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Figure 3.3.9 Concentration of soluble carbohydrates in grapevine buds of

different sections of the shoot. (DM = dry matter). Top: apical buds; middle:

intermediate buds; bottom: basal buds.
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3.4.3.3 Anions

The dominant anion was sulfate while chloride was detectable only in trace

amounts (fig. 3.3.10). Differences in anion concentrations of buds according to

bud position were not significant, but changes during sampling were significant

for both anions. It seems that the values of sampling date "25.02.99" seem to be

due to a faulty preparation. In general, anion concentration was highest at late

December/early January and middle of April with about 15 mg/g dry matter.

This pattern of anion concentrations is typical for all bud positions and similar to

the pattern of soluble sugars.
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Figure 3.3.10 Concentration of anions in grapevine buds of different sections of

the shoot (Cl
-

was detected only in very low concentrations, see arrowhead ).

Top: apical buds; middle: intermediate buds; bottom: basal buds. (DM = dry

matter)
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Table 3: Correlation analysis (Pearson correlation coefficient) between mean air

temperature recorded for different time periods (1-9 days, indicated as T1-3 to

T1-9) before sampling and sugar concentrations and anion concentrations of

grapevine buds.
basal buds gluc fruc suc raff stach Cl- SO4

-

HTE r = 0.01 -0.01 -0.05 -0.14 0.05 -0.21 -0.04

p (r) = 0.944 0.953 0.771 0.422 0.782 0.224 0.836

LTE r = -0.03 -0.22 -0.54 0.33 0.03 -0.08 -0.42

p (r) = 0.895 0.342 0.011 0.149 0.891 0.730 0.056

T1-3 r = -0.54 -0.30 -0.19 -0.65 -0.50 -0.09 -0.02

p( r) = 0.001 0.051 0.220 0.001 0.001 0.568 0.873

T1-5 r = -0.57 -0.32 -0.19 -0.75 -0.53 -0.16 0.08

p( r) = 0.001 0.032 0.228 0.001 0.001 0.310 0.601

T1-7 r = -0.59 -0.35 -0.20 -0.77 -0.55 -0.20 0.09

p( r) = 0.001 0.019 0.185 0.001 0.001 0.187 0.571

T1-9 r = -0.58 -0.33 -0.17 -0.72 -0.55 -0.22 0.07

p( r) = 0.001 0.027 0.259 0.001 0.001 0.159 0.654

intermediate buds gluc fruc suc raff stach Cl- SO4

-

HTE r = 0.01 0.02 0.05 0.03 0.12 0.02 0.15

p( r) = 0.956 0.923 0.765 0.845 0.488 0.908 0.369

LTE r = -0.26 -0.22 -0.12 -0.08 -0.07 0.15 -0.22

p( r) = 0.226 0.308 0.578 0.728 0.759 0.503 0.307

T1-3 r = -0.65 -0.52 -0.43 -0.70 -0.55 -0.08 -0.03

p( r) = 0.001 0.001 0.004 0.001 0.001 0.602 0.856

T1-5 r = -0.67 -0.55 -0.49 -0.77 -0.57 -0.13 0.11

p( r) = 0.001 0.001 0.001 0.001 0.001 0.417 0.490

T1-7 r = -0.69 -0.56 -0.51 -0.76 -0.57 -0.15 0.12

p( r) = 0.001 0.001 0.001 0.001 0.001 0.324 0.444

T1-9 r = -0.67 -0.57 -0.51 -0.72 -0.56 -0.19 0.10

p( r) = 0.001 0.001 0.001 0.001 0.001 0.209 0.522

apical buds gluc fruc suc raff stach Cl- SO4

-

HTE r = 0.05 -0.06 -0.24 0.21 -0.14 -0.18 0.14

p( r) = 0.782 0.729 0.181 0.247 0.432 0.305 0.440

LTE r = -0.25 -0.24 -0.11 -0.11 -0.13 -0.09 0.02

p( r) = 0.308 0.334 0.693 0.650 0.595 0.730 0.919

T1-3 r = -0.62 -0.50 -0.43 -0.67 -0.49 -0.05 -0.01

p( r) = 0.001 0.001 0.004 0.001 0.001 0.754 0.938

T1-5 r = -0.62 -0.50 -0.45 -0.71 -0.52 -0.05 0.10

p( r) = 0.001 0.001 0.002 0.001 0.001 0.729 0.509

T1-7 r = -0.63 -0.52 -0.48 -0.72 -0.54 -0.07 0.12

p( r) = 0.001 0.001 0.001 0.001 0.001 0.648 0.469

T1-9 r = -0.63 -0.54 -0.51 -0.71 -0.56 -0.12 0.09

p( r) = 0.001 0.001 0.001 0.001 0.001 0.453 0.545
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3.5  Ice nucleating bacteria 

