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I. INTRODUCTION

Forage grasses can store high amounts of nonstructural reserve car¬

bohydrates which are of great agricultural importance. Carbohydrates

are accumulated in forage grasses mainly in the stubbles which remain

after defoliation. In meadow fescue ( Festuca pratensis Huds.), as in

other grasses and cereals of the temperate and cold zones, fructans of

the phlein type are the main form of reserve carbohydrates.

Accumulated carbohydrates can have both short term and long term

roles in the growth of forage grasses. In the short term carbohydrates

are accumulated during the light period, with subsequent remobilisation

and utilisation during the dark period. In the long term storage carbo¬

hydrates may be important for survival during winter and for regrowth

in spring and after defoliation.

Carbohydrate partitioning includes the translocation of recently fixed

photosynthates to the sites of storage or growth, but also the remobili¬

sation of accumulated carbohydrates and their translocation to the sites

of increased sink demand. The carbohydrate contents in each plant

organ are dependent on supply, storage and remobilisation processes and

are affected by the environmental conditions. Carbohydrate partitioning

is known to be affected by the activity of the various sink organs in a

plant. Sink activity in the sink tissues can be due to the utilisation of

the imported sucrose for growth, respiration and polysaccharide synthe¬

sis, but also to the compartmentation or hydrolysation of sucrose.

The objectives of the present study were to examine the fate of the

carbohydrates in the various plant parts of meadow fescue by chemical

analysis of the various carbohydrate pools, as affected by temperature

and CO2 partial pressure.
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In the first part of the study, the diurnal cycle of storage and remo¬

bilisation of carbohydrates in leaf blades, stubbles and roots was ana¬

lysed. Increased remobilisation was studied at decreased C02 partial

pressure and at increased temperature. The results show different

characteristics of carbohydrate metabolism in the various plant parts. It

will be shown that the remobilisation of the reserve polysaccharides fruc-

tan and starch was differentially affected by temperature.

In the second part of the study, temperature effects on carbohydrate

partitioning, fructan and starch synthesis and on sink activity of vari¬

ous tissues were studied in detached plant parts. The data show that

the activity of the sink organs had a marked effect on carbohydrate par¬

titioning. Sink activity was increased with temperature and was much

higher in the growing bases of the young, developing leaves than in the

leaf sheaths. Sink effects due to sucrose compartmentation and to poly¬

saccharide synthesis will be discussed.
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II. STORAGE AND REMOBILISATION OF CARBOHYDRATES

1. ABSTRACT

The diurnal cycle of storage and remobilisation of sucrose, fructan

and starch was analysed in the leaf blades, stubbles and roots of vege¬

tative meadow fescue plants ( Festuca pratensis Huds., cv. Bundy)

grown at day/night temperatures of 15/10°C and a C02 partial pressure

of about 38 Pa. Increased remobilisation was studied at a decreased C02

partial pressure of 20 Pa and at increased day/night temperatures of

23/18°C.

The analyses of l*C labelled and unlabelled components of monosac¬

charides, sucrose and reserve polysaccharides (fructan and starch) after

one light period with 1*C02 photosynthesis and after the following dark

period showed differences between leaf blades, stubbles and roots. High

fructan and sucrose contents, low turnover activity of polysaccharides

and ready remobilisation of polysaccharides were found in the leaf

blades. In contrast, the stubbles showed high fructan contents in par¬

allel with low sucrose contents and higher turnover activity of all carbo¬

hydrate fractions. The synthesis of polysaccharides in the stubbles was

a carbohydrate sink with respect to the leaf blades. At decreased C02

partial pressure and at increased temperature the polysaccharide content

decreased much less in the stubbles than in the leaf blades. The poly¬

saccharide contents in the roots were low, showed high turnover activity

and did not show a decrease as C02 partial pressure was decreased or

as temperature was increased.

The remobilisation of starch and fructan was differentially affected by

temperature. Predominantly fructan was remobilised at low temperature,

whereas starch and fructan were remobilised in similar proportions as

temperature was increased.
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2. INTRODUCTION

Forage grasses store nonstructural carbohydrates when their C02

assimilation exceeds carbohydrate utilisation. Part of the carbohydrates

is contained in the leaf blades and improves the quality of the herbage

yield. Part is contained in the stubbles and roots and may be important

for regrowth after defoliation and for survival during winter. The rela¬

tive contents of nonstructural carbohydrates in the leaf blades, leaf

sheaths and stems of grasses seem to vary considerably (Smith, 1973).

