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Abstract

Prehardening of winter rape, i.e. ils early growth in a
reduced day temperature (+12°C) from emergence te
the beginning of cold acclimation at chilling temperatures
(the 1* stage of cold acclimation). has « beneficial influ-
ence on frost resistance. In earlier studies it has been
demonstrated that during prebardening. plants formed
leaf rosettes and increased the photosynthetic efficiency at
chilling temperatures. In the present study investigations
were carried out on the effect of prehardening on the
growth rate of the plants during the 1 stage of cold
acclimation, and the progress of selected physiological
processes occurring during this stage and resulting in
increased frost resistance. It has been demonstrated that
a greater inflow of photoassimilates during the I* stage
of cold acclimation results in greater increments of the
dry mass of prehardened plants. These plants show also
a distinct inhibition both of the elongation growth and
the rate of expanding new Jeaves. The acquired energy is
thus spent to a greater extent on the processes associated
with increasing frost resistance, and not on growth. In
prehardened seedlings, during the 1* stage of cold acchim-
ation, there have been observed in leaves a higher rate of
both water content decrease and drop in the osmotic
potential of the cell sap and water potential in the tissues.
Also an increased accumulation of soluble sugars and
free proline was noticed. However, the beginning of these
processes was not observed during the prehardening
period. Prehardening stimulated the effectiveness of the
1* stage indirectly through changes leading to the
increased amount of available energy and enabling the
utilisation of the greater part of acquired energy in the
cold acclimation process.

Key words: Cold acclimation — frost resistance —
growth rate — proline — soluble sugars — water
management

Abbreviations:

CA - 1* stage of cold acclimation (frost hardening)
at +2°C; LTy, — temperature at which 50 % of the
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plants had been frost-killed;: NPH —non-pre-
hardened seedlings. seedlings grown from sprouting
till the beginning of CA at 20/12°C (day/night); PH
seedlings — prehardened seedlings. seedlings grown
from sprouting till the beginning of CA at 12,20°C
(day/night); ,--- osmotic potential; y,— pressure
potential (turgor); try — water potential.

Introduction

In earlier studies (Rapacz 1998a.b, Rapacz and
Janowiak 1998) some physiological changes induced
in winter rape by the process termed ‘prehardening’
were described. This process observed under field
conditions in autumn may be performed under con-
trolled conditions if the plant’s growth is already
from the sprouting phase at day temperatures. in
the range of 10~15"C. Prehardened winter rape for-
med leaf rosettes, which may slightly increase its
frost tolerance in a non-hardened and hardened
state (Rapacz 1998a). This effect is similar to the
observation that in winter rape. growth retardants,
which inhibit hypocoty! elongation and make the
seedlings form leaf rosettes, enhance also their frost
tolerance (Kacperska-Palacz and Dhugotgcka 1971,
1972, Meorrison and Andrews 1992).

On the other hand, the effectiveness of the 1" stage
of cold acclimation (CA) (Kacperska-Palacz 1978)
is greatly increased mainly by higher effectiveness of
the photosynthetic apparatus during CA (Rapacz
1998a.b, Rapacz and Janowiak 1998). High photo-
synthesis thus increases the inflow of energy; under
conditions of CA this is necessary, but is not
sufficient for good hardening of the plants. The
acquired energy, unlike under the spring conditions,
must not be spent on the plants’ growth, but, first
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of all, on several intracellular changes connected
with the increase of frost resistance. It is suggested
that the first stage of frost hardening of herbaceous
plants is related to the cessation of growth (Kac-
perska-Palacz 1978, Levitt 1980). Inhibition of cell
expansion brings about decreased tissue hydration
(Levitt 1980). This may, in turn, limit the probability
‘of intracellular freezing and increased frost tol-
erance even in the absence of other hardening fac-
tors {Kacperska-Palacz 1978). On the other hand,
the cessation of growth in terms of dry matter
accumulation may reflect the worst energy supply
caused by low net photosynthesis. Thus, plants,
which grow faster, are more resistant (Hurry and
Huner 1991). This was considered for spring and
winter forms of wheat. Nevertheless, no relationship
was found between frost resistance degree of spring
or winter cultivars of grains and dry matter increase
nnder field conditions (Fowler and Carles 1979).
Tumanov (1960) wrote that low temperatures dur-
ing cold acclimation were necessary to inhibit the
growth rate, which is needed for accumulation of
soluble sugars. Likewise Griffith and Mclntyre
{1993) concluded that the interrelationship between
growth and frost tolerance is a quantitative one.
Frost tolerance is induced only by low temperature,
but the development of frost tolerance is dependent
upon both irradiance, which affects the amount of
photassimilates available, and the day length, which
may affect the partitioning of photoassimilates
between growth and frost tolerance. The aim of
the present study was to demonstrate the effect of
prehardening on energy partitioning between
growth and development of frost resistance.