3.5.1 Introduction 

Cuttings of well ripened and cold adapted canes were kept at room temperature

in the lab to test deacclimatization (see chapter 3.3.5). To avoid drying the lower

ends had been immersed in tap water. At the time of swelling the buds usually

exhibited HTEs between

– 5 °C and – 7 °C. This was also true for buds at the lower end of the cane

which had been immersed inadvertently in the tap water and which were dried

superficially prior to testing. However in a few cases exotherms between – 3,8

°C and – 2 °C occurred. This was supposed to be due to ice nucleating bacteria

and we tried to isolate and characterize some of them even though this effect

was evidently unimportant for freeze damage during the winter.

3.5.2 Isolation of bacteria and freeze tests 

A total of 172 samples were taken from tap water which had contained buds

with high exotherms and put on different culture media. The best results were

obtained with King’s B-medium (Difco). Six different bacterial strains were

isolated and determined by the Institute of Food Technology, Department of

Microbiology of the University of Hohenheim where the BBL® CRYSTAL
TM

ID System (Enteric/Nonfermenter and Rapid Stool/Enteric ID Kit, Becton

Dickinson) was used.

Isolated bacteria colonies were then suspended in a few milliliters of

culture medium. Cut buds from the field were put on filter paper soaked with the

bacterial suspension, incubated over night at room temperatures and then

measured with the Kryoscan. Buds incubated on filter paper soaked with tap

water were used as controls. The cut surfaces had been protected by aluminum

foil to avoid contamination of the measuring device.
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3.5.3 Results 

It was found that 2 from 6 isolated bacteria strains promoted early freezing of

the buds, one acting at – 2 °C and one at – 3.8 °C. The latter turned out to be

Pseudomonas fluorescens the first one could not be identified.
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4 Concluding Discussion 

4.1 The growth of ice crystals and morphological 

structures 

In our tests the growth of ice crystals in leaf segments, once initiated, was

never stopped. However it was at least slowed down as compared to the

growth speed of ice on filter paper where the exotherms appear as needle

sharp peaks. This could be demonstrated particularly in older leaves where the

exotherms appearing during a second freezing cycle after thawing are

considerably sharper and higher indicating the disruption of the cell walls

during the initial cyle (fig 3.2.6). From the different forms of the exotherms

the slowing effect of intact cell walls as compared to free solution might be

estimated 50 – 70 % depending on the age of the leaf and hence on the

mechanical resistance of its cell walls.

One of the factors to explain the mechanisms of frost resistance in buds

is the existence of a barrier between the bud base and the bud cones (JONES et

al., 2000) which would stop the growth of ice crystals completely.

Although, neither JONES nor we ourselves were able to find cytological

evidence for barriers in the bud and our experiments to stop ice crystal growth

by leaf veins gave no conclusive results, there is no doubt that morphological

structures can contribute to supercooling of buds or parts of them. These

barriers seem to be present not only during winter but they seem to persist

even in deacclimated buds. HAMED et al. (2000) found that freezing in

germinating buds always started from the stem but that ice spread (~ 2 – 5

mm per second) was stopped for some minutes by structures in the bud base

which, however, could not be localized exactly due to the poor resolution of

the imaging technique. QUAMME et al. (1995) describe anatomical features
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which facilitate supercooling of the flower within dormant peach flower buds.

The possible existence of barriers can also be demonstrated on grapevine

leaves. Fig 4.1.1 shows a leaf after a frost night which destroyed large areas at

the tip but only small fields in the basal parts delimited by small leaf veins.