The carbohydrate content in a plant organ depends on the relationship

between storage and remobilisation processes and is affected by the

environmental conditions (Jelmini and Nosberger, 1978 a, b).

This study compares the storage and remobilisation of sucrose, fruc¬

tan and starch in various parts of vegetatively grown meadow fescue

plants and shows different characteristics for leaf blades, stubbles and

roots.
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3. MATERIALS AND METHODS

3.1 Plant material and growing conditions

Vegetative plants of meadow fescue ( Festuca pratensis Huds., cv.

Bundy) were grown from seed in pots filled with washed silica sand

(Experiment I) or with perlite (Experiment II) and were placed in a

growth chamber (PGV-36, Conviron, Winnipeg, Canada). The light

period during growth was 16 h. Light was provided by a bank of

fluorescent tubes and incandescent bulbs giving, at soil surface, a pho¬

ton irradiance of 450-500 umol quanta m-2 s-1 (400-700 nm). Only half of

this photon irradiance was provided during the first and the last hour of

the light period. Plants were irrigated daily with nutrient solution

(Hammer et al., 1978).. Day/night temperatures were 20/15 °C during the

first 14 days and either 15/10°C during the following 23-25 days (Exper¬

iment I) or 16/11 °C during the following 14 days (Experiment II). Rela¬

tive humidity was 70/85% (day/night). The C02 partial pressure during

growth ranged between 35 and 40 Pa p(C02).

EXPERIMENT I

3.2 Steady state photosynthesis of the plants in 1*C02

The 37 to 39 day old plants (eight plants, one per pot) were trans¬

ferred to a gas exchange cuvette of copper and perspex

(50 x 29 x 46 cm) at the beginning of the light period. Plants were illu¬

minated with a photon irradiance of 500 umol quanta m-2 s-1 using six

375 W mercury vapour lamps separated from the cuvette by a 7 cm water

layer. Five fans provided air turbulence within the cuvette. Air temper¬

atures were either 15/10°C or 23/18°C (day/night). During one light

period of 14 h, ^COz with a specific activity of 2.22 x 107 Bq mol-1

was continuously added to the closed system providing for a C02 partial

pressure of either 38 or 20 Pa as monitored by an infrared gas analyser

(Fig. 1).
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Figure 1: Steady state labelling of the plants with X"C02 in a closed

gas exchange system (Legend see p. 7)

The bottoms of the pots were connected to a pump which allowed for a

continuous withdrawal of the C02 from root respiration. The C02 from

root respiration was absorbed in a column filled with soda lime, and the

air readded to the cuvette was CO2-free to prevent a decrease in the

specific activity. At the end of the light period, four plants were

removed from the cuvette and dissected into leaf blades, stubbles and

roots.
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Legend (Figure 1)

(For details see text in methods section)

1 Pump (506R, Reciprotor, Kopenhagen, Denmark)
2 Voltage regulator (Variac, Philips, Eindhoven, Netherlands)
3 Icetrap (0°C)
4 Air filter

5 Infrared gas analyser (Binos, Leybold-Heraeus GmbH, Hanau, FRG)
6 Recorder (W&W Recorder 600, Tarkan, Kontron AG, Basel, Switzerland)
7 Flow meter (WISAG 1100 Series, GEC Elliot Process Inst. Div.,

Rotameter Works, Croydon, England)
8 Bottle containing reference gas (compressed air)
9 Four way valve

10 Column filled with soda lime

11 Sodiumbicarbonate (NaH^COj/NaH^CO,)
12 Peristaltic pump

(PI, Pharmacia Fine Chemicals, Sweden)
13 Phosphoric acid and methyl orange (indicator)
14 Magnetic stirrer

15 Light source (6 mercury vapour lamps, 375 W, HPl/T, Philips,
Netherlands)

16 Water layer
17 Water bath (FK2, Haake GmbH & Co., Karlsruhe, FRG)
18 Gas exchange cuvette of copper and perspex
19 Water supply
20 5 fans (V571M-6VDC, Micronel Electronic, Tagelswangen, Switzerland)
21 Power supply (TF 36/8, Dr. K. Witmer, Switzerland)
22 Thermometer with thermocouple (Digitometer, Ancom. S Ltd.,

Cheltenham, England)
23 Water trap
24 Pump (Neuberger, Balterswil, Switzerland)

The stubbles consisted of the leaf sheaths and the bases of the young¬

est, developing leaves enclosed by the leaf sheaths. The length of the

stubbles varied between 3 and 9 cm depending on the age of the shoots.

