activity ss~. 12 

The presence of ice-nucleation bacteria enables large 
ice crystals to be formed at temperatures above -5°C 
(often above -2°C). Food appfications that have been 13 
envisaged include freeze texturization and freeze con- 
centration. Studies have been carried out on the freeze 14 
concentration of egg white ~ (ice was separated out with is 
a sieve or by centrifugadun), milk and fruit juices ~37. In 
the case of fruit juice, the original flavour was main- 16 
rained, and strawberry jam could be made without the 
use of heat, by adding the juice concentrate to the 17 
pulp37. Lemon-juice concentrate (prepared by freeze is 

19 
concentration using ice-nucleatiun bacteria) had a fresh 
flav°or3~- 20 

Saccharomyces cerevisiae (yeast) cells became both 
barotolerant (to 150MPa for 60rain) and thermotolerant 
(to 51°C for 10min), while the amount of  non-frozen 21 
water at -50°C was almost doubled as a heat-shock re- 
sponse after treatment at 43°C for 30-60min. This was 
associated with the production of heat-shock proteins 3s. 22 
If such proteins could be obtained inexpensively, they 
could be used, in addition to other cryoprotectants 23 
and sterilized ice.nucleation bacterial preparations (de- 
scribed above), to provide an additional tool for the 24 
control of  freezing rates and ice-crystal sizes, perhaps 
analogous to the controlled freezing that occurs natu- 2s 
r',dJy in  some animals and insects sg. 20 

27 
Cenclmiem 

The intention of this brief review is to highlight areas 211 
of potential interest in the high-pressure and low- 
temperature area, as well as to provide a resum6 of 
work that has already been carried out in this area. The 20 
greatest potential appears to be in high-pressure-assisted 
freezing and thawing and possibly storage under press- 20 
ure, which deserve further study with regard to food, 
pharmaceutical and possibly medical applications. 31 

Acknowl~ements 32 

M'rK would like to thank Unilever Research, 
Colworth House, for financial support. 

Refet,~nees 
1 Hobbs, P.V. (1974) Ice Physics, Clarendon Press, Oxford 
2 8ridgman, P.W.(1912)Proc.Am. Acad.ArtsScLXLVIl(13),439-S58 
3 Karino, S.,Hane, H. andMakita, T.(1994)inHighPressureBioscience 

(Hayashi, R., Kunugi, S., Shimada, S. and Suzuki, A., eds), pp. 2-9, 
San-Ei Publishing Co., Kyoto, Japan 

4 Kanno, H. and Angell, C.A. (1977) J. Phys. Chem. 81, 2639-2643 
S Evans, LF. (1967) J. Appl. Phys. 38, 4930-4932 
6 Hed~n, C-G. (1964) Bacteriol. Rev. 28(1), 14-29 
7 Edebo, L. and Hed~n, C-G. (1960) I. Biochem. MicrobioL Technol. 

Eng. II, 113-120 
8 Takai, R., Kozhima, T.T. and Suzuki, 1". (1991) in Les Acres du 