Fig. 4.1.1 Partly frozen grapevine leaf

with lesions delimited by leaf veins

It is evident that these veins stopped the growth of ice crystals. However, the

freezing tests with small leaf pieces separated in two halves by a leaf vein

revealed that this seems not to work under all conditions. We never obtained

two exotherms: neither in Phaseolus vulgaris nor in Vitis vinifera veins in leaf

pieces were able to delimit the growth of ice crystals to one segment of the

piece. On the other hand freezing of flower petioles and other small cane

segments frequently generated several exotherms which could be even

reproduced after thawing in a second freezing cycle (fig. 3.2.7). This indicates

the presence of separatly freezing areas separated by structures which are able

to block the growth of the ice crystals.
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The ice crystals on leaf segments might bypass the blocking vein by

growing along the edges which would not occur on an uninjured leaf. On the

other hand it is well known that prevention of deep supercooling in some

cereals is one method to control frost damage because ice crystals growing at

higher temperatures seem to be less deleterious (for literature see ASHWORTH,

1992) and the freezing conditions in the copper wells of our test system are

certainly more severe than in the air (due to an accelerated thermal

conductivity).

In this context the question arises why the highest exotherms in our leaf

tests were around -7 °C whereas spring frost damage is expected already at

higher temperatures. Actually most reports in this field indicate air

temperatures. We could find no data on leaf temperatures although it is well

known that, due to heat radiation, in clear nights the leaves are colder than the

surrounding air. On the other hand few “very high temperature” sites on the

leaf are sufficient to start ice growth which would then continue over larger

areas. In this context it is interesting to note that whole leaves of corn

seedlings immersed in 15 ml of sterile destilled water in test tubes froze at – 7

°C (MITTELSTÄDT, 1995). This temperature seems to be characteristic for the

most active intrinsic ice nuclei of supercooling plants.

4.2 Factors influencing susceptibility and 

resistance to frost  

Although a large number of data have been accumulated we were not able to

define single factors of frost resistance which would yield the basis for the

identification of responsible genes. However in the light of these results it is

worth while to rediscuss old explanations for frost resistance derived from

experiences of vine growers.
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4.2.1 Acclimatation and deacclimatation 

There are many publications on the influence of fluctuations in winter

temperatures on the buds’ cold hardiness. HUBACKOVA (1994, 1996) found

correlations between LT50 of chilled buds and the maximum and mean

temperatures but not of the minimum temperatures of the cold season but no

fast response. It is, however, difficult to prove a causal relationship.

According to our observations it is at the best unclear if acclimatation and

deacclimation are controlled exclusively be temperature or whether there are

intrinsic mechanisms (e.g. hormone influence). WOLPERT and HOWELL (1984,

1985a, 1985b, 1986) describe quite a number of phenomena whose effects on

cold acclimatation cannot easily be attributed to temperature influences, such

as the effect of night interruption on frost resistance of potted ‘Concord’

grapevines or the effects of cane length and pruning date. According to

DURNER and GIANFAGNA (1991) ethephon treatment prolongs dormancy and

enhances supercooling in peach flower buds. HOWELL and SHAULIS (1980)

showed that the cold resistance both of buds and canes on the same grapevine

varied up to 12 °C depending on periderm development, cane diameter,

persistence of the summer laterals and leaf exposure to the sky during the

growing season and, last not least, on the variety. LEDDET et al. (1993) and

DEREUDDRE et al. (1993) describe positive effects of a controlled chilling on

buds prior to or after bud-burst, respectively.

Our exotherm measurements revealed no defined conditions for cold

acclimatation of the buds because the date where the LTEs decreased could

not be determined exactly due to the late start of the measurements or

variations in the beginning of the measurements (fig. 3.3.2 and 3.3.3).

DÜRING (1997) used temperature-induced hardening of buds prior to tests for

frost resistance of cuttings; this hardening was, however, achieved by

temperatures below – 12 °C within a short time and might thus be due to
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water migration (see chapter 4.5) rather than to metabolic activities of the

buds.

Vine growers know that grapevine buds lose frost resistance in mid-

March. According to DAMBORSKA (1978) 2-3 days of + 12 °C were

sometimes sufficient to kill 10-40 % of the buds by immediately following

frost of – 19 °C. This may be true in March, bud according to our results this

is not sufficient in midwinter. Well adapted canes transferred into the

laboratory lost their adaption at room temperature only after about 2 weeks.

DAMBORSKA states that “at the end of the winter when budding is initiated,

the buds lose resistance much more quickly than in the preceding months”.