Material and Methods
Plant material

Winter rape (cv. ‘Gorczanski’) plants were prehardened
and hardened in the conditions described earlier (Rapacz
and Janowiak 1998).

Growth analysis

Relative Growth Rate (RGR) was calculated according
to Kvet et al. (1971):
InW,—In W,

RGR = —

— 1000 [mg g~ ' day™ "]
2714

where W, is shoot dry mass on the first day of investigated
periced. W, is shoot dry mass on the last day of inves-
tigated period, and £, —¢, is length of investigated period
{(days). In the calculations the dry mass of fallen leaves
was also taken into account.

‘Water balance analysis

The water content in the seedlings was estimated after
drying them to a constant mass at +70°C. For water
potential ({w) and osmotic potential (i) determinations,
an HR 33T dewpoint microvoltometer (VESCOR) con-
nected with C-52 Sample Chambers was used. For deter-
mination of ¥y, leaf discs were collected from the youn-
gest fully expanded leaf and perforated, always in the
same way, before measurement. i, was measured in cell
sap obtained from the remaining part of the leaf, squee-
zed after freezing in liquid nitrogen. p was calculated by
subtraction of y, from .

Soluble sugars and free proline determination

Soluble sugars were determined by the anthrone method
(Ashwell 1973, with modifications). The plant material
(always from the youngest, fully expanded leaf) was hom-
ogenised in liquid nitrogen and the soluble sugars were
exiracted for 15 min with boiling distilled water. After
centrifugation at 2000xg, 0.2% anthrone (Sigma) in
sulphuric acid was added to the supernatant and the
sugars were determined spectrophotometrically (7 = 620
nm) after heating at +90°C for 15 mun. Sugar con-
centration was calculated from linear regression equation
obtained from the calibration curves (based on known
concentration of glucose, Sigma).

Free proline was determined by the colorimetric
method according to Bates et al. (1973). The plant
material (always [rom the youngest, fully expanded leaf)
wus homogenised in liguid nitrogen and the free proline
was extracted with 3 % sulphosalicylic acid. After cen-
trifugation at 2000 x g, free proline concentration was
determined as described in the original paper.

Statistical analysis of results

Statistical significance of differences between treatments
was evaluated by variance analysis in a completely ran-
domised design using the Duncan Multiple Range Test.

Results
Growth

Prehardened seedlings have shown a distinct inhi-
bition of growth during CA. No elongation of their
stems was observed (Fig. 1) and the rate of expand-
ing new leaves as well as the rate of falling of the
oldest leaves was much slower than in NPH seed-
lings (Fig. 2). However, the recorded increments
of their dry mass were higher and relatively stable
during successive 2-week long periods of CA (Table
1). In non-hardened seediings, on the other hand,
the RGR values during CA were systematically
reduced.
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Fig. 1: Changes in stem length (sum of hypocotyl and epi-
cotyl) of winter rape cv. ‘Goérczanski’ during cold acclim-
ation at +2°C according io the preceding growth
conditions. Values marked with the same letter are not sig-
nificantly different (P = 0.05) based on the Duncan Multiple
Range Test, n = 7 replications {plants)
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Fig. 2: The effect of growth conditions before coid acclim-
ation on the development of winter rape leaves during cold
acclimation at +2°C. The area of single rectangle represents
the percentage of plants with the leaf fully developed (filled
rectangles) or fallen (open rectangles). Values marked with
the same letter are not significantly different (P = 0.05)
based on the Duncan Multiple Range Test. n = 30 rep-
lications (plants)