The upper parts of the youngest leaves, not enclosed by leaf sheaths,

were added to the leaf blades. The parts of two plants were combined

and stored in 80% ethanol at 5°C. The remaining four plants were left in

the cuvette until the end of the dark period (10 h) and then removed,

and dissected and stored as described above.
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3.3 Extraction of carbohydrates

After removing the ethanol extracts the plant parts were homogenised

in a mortar. Water-soluble carbohydrates were extracted by suspending

the homogenate in 25 cm3 water (60°C) and shaking periodically during

30 min. After centrifugation (45 min at 40'000 g) the pellet was resus-

pended in 10 cm3 water (60°C), shaken periodically during 15 min and

centrifuged. The water extracts were combined with the ethanol extract

and dried in a rotavapour (50° C). The residue was suspended in

0.5 N NaOH (5 cm3) and shaken periodically during 1 h at 60°C. Then

5 cm3 of 0.5 N HC1 were added and the suspension centrifuged for 45

min at 40'000 g. The supernatant was removed and the residue dried at

60°C for 48 h, its dry weight determined and then an aliquot (50 mg)

burnt in a carbon oxidiser (Packard Instruments Comp., Downers Grove,

Illinois, USA). The C02 was absorbed in Carbosorb and, after addition

of Permafluor, radioactivity was determined by liquid scintillation count¬

ing (LS-150, Beckman, Fullerton, California, USA).

The dried ethanol-water extract was dissolved in 3 cm3 water. Chlo¬

roform (1 cm3) was added and mixed with the extract to remove chloro¬

phyll. After centrifugation the chloroform fraction was dried and the

weight determined. The sum of dry weights of the chloroform extract

and of the residue is referred to as 'structural dry weight (SDW)1 in the

results section. The ethanol-water extract and the NaOH extract were

used separately for the determination of carbohydrates.

3.4 Analysis of carbohydrates

The carbohydrates in the ethanol-water extract were separated by

thin-layer-chromatography using silica gel foils (ready foils F1500,

Schleicher & Schiill, Kassel, FRG). The foils were developed continuously

for 18 h with n-butanol/ethanol/water (52/32/16, v/v/v). Two aliquots

per sample were chromatographed. One of them (0.02 cm3) was used

directly. The other aliquot (0.1 cm3) was mixed with 0.1 cm3 0.5 M ace-
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tate(NaOH)buffer, pH 4.6, containing 0.3 mg lyophilised amyloglucosidase

from Aspergillus niger (Boehringer, Mannheim, FRG), and incubated for

60 min at 50°C for the digestion of starch. A sample of 0.02 cm3 was

used for chromatography. Monosaccharides and sucrose were separated

from fructan and water-soluble starch. Starch was estimated from the

increase in glucose in the second aliquot following amyloglucosidase

treatment as compared with the first aliquot. Carbohydrate fractions

were localised on the foils by autoradiography (X-ray films Osray M3,

Agfa-Gevaert, exposed during 20 days) and eluted in 4 cm3 water. The

carbohydrate content in each fraction was determined by the anthrone

method (Dimler et al., 1952) with the reaction occurring at 95°C for

15 min. Fructose was used as the standard. The radioactivity was

determined by liquid scintillation counting. Carbohydrates in the NaOH

extract were assumed to be starch. Its content and radioactivity was

determined directly without chromatography, using the anthrone method

and the scintillation counting, respectively. Total starch was the sum of

the two components in the ethanol-water extract and in the NaOH

extract. The starch fraction may include some hemicellulose.