WOLF and COOK (1992) in tests with three grape cultivars found

deacclimation after 16 days at 23 °C and “deacclimatation rate tended to

increase as the winter progressed”. SCHNABEL and WAMPLE (1987) found that

photoperiod and temperature influenced cold hardiness of ‘Riesling’. LIPE et

al. (1992) could show that evaporative cooling seemed to slow down

deacclimatation whereas ORFFER and GOUSSARD (1980) showed that hot

water treatment used to accelerate bud burst implied deacclimatation.

4.2.2 Humidity and water content 

Although it is generally assumed by viticulturists that humid or water soaked

buds are more susceptible to sudden frosts this could not be corroborated by

our tests where the water content was not correlated to the LTEs. It is true that

sometimes a certain chain reaction could be observed: The HTE1 starting in

the free water of the bud scales was followed immediately by the HTE2

caused by the freezing of the apoplastic solution of the bud base. In autumn or

spring this process might continue even into the shoot primordia, however in

cold adapted buds this was not the case.
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4.2.2.1 Surface humidity

It is true that humidity on and between the bud scales leads to a rise of the

HTEs from below 10 °C to around 4 – 6 °C. An explanation would be that HT

ice nucleators present on the scales which are meaningless under dry

conditions are now contacted by capillary water. According to many authors

(for literature see LINDOW,1983 ) every frost damage of frost-sensitive

supercooling plants which occurs above – 7 °C is caused by epiphytic bacteria

such as Pseudomonas. Actually we could isolate these bacteria from some wet

buds. Particularly in soaked buds the freezing temperature frequently rose to

values up to – 2 °C.

These bacterial effects, however, seem to be unimportant for the frost

resistance of compound buds in the winter since the LTEs which indicate frost

damage of buds are independent from the HTEs and therefore a direct

influence of surface humidity seems not very probable. Sunny, cold wheather

in mid-winter frequently leads to hoar-frost on the scales which, after thawing

in the sunshine would wet the budscales. This effect has been obtained

inadvertently by harvesting frozen canes (fig. 3.2.9) and will be discussed

later in the context of our freeze drying model.

4.2.2.2 Water content

The loss of water in canes and buds by the end of autumn is very often

explained in terms of cold adaptation via concentration of the cell sap

(POGOSYAN et al., 1975). Seasonal changes in water content were correlated

significantly with seasonal changes in the supercooling point of overwintering

flower buds of peach (QUAMME, 1983), and JOHNSTON (1923) found a close

relationship between peach flower bud hardiness and water content of the

flower buds throughout the winter season. In Rhododendron, both water

content of the flower buds and degree of supercooling were shown to change

seasonally with air temperature (GRAHAM and MULLIN, 1976a). However
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WOLPERT and HOWELL (1984) state that “although water content of primary

buds was inversely related to cold hardiness in a general way, specific

hardiness differences could not be correlated with water content”. One year

later these authors find a correlation between tissue moisture decline in canes

and buds and acclimation (WOLPERT and HOWELL, 1985). However their

curves show that the water loss might precede frost hardening considerably.

Our analyses, too, have shown that the main reduction of the water

content occurred from October till December. Vinegrowers in moderate

climates know that by that time the grapevine buds are far from frost

hardened – a fact that is corroborated by the LTE analyses which indicate

maximal hardening by the end of January. In the experiments of SALZMANN et

al. (1996) ‘Concord’ buds reached their mimium water content in late

November, before reaching their maximum acclimation level. HAMMAN et al.

(1990) found that, although buds deharden rather quickly there was only a

small increase in water content. Certainly the lowering of the freezing point

by the loss of water might contribute to frost resistance but there seems to be

no direct effect. Drying of cut buds resulted in a considerable lowering of the

HTEs (fig. 3.2.12). This is no natural effect, since on the one hand these buds

lose their water by evaporation through the cutting plane which is not the case

under field conditions and on the other hand HTE values do not indicate the

frost resistance of the shoot primordia. However it corroborates the

experience that water loss is able to lower ice nucleation in general. This is,

however, not due to a concentration of osmotically active substances, but to

the decreasing probability that the water might contact a HT nucleation site.