Soluble sugars and free proline level

During the first 14 days of CA. in both PH and
NPH seedlings, an increase in the content of soluble
sugars and free proline was observed (Table 2). In
PH seedlings this increase was markedly faster than
in NPH ones. As a result, on the 14" day of CA. the
content of soluble sugars in the scedlings was 50 %
higher and that of free proline 25 % higher, while

Table 1: Relative Growth Rate (RGR)* of dry mass
accumulation in shoots of winter rape cv. ‘Gérczanski’
seedlings during cold acclimation at +2"C, according to
the preceding growth conditions

RGR [mgg~'day™']

Thermal conditions before cold
acclimation {day/night}

Successive days -~

of cold 20/12°C (NPH)  12/20-C (PH)
1-14 2130 27.0%
14-28 16.0¢ 2320
13.0¢ 27.0¢

2842

* With regard to the mass of falien leaves

Values marked with the same letter are not significantly
different (P = 0.05) based on the Duncan Multiple Range
Test, n = 7 replications (pots)

before CA the content of these substances was inde-
pendent of the conditions of growth (Table 2).

Water status

Prehardening contributes very clearly to the changes
in the water balance parameters during CA. A faster
accumulation of osmotically active substances by
PH seedlings during CA is manifested by a faster
reduction of ¥, (Fig. 3a). During CA no differences
or significant changes in ¥, in either PH or NPH
seedlings were observed (Fig. 3c). As a result, the
changes in yry, values (Fig. 3b) coincided closely with
the changes in the values of ... Thus the reduction
of the tissue hydration, observed during CA (Fig. 4)
was not the result of changes in the value of water
deficit, but was due to the accumulation of dry mass.
The water content in the stem was more greatly
reduced in PH seedlings (Fig. 4d), the difference
being caused by variations in water content in
leaves, both in blades (Fig. 4a) and petioles (Fig.
4b). Irrespective of the conditions of the initial
growth, the stems contained similar amounts of
water, undergoing a large progressive reduction dur-
ing CA (Fig. 4¢).

Discussion

[t has been demonstrated so far that prehardening
increases the resistance of winter rape plants
through: (1} influence on the plant morphology
(Rapacz 1998a) and (2) stimufation of the pho-
tosynthetic efficiency at CA temperatures (Rapacz
1998b, Rapacz and Janowiak 1998). The results
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Table 2: Accumulation of separate soluble compounds in winter rape cv. *Gorczanski’ leaves during cold acclimation

at +2°C aceording to the preceding growth conditions

Soluble sugars (mg glucose in 1 g

Free proline {ug in 1 g of leaf

of leaf fresh weight) fresh weight)
Before In 14* day of Before In 14* day of
Growth conditions before cold acclimation CA CA CA CA
' 20/12°C (day/night)— NPH 9.1¢ 21.0° 77.8 364.1°
12/20°C (night/day)—PH 7.0¢ 339° 90.6° 484.6°

Values marked with the same letter are not significantly different (P = 0.05) based on the Duncan Multiple Range

Test, n = 7 replications {pots)

(a) Water Potential ¥,
Day of cold acclimation

0 14 21 42 0 14
il

(b} Osmotic Potential ‘¥,
Day of coid acclimation
21 42
2

{c) Pressure Potential ¥,

....................

-05 2 ]

--------------------

--------------------

..................

LJ L] L
14 21 42
Day of colg acclimation

Growth conditions betora cold acclimation: [:I 12/20°C (day/night) - PH . 20/12°C (day/night) - NPH

Fig. 3: Changes in water potential ... osmotic potential i, and pressure potential (turgor) v, in leaves of winter rape cv.
‘Gérezanski’ during cold acclimation at +2°C according to the preceding growth conditions. Values marked with the
same letter are not significantly ditferent (P = 0.05) based on the Duncan Multiple Range Test, n = 7 replications