EXPERIMENT II

3.5 Determination of water-soluble carbohydrates with various degrees of

polymerisation

The 28 day old plants were either transferred to 23/18 °C or left at

16/11DC (day/night temperatures) in growth chambers and grown for a

further 10 days. Plants were harvested after 4 and 10 days between

10 and 11 a.m., dissected into leaf blades and stubbles, dried at 105°C

for 1 h and then at 60°C for 47 h. The dried tissue was ground.

Samples of 200 mg were extracted by shaking continuously in 25 cm3

water for 1 h at room temperature. Soluble proteins were precipitated by

adding 0.5 cm3 of 10% lead acetate. The solution was filtered through

Schleicher & Schiill paper (No. 590). Water was added to the filtrate up

to 50 cm3. An aliquot (1.2 cm3) was layered onto a 1.6 x 100 cm chro-
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matography column filled with Sephadex G-50 gel (fine). The carbohy¬

drates were eluted with 0.2 M NaCl solution at a flow rate of

20 cm3 h-1. The volume of the gel (V.-V0) was 108 cm3 and was sam¬

pled in 27 fractions. K2Cr04 and dextrans of known molecular weights

(blue dextran, dextran 5000, dextran 19100) were used to calibrate the

column for the degree of polymerisation. The concentration of carbohy¬

drates in each fraction was measured using the anthrone method as

described above.
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4. RESULTS

4.1 Storage and remobilisation of carbohydrates during one day/night

cycle under the conditions of growth

Plants grown at 38 Pa p(C02) and 15/10°C day/night temperatures

had high carbohydrate contents in the leaf blades and stubbles and

lower contents in the roots (Figs. 2A, 3A). The sucrose content was

high in the leaf blades, low in the stubbles and lowest in the roots.

Contents of reserve polysaccharides (predominantly fructan with some

starch) were high in leaf blades and stubbles and low in roots. Mono¬

saccharide contents were slightly lower in leaf blades than in stubbles

and roots.

Storage and remobilisation of carbohydrates during a day/night cycle

under the conditions of growth was apparent when plants were analysed

after one light period with 14C02 photosynthesis and after the following

dark period (Experiment I in methods section). The carbohydrate con¬

tents in the leaf blades and the stubbles fluctuated diurnally, increasing

during the light period and decreasing during the dark period (Figs.

2A, 3A). Fluctuation in the leaf blades was mainly due to sucrose,

whereas in the stubbles it was mainly due to the synthesis and degrada¬

tion of the polysaccharides fructan and starch. Fluctuation of monosac¬

charides in the leaf blades was in contrast to sucrose and polysaccha¬

rides in that they decreased during the light period and increased

during the dark period. The increase in monosaccharides during the

dark period was due to unlabelled compounds. They are suggested to

be degraded polysaccharides. No diurnal fluctuation of carbohydrates

was found in the roots.
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LEAF BLADES

15/10 °C 15/10 °C 23/l8°C
38 Pa 20 Pa 38 Pa

Content of unlabelled (a) and labelled (b) monosaccharides

(l), sucrose (2), fructan (3) and starch (4) in the leaf

blades at the end of one light period (14 h) with steady state

lftC02 photosynthesis and at the end of the following dark

period (10 h),
A) under the conditions of growth (38 Pa p(C02), 15/10°C

day/night temperatures),
B) at decreased C02 partial pressure (20 Pa p(C02), 15/10°C)

and

C) at increased temperature (38 Pa p(C02), 23/l8°C).

Light periods and dark periods are indicated by
unshaded and shaded areas below the x-axes. Carbohydrate con¬

tents are expressed on a structural dry weight basis (SDW)
which includes structural components. Vertical bars indicate

double standard errors for unlabelled and labelled carbohy¬
drate fractions (Experiment i).
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Figure 3: Content of unlabelled (a) and labelled (b) monosaccharides

(1), sucrose (2), fructan (3) and starch (4) in the stubbles

and the roots at the end of one light period (14 h) with

steady state l*C02 photosynthesis and at the end of the

following dark period (10 h). For experimental details see

Fig. 2.
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The ratios of labelled to unlabelled components of the various carbo¬

hydrates at the end of the dark period were calculated as estimates for

the turnover activities (Tab. 1). The ratios for all carbohydrate frac¬

tions were very low in the leaf blades and higher in the stubbles. Suc¬

rose in the leaf blades was by far not fully labelled and its ratio only

half as high as in the stubbles. The ratios for the polysaccharides were

highest in the roots. Turnover activity was therefore estimated to be

very low in the leaf blades and much higher in the stubbles and roots.