XVIIleme Congr~s international du Froid, Montreal, Qu~hec, Vol. 4, 
pp. 1951-1955, International InslilUte of Rehigeration, Paris, France 
Partmann, W. (1975) in Water Relations of Foods (Food Science and 
Technology Monographs) (Duckwoffh, R.B., ed.), pp. 505-537, 
Academic Press 
Kim, N-K. and Hung, Y-C. (1994) I. Food ScL 59(3), 669-674 
Fennema, O. (1975) in Water Relations of Foods (Food Science and 
Technology Monographs) (Duckworth, R.B., ed.), pp. 539-556, 
Academic Press 
Burke, MJ., George, M.F. and Bryanl, R.G. (1975) in Water Relations of 
Foods (Food Science and Technology Monographs) (Duckworth, R.B., 
ed.), pp. 111-135, Academic Press 
Moor, H. (1987) in Cryotechniques in Biological Electron Microscopy 
(Steinbrecht, R.A. and Zierold. K., eds), pp. 175-191, Springer-Vorlag 
Taylor, A.C. (1960) Ann. NYAcad. Sci. 85, 595-609 
Haas, G.J., Prescott, H.E., Jr and D'lnilio, J. (1972) I. FoodSci. 
37, 430-433 
Kanda, Y., Aoki, M. and Kcsugi, T. (1992) Nippon Shokuhin Gakkaishi 
38(7), 608-614 
Suzuki, Y. (1993) European Patent 0 550 787 A1 
Eshtiaghi, M.N. and Knorr, D. (1993) I. FoodSci. $8,1371-1374 
Eshtinghi, M.N., Stute, R. and Knorr, D. (1994) L FoodSci. 59, 
1168-1170 
Makita, T., Hane, H., Kanyama, N. and Simizu, K. (1991) in High 
Pressure ~ieoce for Food(Hayashi, R., ed.), pp. 93-100, San-Ei 
Publishing Co., Kyoto, Japan 
Nakahara, M. (1990) in Pressure Processed Food - Research and 
Development (Hayashi, R., ed.), pp. 3-21, San.El Publishing Co., 
Kyoto, lapan 
Eisenberg, D. and Kauzmann, W. (1969) The Structure and Properties 
of Water, Clarendon Press 
Weast, R.C., Selby, S.M. and Hodgman, C.D., eds (1965-6) Handbook 
of Chemis W and Physics (461h edn), Chemical Rubber Publishing Co., 
Cleveland, Ohio, USA 
Schl0mk% E-U., ed. (1994) V.D.I. W'~rmeallas Vol. 7, VDI Verlag 
GmbH, Dnsseldml, Germany 
Kanno, H. and Angeli, CA. (1980) J. Chem. Phys. 73,1940-1947 
Makita, T. (1992) Fluid Phase Equilibria 76, 87-95 
Deuchi, T. and Hayashi, R. (1991 ) in High Pressure Science for Food 
(Hayashi, R., ed.), pp. 101-11 O, San.El Publishing Co., Kyoto, Japan 
Morakami, T., Kimura I., Miyakawa, H., Sugimoto, M. and Satake, M. 
(1994) in High Pressure Biorcience (Hayashi, R., Kunugi, S., Shimada, S. 
and Suzuki, A., eds), pp. 304-311, San-El Publishing Co., Kyoto, Japan 
Kanda, T., Kitagawa, K. and Fujinuma, K. (1993) in High Pressure 
Bioscience and Fnod Scieoce (Hayashi, R., ed.), pp. 23-26, San-El 
Publishing Co., Kyoto, Japan 
Charm, S.E., Lrmgmaid, H.E., III and Carver, J. (1977) C~obiolog), 14, 
625-636 
Jessiman, A.G. and Walter, C.W. (1950) Chic. Surg. Forum 1,529-530 
Deuchi, T. and Hayashi, R. (1992) in High pressore and giotechnok~gy 
(Colloques INSERM VoL 224) (Balny, C, Hayashi, R., Heremans, K. 
and Masson, P., eds), pp. 353-355, John Ubbey Eurotext Ltd, 
Montronge, France 

258 Trends in Food Science & Technology August 1995 [Vol. 6] 



33 Deuchi, T. and Hayashi, R. (19901 in Pressure Processed Food- 
Research and Development(Hayashi, R., ed.), pp. 37-51, San-El 
Publishing Co.. Kyo{o, Japan 

34 Ooide, A., Kameyama, Y., Iwala, N., Uchio, R., Karino, S. and 
Kanyama, N. (1994) in High Pressure Bioscience(Hayashi, R., 
Kunugi, S., Shimada, S. and Suzuki, A., eds), pp. 344-351, San.Ei 
Publishing Co., Kyoto, Japan 

3S Watanahe, M., Makino, T., Keiko, K. and Arai, S. (1991) Agric. Biol. 
Chem. 55, 291-292 