obtained in the present study indicate, morcover,
that prehardened plants are characterised not only
by a better energy supply during the CA process, but
also by a more rational utilisation of the acquired
energy which is spent in greater part on the devel-
opment of frost hardiness, and not on growth. Evi-
dently the latter become inhibited. The stem shows
no elongation (Fig. 1), and new leaves expand more
slowly (Fig. 2). However, the RGR for the
increment of dry mass observed during a 42-day-
long CA was in these plants nearly 50 % higher than
in NPH seedlings (Table 1). The differences in RGR
became greater in the successive, 2-week-long CA
periods, as with differences in the efficiency of the
photosynthetic apparatus and those in the degree of
frost resistance (Rapacz and Janowiak 1998). This
may be an indirect indication of a relation between
intense photosynthesis during CA, increased dry
mass accumulation and a greater increase in frost
resistance. The same relation had been reported
earlier by Hurry and Huner (1991). Considering the

inhibited elongating growth and expanding of new
leaves in PH seedlings, the higher RGR values were
associated with increased accumulation of dry mass
in the earlier developed organs of the seedling.
Consequently, during 42 days of hardening, in PH
seedlings a much greater decrease in the water con-
tent in leaves could be observed (Fig. 4a,b). On the
other hand, the stems of both PH and NPH seed-
lings accumulate dry mass to a similar degree (Fig.
4c). It is commonly regarded that the higher rate of
water content decrease during CA indicates a higher
degree of hardiness (Chen and Gusta 1978, Fowler
and Carles 1979, Fowler et al. 1981). Reduced water
content is connected with increased accumulation
of osmotically active substances. In PH seedlings,
during their CA, the values of y, (Fig. 3a), and
(Fig. 3c) decreased faster and to the lower values.
CA is always accompanied by a reduction of ¥, in
the cell sap, which is evidence of the reduction of ice
formation (Levitt 1980). Chill induced changes in
the water management may also activate mech-
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(a) Water content in leaf blades

LJ ]
0 14 28
Day of cold acclimation

(c) Water content in stams

7% 9

73%

69%
0 14 28 42
Day of cold acciimation

{b)} Water content in petioles

82% =4 ’ Y Lle
Q 14 28 42

Day of cold acclimation

(d) Water content in shoots

] 14
Day of cold acclimation

28

Growth conditions before cold acclimation: [ | 12/20°C (dayinight) - PH; ] 2012°C (daymighty - NPH

Fig. 4: Changes in water content in various parts of winter rape cv. "Gdrezanski® leaves during cold acclimation at +2°C
according to the preceding growth conditions. Values marked with the same letter are not significantly different (P = (1.03)
based on the Duncan Multiple Range Test. n = 7 replications

anisms responsible for the metabolic adjustment of
the cells to functioning under reduced water poten-
tial (Kacperska 1993), thus protecting the cells
against frost induced desiccation. The rate of W,
reduction during CA may be regarded as a specific
marker of the degree of frost hardening (D&rifling
et al. 1990, Tantau and Dorfiling 1991).

PH seedlings accumulated more soluble sugars
and free proline during CA (Table 2). The content
of soluble sugars is directly associated with pho-
tosynthetic ability during CA (Tumanov 1940,
Hurry et al. 1995) and it may be the physiological
marker of the acclimation degree. Their level in the
state of optimal acclimation is a good indicator of
cultivar resistance (Akerman 1927, Fowler et al.
1981, Rybka 1993, Collins and Rhodes 1995, Hurry
et al. 1995). The content of free proline may be
another such marker (Paquin 1984, Dorffling et al.
1990, Alberdi et al. 1993). The aforementioned fine-
particle substances, besides their non-specific func-
tions connected with the reduction of the y,, may
perform also protective functions. Sugars may
stabilise the cellylar membranes during freezing
{Rudolph and Crowe 1985), and protect them
against the detrimental effects of dehydration

(Crowe et al. 1984), They may also {together with
thermostable proteins) protect the enzymes against
dehydration (Robertson et al. 1994). Proline may
stabilise cellular membranes during freezing
(Rudolph and Crowe 1985). It cannot be excluded,
however, that during CA the increasing proline level
is the result of decreasing ¢, (Trotel et al. 1996}

So far, cold acclimation has been investigated on
plants not subjected to prehardening. Prehardening
of winter rape allows for on the other hand, a much
higher frost resistance during CA than that observed
in previous reports (Kacperska and Kulesza 1987,
Andrews and Morrison 1992, Solecka and Kac-
perska 1993, Laroche et al. 1992), With similar dur-
ation of CA, LT, of PH seedlings is more than 5 C
lower than in the above guoted studies or in the
NPH controls (Rapacz and Janowiak 1998). Hence,
in PH seedlings it has been observed that the exam-
ined processes connected with CA were much more
intense than it has been reported so far {(Kacperska
1993).