The induction of LEA-like proteins by bud dessication might also play a role

(SALZMANN et al., 1996) if it is true that theses proteins are involved in cold

acclimatation of the grape bud, although FENNEL and HOOVER (1991) found

that buds can be programmed for endodormancy with accompanying

desiccation without cold acclimatation.
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According to BALÓ and BALÓ (1975, cited after CURRLE, 1983) and

HAMMAN et al. (1990) the water content of the cane basis is lower than at its

top, in our analyses significant differences could only be found in autumn.

MISIK (1997) has studied the relation of frost resistance and of “bound

water” in the canes by measuring their dielectric constant (which is correlated

with the water content) with microwaves but his results were somewhat

inconsistent.

4.2.3 Osmotically active substances 

4.2.3.1 Carbohydrates

It is common knowledge that many roots and tubers such as potatoes exibit

low temperature sweetening (JANICK, 1995). In grapevine relations of sugar

content of the cane and frost resistance have been postulated as early as 1882

by MÜLLER-THURGAU. It is generally known that cold hardiness can be

hamperd by unsufficient carbohydrate reserves in the cane due to overloading

of the plant. WAMPLE and BARY (1992) report on the harvest date as a factor

in carbohydrate storage and hence cold hardiness. Many authors report

varietal differences in carbohydrate contents which seem to be correlated with

the frost resistance of the varieties (RYABCHUN and ARESTOVA, 1987;

REUTHER, 1975, JONES et al., 2000).

In addition to the loss of water the conversion of starch into mono- or

disaccharides is thought to rise the osmotic value of the cell sap and thus to

lower its freezing point. In addition soluble carbohydrates, in particular of the

fructosan type, are supposed to act as cryoprotectants. (KOUSSA et al., 1998).

WINKLER and WILLIAMS (1945), EIFERT et al. (1961), KLIEWER, 1965;

REUTHER (1975), WAMPLE and BARRY (1992) and KOUSSA et al. (1998)

stated that the conversion of starch to soluble sugars seems to be controlled by

low temperatures and that the maxima of frost hardiness of the buds and of
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sugar concentration in the cane appear at the same time. Enzymes related to

that process have been studied by ORTOIDZE (1987), and WIENHAUS (1996)

who found an activation of phosphatases. AIT BARKA and AUDRAN (1996) and

BERBEZY et al., (1997) describe the activation by frost of amylases and the

change of amylase isoform patterns in the internodes during the winter.

This is corroborated by our bud analyses (fig. 3.3.7) which for the first

time combine sugar analysis and freezing point measurement in a great

number of buds. We found the same sugar concentrations in buds as EIFERT

in shoots – unlike KOUSSA et al. (1998) who report that internodes contained

lower amounts of sugar than buds. According to REUTHER (1975) the sugar

content of the basal parts of the canes are lower than at its top, but our

analyses have shown either the opposite or no significant differences.

Analyses by paper chromatography (PANCZEL, 1962) which were confirmed

by KLIEWER (1965) had already revealed the presence of glucose, fructose,

maltose, saccharose, melibiose, raffinose and stachyose in grapvine shoots.

WAMPLE and BARY (1992) reported that sucrose, glucose and fructose

constitute also the major sugars in buds. In our analyses we found also

raffinose and stachyose. Insofar there seem to exist no particular differences

between canes and buds. For cryoprotection, the ratio between particular

sugars might prove to be crucial (LIU et al. 1997, OBENDORF 1997). Sucrose

is known to be able to retain the liquid-crystalline state of membranes under

osmotic stress caused by cold, draught, or salinity. Raffinose is supposed to

improve the protective quality of sucrose and also to inhibit the tendency of

sucrose to crystalline and hence to lose its protective effect under stress

conditions (CAFFREY et al., 1988). IMANISHI et al. (1997) found in their

experiments, that the raffinose family of the oligosaccharides are involved in

the freezing tolerance of plants, they are potential cryoprotectants in cold-

acclimated plant cells. Our results show that raffinose and stachyose were

present in grapevine buds throughout the whole sampling period, but only in
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low concentrations. In grapevine buds, KOUSSA et al. (1998) found generally

lower concentrations of total soluble sugars compared to internodes. In their

experiments, the accumulation of raffinose and sucrose, starting in October,

was related to the decrease of daily average temperatures and WAMPLE and

BARY (1992), too, found a relation between soluble carbohydrates and air

temperature. This is confirmed by our results, however, the correlation

coefficient of glucose, fructose and stachyose with air temperature before

sampling is higher than the correlation coefficient of sucrose with air

temperature. But in both investigations, concentration of raffinose in

grapevine buds is well correlated to air temperature before sampling.