Table 1: Ratio of 1UC labelled to unlabelled components of various car¬

bohydrates at the end of the dark period following a light

period (14 h) with steady state 1"C02 photosynthesis under the

conditions of growth (38 Pa p(C02), 15/l0°C day/night tem¬

peratures). Standard errors are indicated in parenthesis.

LEAF BLADES STUBBLES ROOTS

Monosaccharides 0.33 (0.016)

Sucrose 0.48 (0.011)

Fructan 0.09 (0.009)

Starch 0.09 (0.008)

mg mg-1

0.73 (0.075) 0.54 (0.044)

1.06 (0.039) 0.28 (0.052)

0.21 (0.044) 0.37 (0.130)

0.29 (0.001) 0.68 (0.012)
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The results show that the activity of reserve polysaccharide synthesis

was much higher in the stubbles than in the leaf blades:

(1) The content of sucrose in equilibrium with polysaccharides was much

lower in the stubbles than in the leaf blades. (2) Diurnal fluctuation of

carbohydrates was due to sucrose in the leaf blades and due to synthe¬

sis and degradation of polysaccharides in the stubbles. (3) The turn¬

over activity of all carbohydrate fractions was higher in the stubbles

than in the leaf blades.

4.2 Remobilisation of carbohydrates after a decrease in C02 partial pres¬

sure

Remobilisation of carbohydrates was increased when temperature was

maintained at 15/10°C (day/night) but C02 partial pressure was

decreased to 20 Pa p(x"C02) during one day/night cycle (Experiment I

in methods section). Carbohydrate contents decreased markedly in the

leaf blades but only slightly in the stubbles and roots (Figs. 2B, 3B).

Sucrose and mainly fructan were decreased whereas starch was not

affected. The decrease in fructan in the leaf blades during the dark

period was associated with an increase in unlabelled monosaccharides.

4.3 Remobilisation of carbohydrates after an increase in temperature

The effect of an increase in temperature on remobilisation of carbohy¬

drates was analysed in two experiments.

Experiment I (see methods section): The effect of an increase in tem¬

perature from 15/10°C to 23/18°C (day/night) at unchanged C02 partial

pressure of 38 Pa on carbohydrate contents was analysed after one light

period with lllC02 photosynthesis and after the following dark period

(Figs. 2C, 3C).
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The contents of carbohydrates in the leaf blades showed a marked

decrease with increasing temperature. The contents in the stubbles

increased transitorily during the light period, attaining a higher level

than under the conditions of growth, and decreased markedly during the

dark period to a lower level than under the conditions of growth. The

carbohydrate contents in the roots decreased slightly.

The decreases in carbohydrate contents in the leaf blades and the

transitory increase and the following decrease in carbohydrate contents

in the stubbles were due to changes in both fructan and starch con¬

tents. Sucrose was clearly decreased in the leaf blades. The strong

decrease in polysaccharides in the leaf blades during the dark period

was associated with an increase in unlabelled monosaccharides. Labelled

monosaccharides contributed to the transitory increase in the carbohy¬

drate content in the stubbles. The decrease in the carbohydrate content

in the roots was due to monosaccharides whereas polysaccharides

appeared to be unaffected.

Experiment II (see methods section): The effect of an increase in

temperature from 16/11 °C to 23/18°C (day/night) on the content and

apparent degree of polymerisation of water-soluble carbohydrates in the

leaf blades and stubbles was studied over a period of 10 days (Fig. 4).

Leaf blades and stubbles showed increasing contents of carbohydrates

with an apparent degree of polymerisation higher than 20 (mostly fruc-

tans) when plants were grown at 16/11 °C and analysed 28 and 38 days

after emergence. A considerable decrease in fructan content was found

in the leaf blades when 28 day old plants were transferred to 23/18° C

and analysed after 4 and 10 days in the warmer temperature regime. In

contrast, the fructan content in the stubbles was only slightly

decreased.