All the biochemical and physiological changes
connected with the frost hardening process,
reported in the present study, were more intense in
PH seedlings. This observation refers also to other
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investigated changes, such as the ratio of fatty acid
unsaturation or the synthesis of thermostable pro-
tetns (unpublished data). All those changes began
to appear no earlier than +2°C during CA. This
observation indicates that during prehardening the
1* stage of frost hardening has not yet begun, and
the influence of prehardening on the development of
. frost hardiness is rather indirect — through changes
leading as a consequence to the increase of the
energy available for the hardening process. This
event should be associated with the increased inflow
of photoassimulates during the 1™ stage of frost
hardening (stimulation of the effectiveness of photo-
synthesis at hardening temperatures, Rapacz 1998b,
Rapacz and Janowiak 1998) and with the inhibition
of the elongation growth and expansion of new
leaves during this period. thanks to which the gre-
ater part of the acquired photoassimilates may be
utilised in the processes connected with the devel-
opment of frost resistance. The observed inhibition
of elongation growth may be the result of changes
in the hormonal balance, which, already during pre-
hardening, make the plants form rosettes. This
phenomenon would be anclogous to the obser-
vation that the application of some growth retard-
ants not only promotes the formation of rosettes
before CA, but slows down the growth and increases
the accumulation of sugars or reduces water content
already during CA (Tumanov 1960, Dolnicki 1969,
Kacperska-Palacz and Dhugolecka 1971).

Based on the results of the present study as well
as of earlier ones (Rapacz 1998a.b, Rapacz and
Janowiak 1998) it can be established that under
natural conditions the preparation of winter rape
plants for winter begins already at the moment of
emergence, and comprises prehardening and then
the 1%, 2 and 3" stages of frost hardening (Kac-
perska-Palacz 1978). At present, it is difficult to
decide whether, or rather at what rate, prehardening
affects the development of frost resistance in other
species of herbaceous plants, especially the mono-
cotyledons.

Zusammenfassung

Physiologische Wirkungen in der Winterraps
(Brassica napus var. oleifera) Frosthirtung. I1.
Wachstum, Energieaufteilung und Wasserstatus
wiihrend der Kilteakklimatisation

Vorhirtungen von Winterraps, die im frithen Wachstum
bei reduzierten Tagestemperaturen (+12°C) vom
Keimen bis zum Beginn der Kilteanpassung bei Kithle-
temperaturen (1. Stadium der Kélteakklimatisation} auf-
treten, haben einen giinstigen EinfluB auf die

Frostresistenz. In fritheren Untersuchungen wurde
gezeigt, daB  wihrend der Vorhdrtung im
Blattrosettenstadium die Photosyntheseeffizienz bei Kiih-
letemperaturen zunahm. In der vorliegenden Untersu-
chung wurden Experimente durchgefiihrt, um den Ein-
flul} der Vorhidrtung auf die Wachstumsrate der Pflanzen
wihrend des ersten Stadiums der Kilteanpassung und
des Fortschrittes ausgewihlter physiologischer Prozesse,
die withrend dieses Stadiums aufreten und zu einer Ver-
besserung der Frostresisteng fiihren, zu untersuchen. Fs
wurde gezeigt, dall eine groBere Zufuhr von Photoassim-
ilaten wihrend des ersten Stadiums der Kalteanpassung
zu giner groBeren Zunahme der Trockenmasse vorgehir-
teter Pflanzen fithrt. Diese Pllanzen zeigen eine deutliche
Inhibierung des Liangenwachstums und der Ausbrei-
tungsrate neuer Blitter. Auf diese Weise wird dic Energie
in einem gréBeren Ausmal Prozessen zugefiihrt, die mit
der Erhéhung der Frostresistenz in Verbindung stehen.
In vorgehiirteten Samlingen wihrend des ersten Stadiums
der Kilteanpassung wurden in den Blitiern eine hohe
Rate der Wassergehaltsabnahme und des Riickgangs im
osmotischen Potential des Zellsaftes und des Wasserpo-
tentials der Gewebe beobachtet. Ferner erhéhte sich die
Akkumulation laskicher Zucker und freien Prolins. Aller-
dings konnte der Beginn dieser Vorginge nicht wihrend
der Vorhirtungsphase beobachtet werden. Vorhirtung
stimulierte die Effizienz im ersten Stadium indirekt iiber
Anderungen, die zu einer Erhéhung der verfiigbaren
Energie fihrten und damit zur Nutzung eines gréBeren
Teils der Energie, die fiir Abhértungsprozesse gegeniiber
Kilte zur Verfligung gestellt wurde.