While we did no quantitative analyses of the starch, it could be easily

seen that it dissappeared by the end of march (prior to bud swelling) like this

has been discribed several times for the starch of the cane (EIFERT et al.,

1961; WIENHAUS, 1969) and of the bud during bud burst (AIT BARKA and

AUDRAN, 1996; BERBEZY et al., 1997). Our results show that this mobilization

occurs well before that time. There are no principal differences between the

starch in the cane and in the shoot primordia of the bud. Later on the starch

accumulates again in the shoot apex prior to inflorescence induction (BOTTI

and SANDOVAL, 1990).

There are indications for the indirect effect of carbohydrates on frost

hardiness. WAMPLE et al. (1993) could influence both by adequate nitrogen

fertilization of ‘Riesling’ grapes. KORKAS (1994) demonstrated the influences

of varying nitrogen supply on the soluble carbohydrates.

4.2.3.2 Anions

MALAKHOVA and SMURYGIN (1977) reported a positive effect of spraying

with trace element solutions. In this context our anion analyses gave no

indication of such a role in frost resistance. Certainly the concentration of

anions cannot contribute much to the osmotic value of the bud tissue. The
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influence of mineral nutrition on frost resistance as described by WILHELM

(1964) for sodium and by POGOSYAN (1998) seems to act via different

mechanisms.

4.3 Other factors 

 

4.3.1 Substances 

AIT BARKA and AUDRAN (1997) found changes of proline concentrations in

shoots and buds in response to low temperatures and could correlate them to

frost resistance, however only after bud burst (stage 2 and 3) and not during

the winter. ZILKAH et al. (1996) found that urea treatment of leaves improved

freezing protection in avocados and peach, an effect that could be interpreted

in terms of nitrogen nutrition.

 

4.3.2 Ice nucleating bacteria 

Pseudomonas bacteria might play a certain role in terms of frost damage in

Vitis. GAIGNARD and LUISETTI (1992, 1993) and GARDEA et al. (1993) found

them on leaves where they might cause damage during spring frosts. We

could isolate them from very wet buds which often showed a HTE at – 3.8 °C.

This could be important in cases where very wet weather is followed by a

sudden frost. However, since the HTE would seldom trigger the premature

appearance of the LTE (see fig. 3.3 and 3.5) the influence of Pseudomonas

bacteria on freeze damage seems negligable and shall not be discussed here.
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4.3.4 Effect of latent heat  

KROG et al. (1979 reported that the flowers of the African alpine plant Lobelia

telekii contain a water reservoir with ice nucleation sites which starts freezing

already a temperatures around – 1 °C. The fusion heat is sufficient to protect

the generative parts of the flowers from the night frosts. According to

SCHNELL et al. (1991) this ice nucleation is caused by Pseudomonas

chloraphis.

It has never been discussed that the latent heat of the freezing water in

the canes might contribute to the survival of buds in a cold night. However

small this influcence may be: frost resistance of buds is a very complex

phenomenon where the sum of single factors is important although their

individual contribution might be very small.

4.4 The freeze drying model 

The frost resistance of new grapevine varieties is usually tested by storing

cold hardened woody cuttings for some weeks at different constant

temperatures between – 12 and – 25 °C. At this occasion DÜRING et al.(1990

and unpublished) observed that buds which had been preincubated for some

days at – 12 °C (a temperature which would not damage the buds) survived

even – 25 °C, a temperature which would usually kill the buds of all varieties.

It is difficult to explain this effect by biochemical activities such as sugar

accumulation; neither can it be attributed to a general loss of water, since the

cuttings were sealed in plastic bags.

It is, however, interesting to discuss this observation in the context of

effects which occurred in our freezing experiments and which had been

already observed PIERQUET et al. in buds of V. riparia harvested at – 24 °C
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and by WOLF and POOLE (1987) and WOLF and COOK (1992) who state that

the “inability to detect LTEs in buds that have been subjected to prolonged

subfreezing temperatures is a recognized limitation of thermal analysis”.