The results show that an increase in temperature induced a strong

and continuous remobilisation of the polysaccharides fructan and starch

in the leaf blades. Carbohydrates in the stubbles were remobilised as
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Fraction Number

Figure 4: Effect of an increase in temperature on the content of water-

soluble carbohydrates (WSC) fractionated according to the

degree of polymerisation (DP) in the leaf blades and stubbles

(Experiment II). The volume of the gel (V -V ) was 108 cm3

and was sampled in 27 fractions.

The plants were analysed when they were 28 days old ( • ).
Part of the 28 day old plants was transferred from 16/11 °C

(day/night temperatures) to 23/18°C and analysed after 4(0)
and 10 days ( A ). Part of the plants was kept at 16/11°C for

a further 10 days and analysed then ( ).

well. However, the decreases during the dark period appeared to be

compensated for partly by new carbohydrates imported from the leaf

blades during the light period (Figs. 2, 3, 4). Polysaccharide contents

in the stubbles appeared to be only slightly affected by increased tem¬

perature in the long run. Fructan and starch in the roots were not

remobilised and appear to be no primary storage carbohydrates in this

plant part.
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5. DISCUSSION

Meadow fescue is a species which stores fructan (Labhart, Nbsberger

and Nelson, 1983) and has high sucrose contents in the leaf blades.

Fructan is the predominant reserve polysaccharide, and some starch is

also present. The diurnal fluctuation of carbohydrates in the leaf blades

is due mainly to changes in the sucrose content. This is in agreement

with barley (Gordon et al., 1982; Sicher et al., 1984; Farrar and

Farrar, 1985) and Poa species (Borland and Farrar, 1985) and in con¬

trast to starch storing species like sugarbeet (Fondy and Geiger, 1982),

soybean (Chatterton and Silvius, 1979) and white clover (Scheidegger

and Nosberger, 1984), which have low sucrose contents in the leaf

blades and a diurnal fluctuation of starch.

Reserve polysaccharide metabolism showed different characteristics in

the leaf blades, stubbles and roots. The polysaccharides in the leaf

blades were in equilibrium with high sucrose contents and were charac¬

terised by ready remobilisation. Lower sucrose contents in equilibrium

with polysaccharides were found in the stubbles. Polysaccharide accumu¬

lation in the stubbles was a carbohydrate sink with respect to the leaf

blades. Sink activity of the leaf sheaths and the growing leaf bases as

the two components of the stubbles have been analysed in detail (see

chapter III.). The low reserve polysaccharide contents in the roots

showed high turnover rates and no remobilisation at decreased assimilate

supply. They may be components of the growing tissues of the root tips

and seem to have no simple storage function (e.g. statiolitic starch).

The metabolism of starch and fructan showed different responses to

temperature. Predominantly fructan and only little starch was remobi¬

lised at low temperature, whereas at increased temperature remobilisation

of the two polysaccharides was proportional. The synthesis of starch

and fructan is also differentially affected by temperature. Starch syn¬

thesis in barley was decreased at low temperature (Sicher and Kremer,

1986). Starch synthesis in meadow fescue is dependent more on temper-
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ature than fructan synthesis (see chapter III.). Fructan accumulation

appears therefore to be more appropriate than starch storage at cold

temperatures and seems to be predominant in plants of cold climates.
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III. SINK CONTROL OF CARBOHYDRATE PARTITIONING

1. ABSTRACT

Leaf blades of detached plant parts of meadow fescue ( Festuca

pratensis Huds., cv. Bundy), consisting either of a leaf blade with leaf

sheath or of a leaf blade with leaf sheath and growing base of the next

younger, developing leaf, were illuminated for one light period of 14

hours in the presence of X*C02. Temperatures of the leaf blade and of

the leaf sheath including the growing leaf base were varied indepen¬

dently. 14C contents in monosaccharides, sucrose, reserve polysaccha¬

rides (fructan and starch) and structural components were analysed in

the various tissues at the end of the light period. Sink activities of the

leaf sheath and of the growing leaf base were compared. Temperature

effects on carbohydrate partitioning, fructan and starch synthesis and

on sink activity of the various tissues were studied. The synthesis of

starch and fructan was related to the sucrose contents.