References

Akerman, A., 1927 Studien iiber den Kiiltetod und die
Kilteresistenz der Pflanzen nebst Untersuchungen iiber
die Winterfestigkeit des Weiens. Versff. d. K. u. A.
Wallenberg-Stiffung X, Lund, p. 352.

Alberdi, M., L. J. Corcuera, C. Maldonado, M. Barri-
entos, J. Fernandez, and O. Henriquez, 1993: Cold
acclimation in cultivars of Avena sativa. Phytochemistry
33, 57—60.

Andrews, C. J., and M. J. Morrison, 1992: Freezing and
ice tolerance tests for winter Brassica. Agron. J. 84,
960—962.

Ashwell, G., 1975: Colorimetric analysis of sugars.
Methods Enzymol, 3, 467—471.

Bates, L. §.. R. P. Waldren, and 1. D. Teare, 1973: Rapid
determination of free proline for water stress studies.
Plant and Soil 39, 205—207.

Chen, P. M., and L. V. Gusta, 1978: Role of water in
cold hardiness of winter cereals. pp. 165—174. In P, H,
Li, and A. Sakai: Plant Cold Hardiness and Freezing
Stress Mechanisms and Crop Implications. Academic
Press, New York.

Collins, R. P., and 1. Rhodes, 1995: Stolon characteristics
related to winter survival in white clover. J. Agri. Sci.
124, 11—16.

Crowe.J. H., L. M. Crowe, J. F. Carpenter, A. S. Rudolf,
C. A. Wistrom, B. J. Spargo, and T. J. Anchordoguy,



Prehardening to Frost and Energy Partitioning in Winter Rape

87

1984: Interaction of sugars with membranes. Biochim.
Biophys. Acta 947, 367—384.

Dorflling, K., S. Schulenburg, G. Lesselich. and H.
Dorfling, 1990: Abscisic acid and proline levels in cold
hardened winter wheat leaves in relation to variety-
specific differences in freezing resistance. J. Agron. &
Crop Sci. 165, 230239,

Fowler, D. B., and R. }. Carles, 1979: Growth, devel-
opment, and cold tolerance of fall-acclimated cereal
grains. Crop Sci. 19, 915922

— — L. V. Gusta, and N. J. Tyler. 1981: Selection for
winter hardiness in wheat. 1I1. Screening methods. Crop
Sci. 21, 896901,

Griffith, M., and H. C. H. Mclntyre, 1993: The inter-
relationship of growth and frost tolerance in winter rve.
Plant and Cell Physiol. 34, 643—647.

Hurry, V. M., and N. P. A, Huner, 1991: Low growth
temperature affects a differential inhibition of photo-
synthesis in spring and winter wheat. Plant Physiol. 96,
491497

— —, A. Strand, M. Tobiaeson, P. Gardestrom. and G.
Oquist, 1995: Cold hardening of spring and winter
wheat and rape results in differential effects on growth,
carbon metabolism, and carbohydrate content. Plant
Physiol. 109, 697—706.

Kacperska, A., 1993: Water potential alterations — a pre-
requisite or a triggering stimulus for the development
of freezing tolerance in overwintering herbaceous
plants. pp. 73—91. In: P. H. Li. and L. Christersson,
Advances in Plant Cold Hardiness. CRC Press, Boca
Raton.

~— — and L. Kulesza, 1987: Frost resistance of winter
rape leaves as related to the changes in water potential
and growth capability. Physiol. Plant. 71, 483—488.