36 Watanabe, M. (1991) in High Pr~,~rre Science for Food 
(Hayashi, R., ed.), pp. 111-128, San.El P u ~  Co., Kyoto, 
Japan 

~,7 Watan.~e, M. and Acai, S. (1994) 1. Food Eng. 22, 453-473 
38 Obuchi, K.,Iwahashi, H.,Kaol, S.C.,Ishimura, M.,Fu~i,S.,Sa~oh, A. 

and Komatsu, Y. (I 993) in H/gh Pressure g'~c/ence and Food 
Sc/ence (Hayashi, R., edJ, pp. 147-156, San-El Publishing Co., 
Kyoto, JapaJ'! 

39 Storey, ICB. aJ~d Storey, IM. (1990) .SCi. Am. 263(6), 62-67 

Review 

Extensive investigations of bacterial ice nucleation by strains 
of Pseudomonas, Erwinia and Xanthomonas have indicated 
that highly homologous proteins, each encoded by a single 

gene, are involved in the ice-nucleation active sites of either 

intact bacterial cells and/or ceU-free ice nucleators. The 
application of these bacterial ice nucleators to the freezing of 
some model food systems and real foods, such as sa!,7,~n, 
egg white protein and cornstarch gels, elevates nucleation 
temperatures, reduces freezing times and improves the qual- 
ity (e.g. the flavor and textural properties) of  frozen foods; 

this suggests that there may be profound potential for energy 
savings and quality improvement in the food industry. The 
use of bacterial ice nucleators is a unique application of bio- 
technology, as it directly improves freezing processes. Further 
research is needed to gain a better understanding of the basic 

mechanisms, the practical applications and the safety of 

this particular material in the commercial freezing of food 

products. 

Freezing is one of the best methods available in the food 
industry for preserving food products with high quality. 
Many factors affect the economic viability of the freez- 
ing process and the quality of the food products. 
Overall, the efficiency of this process and the resulting 
food quality are affected by two important factors: 
supercooling (the cooling of liquid below its freezing 
point without freezing) and nucleation (the initiation of 
the crystallization of liquid water into solid ice)L There 
are potentially two types of ice nucleation. Homo- 
geneous ice nucleation takes place only in extremely 
purified water, where an ice nucleus is formed by the 
random accumulation of water molecules. Hetero- 
geneous ice nucleation is predominant in the freezing of 
real food systems, and occurs when water molecules 
aggregate in a crystalline arrangement on nucleating 
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agents such as suspended foreign paxlicles, surface films 
or walls of containers. The type of ice nucleation is de- 
termined by the properties of  the solutes and the freez- 
ing rate, which consequently affect crystal size and 
crystal structure within the food and, therefore, product 
quality 2. 

Bacterial ice nucleation by strains of Pseudomonas, 
Erwinia and Xanthomonas has been both acknowledged 
and investigated since the early 1970s, and it has been 
recognized as one of the major causes of frost injury in 
plants 3. Many studies have contributed to the under- 
standing of ice-nucleation nl4~hanisms 4, and the elimi- 
nation of ice-nucleation injury in plants s. The unique 
activity of ice nucleation at higher subzero temperatures 
(in the range -2  to -5°(2), however, makes these 
microorganisms very useful in such processes as the 
production of artificial snow and the freezing of soma 
food products (Refs 6, 7 and J.M. Ryder, PhD thesis, 
University of Rhode Island, Kingston, RI, USA, 1987), 
where ice nucleation is a limiting step. 

The aim of this article is to present both basic and up- 
to-date knowledge of bacterial ice nucleation, and to 
discuss the application of this fascinating phenotype to 
the study of freezing foods as well as the potentially 
profound impact it may have on energy savings and 
quality improvement in the food industry. 

Ice-nucleation-active bacteria 
Strains of Pseudomonas syringae were first observed 

to catalyze ice formation in supercooled water in 1974 
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