Tissue dehydration and accompanying dissappearance of LTEs was reported

also for Prunus flower buds by KADER and PROEBSTING (1992).

We observed the same effects if canes were stored for some days at

temperatures of -12 °C for cold adaptation experiments. In addition

interrupting of the supercooling cycle after appearance of the HTE and

holding the temperature for several hours before further lowering was

sufficient for the dissappearance of the LTEs. This was unexpected and

bothering because some scheduled experiments could not be carried out.

However, together with the effects described by other authors it yields further

evidence for a model explaining parts of the frost hardening process by

migration of water from the primordia to the subtending plant tissue. This

could explain both the disappearance of the LTEs and the uncommon frost

hardening of the buds. WOLF and POOL (1987) state that unreliable detection

of LTEs might be due to water migration from bud primordia to non-lethal

sites of freezing, as described earlier in some other species by GRAHAM and

MULLIN (1976a), ISHIKAWA and SAKAI (1982) and QUAMME (1983).

This migration can be explained by energy differences between the water

in the supercooled – but not yet frozen – shoot primordia and the ice present

in the cane tissue. Even if the ice and the supercooled liquid water have the

same temperature, the water potential of ice is lower due to the energy loss

during freezing. That means that the vapor pressure over the ice is lower than

over the liquid phase, in other words: Ice crystals grow at the expense of the

liquid phase even if there is no direct contact. This leads to a very gentle and

slow desiccation of the shoot primordia which thus can reach a very high frost

resistance. This effect may last very long in the field since the ice in canes

and bud pads, although frozen only after supercooling to below – 10 °C



92

(average), will remain frozen until the air temperature surpasses 0 °C and

that might take quite a while. There are the complementary observations of

PIERQUET et al. (1977) that water moves from the stem tissue into the bud

tissue again during thawing and that the dry bud tissues require a significant

amount of time (around 48 h) to become fully rehydrated.

There are two observations which might support this hypothesis

(1) The measurement of sugars and anions revealed an increase of the

anion concentration in the buds on February 25 (fig. 3.3.10) and also of the

sugars of the basal buds (fig. 3.3.9). Although an erronous analysis cannot be

completely excluded it is striking that a strong frost period preceeded this

date.

(2) As discussed in chapter 3.4.2 buds from canes cut at low

temperatures (where it could be assumed that the extracellular water was

frozen) usually accumulated condensed water on or between the scales. The

freezing of this capillary water resulted in sharp and large high temperature

exotherms (HTE1). Sometimes this led to the disappearance of LTEs. First it

was assumed that the strong HTE1 had triggered the subsequent freezing of

all bud parts. This should, however, not be the case since wet buds harvested

in rainy mornings at temperatures above 0 °C usually exhibited HTE1, HTE2

and LTE. This could be explained as follows: A cane, harvested at – 8 °C in

the morning and hence frozen during the night is brought into room

temperature. The temperature of the shoot primordia will rise much faster

than the temperature of the nodal tissue of the frozen cane, since the

primordia are small and are supercooled although not frozen and hence need

no additional fusion energy. Their water potential is thus much higher than

that of the subtending nodal tissue and therefore a further water loss of the

primordia will occur which either leads to a further lowering of the

supercooling temperature of the bud or to a small exotherm which is below

the sensitivity of the thermosensor. The first hypothesis seems more probable
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in view of the considerable lowering of the HTE by superficial drying of the

cutting plane of the nodal tissue (fig. 3.2.12).

KANG et al. (1998) state that unlike the buds of apple, peach and pears,

grapevine and persimmon buds show no significant interdependence of

cooling rate and LTE temperature which could be attributed to water

migration during cooling. Like previous authors (e.g. ISHIKAWA and SAKAI,

1982, 1985; GRAHAM and MULLIN, 1976 a,b) they differentiate between

freezing tolerance caused by extra-organ freezing involving water migration

and “real supercooling”. However, the study of their tables reveals a

consistant (though not significant) lowering of the freezing resistance with a

decreasing cooling rate. We presume that this mechanism is operative in all

buds, although there might be considerable differences of the speed and the

direction of water migration depending on the bud anatomy. In grapevine the

migration from the primordia to the subtending tissued would be slower since

it is supposed to go via the vapour phase whereas in extra-organ freezing the

water migrates to spaces immediately adjacent to the vacuole.
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