Kacperska-Palacz, A.. 1978: Mechanism of cold acclim-
ation in herbaceous plants. pp. 139—152. In: P. H. Li.
and A, Sakai {(eds). Piant Cold Hardiness and Freezing
Stress mechanisms and Crop Implications, Academic
Press, New York.

— —, and B. Wcislinska, 1972: The effect of CCC on the
nitrogen compounds content in rape plants and their
frost hardiness. Relation to the conditions of day-length
and temperature. Biol. Plant. 14, 39—47.

— —, and Dlugolecka, 1971: Modification of frost hardi-
ness of rape seedlings with growth reguiators. Bull.
Acad. Pol. Sci. Vol. X1X, 7--8, 537—2541.

Kvet. I., J. P. Ondok, J. Necas, and P. G. Jarvis, 1971:
Methods of growth analysis. pp. 343—391. In: Z.
Sestak. and J. Catsky (eds), Plant Photosynthetic Pro-
duction Manual of Methods. Dr W. Junk N. V.
Publishers, The Hague.

Laroche, A., X. M. Geng, and I. Singh. 1992: Differ-

entiation of freezing tolerance and vernalisation
responses in Cruciferae exposed to a low temperature,
Plani Cell Environ. 185, 439-445,

Levitit, J.. 1980: Responses of Plants to Environmental
Stresses. 2 edition, Academic Press. New York.

Morrison, M. J., and C. J. Andrews, 1992: Variable
increases in cold hardiness induced in winter rape by
plant growth regulators. J. Plant Growth Regul. 11,
113—117.

Paguin, R.. 1984; Influence of the environment on cold
hardening and winter survival of forage and cereal spec-
ies with consideration of proline as a metabolic marker
of hardening. Tasks in Vegelation Science 13, 137
154,

Rapacz, M., 1998a: The effects of day and night tem-
peratures during earty growth of winter rape scedlings
on their morphology and cold acclimation responses.
Acta Phystol, Plant. 20, 67—72.

Rapacz, M., 1998b: The after-effect of temperature and
irradiance during early growth of winter oilseed rape
(Brassica napus L. var. oleifera, cv. Gorczanski) seed-
lings on the progress of their cold acclimation. Acta
Physiol. Plant. 20, 73—78.

— —, and F. Janowiak, 1998: Physiological eflects of
winter rape (Brassica napus var. oleifera) prehardening
to frost. 1. Frost resistance and photosynthesis during
cold acclimation. In this issue.

Robertson, A. J.. M. Ishikawa, L. V. Gusta, and S. L.
MacKenzie. 1994: Abscisic acid-induced heat tolerance
in Bromus inevmis Leyss cell-suspension cultures. Heat-
stable, abscisic acid-responsive polipeptides in com-
bination with sucrose confer enhanced thermostability.
Plani Physiol. 105, 181—190.

Rudolph. A.§8..and }. H. Crowe, 19835; Membrane stubij-
isation during freezing, the role of two natural cry-
oprotectants, trechalose and proline. Cryobiology 22,
367—377.

Rybka, Z., 1993: Changes in carbohydrate pool and
osmolality in crowns and leaves of winter wheat seed-
lings during hardening to frost. Acta Physiol. Plant. 15,
47.--55.

Solecka, D., and A. Kacperska, 1993 Activity of L-
phenylalanine ammonia-lyase in winter rape leaves (re-
ated with coid. Acta Biochimica Polonica 40, 113—115.

Tantau, H., and K. Dérfling, 199t In vitro-selection of
hydroxyproling-resistant cell lines of wheat (Triticum
aestivum) — accumulation  of proline, decrease in
osmotic potential, and increase in frost tolerance.
Physiol. Plant. 82, 243—24%.

Trotel, P., A. Bouchereau, M. F. Niogret, and F. Larher,
1996: The fate of osmo-accumulated proline in leaf discs
of rape (Brassica napus L.) incubated in a medium of
low osmolarity. Plant Sci. 118, 31—45.



This document is a scanned copy of a printed document. No warranty is given about
the accuracy of the copy. Users should refer to the original published version of the
material.