Sink activity was stronger in the growing leaf base than in the leaf

sheath. Sucrose and reserve polysaccharides were accumulated in both

tissues. Accumulation of carbohydrates in the leaf sheath occurred only

if they were in abundance. The sucrose content in the leaf sheath

increased as assimilate supply from the blade was increased. Polysac¬

charide synthesis increased with sucrose content and followed a satura¬

tion curve. Carbohydrate accumulation in the growing leaf base

appeared not to be affected by assimilate supply and seemed to follow

the demands of the growing tissue. No clear relationship was found bet¬

ween sucrose content and polysaccharide synthesis in the growing leaf

base. Sink activity of both tissues increased with temperature. Its

increase was associated with increased sucrose contents and with

increased synthesis of starch and fructan. The ratio of fructose to glu¬

cose was specific for each tissue. It was low in the leaf blade, higher
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in the leaf sheath and highest in the growing leaf base and was sug¬

gested to be related to the different functions of the tissues as source,

storing sink and growing sink.

2. INTRODUCTION

The stubbles left after defoliation of forage grasses often contain high

levels of nonstructural carbohydrates (Smith, 1973). Most of the carbo¬

hydrates are stored in the leaf sheaths (Volenec, 1986) and some are

contained in the growing base of the youngest leaf (Volenec and Nelson,

1984; Pollock, 1984). The stubble tissues have little photosynthetic

activity and import the carbohydrates from the leaf blades. They are

therefore regarded as sink tissues (see chapter II.). This study com¬

pares the sink activity of the leaf sheaths and of the growing leaf bases

in a simplified system similar to that used for tomato (Ho et al., 1983;

Hammond et al., 1984). Sink effects due to sucrose compartmentation

and due to polysaccharide synthesis are distinguished.
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3. MATERIALS AND METHODS

EXPERIMENT III

3.1 Plant material and growing conditions

Vegetative plants of meadow fescue ( Festuca pratensis Huds., cv.

Bundy) were grown from seed in pots filled with washed silica sand.

The pots were placed in a growth chamber (PK-10, Therma, Zurich,

Switzerland) with day/night temperatures of 20/15°C and a relative hum¬

idity of 85/90% (day/night). The light period was 14 h. Light was pro¬

vided by a bank of fluorescent tubes and incandescent bulbs giving a

photon irradiance of 500 umol quanta m-2s-x (400-700 nm) at soil sur¬

face. Plants were irrigated daily with nutrient solution (Hammer et al.,

1978). They were selected for experiments 37 days after emergence when

each plant had 5 to 6 vegetative shoots.

3.2 Steady state photosynthesis of the leaf blades in 14C02

Single shoots, having the third leaf fully expanded, were separated

from the plants (Fig. 5). Detached plant parts of these single shoots

were used for the experiments. In part of the experiments, the

detached plant part consisted of the youngest fully expanded leaf blade

and its sheath. The rest of the shoot was removed. In part of the

experiments, the detached plant part consisted of the youngest fully

expanded leaf blade, its leaf sheath, and the base of the next younger,

elongating leaf including the apex of the shoot (called 'growing leaf base'

in the results section). The upper part of the elongating leaf which was

visible above the leaf sheath was cut off.

The leaf blades were placed in gas exchange cuvettes made of copper

and perspex (7x7x2 cm) (Fig. 5). The more distal parts of the leaf

blades which were not enclosed in the cuvette were cut off to prevent



25

l2C02 photosynthesis. The temperature in the cuvette was kept at

10, 20 or 30°C. Light was provided by 6 mercury vapour lamps sepa¬

rated from the cuvettes by a 7 cm water layer. Photon irradiance was

500 umol quanta m-2 s-1 (400-700 nm). Air containing "COj (38 Pa,

9.25 x 107 Bq mol-1) was passed through the cuvettes in a semi closed

system (Fig. 6). The C02 partial pressure was monitored by infrared

gas analysis. C02 was continuously renewed to prevent a decrease in

the specific activity due to respiration.

Figure 5: Experimental design. A single shoot of meadow fescue, having
the third leaf fully expanded, was separated from the rest of

the plant and trimmed to the youngest fully expanded leaf

blade (A), its leaf sheath (B) and to the base of the next

younger, developing leaf (c).
The leaf blade was placed in a temperature controlled gas

exchange cuvette (source temperature) and fed with laC02 dur¬

ing one light period (14 h).
The leaf sheath with or without the base of the next develop¬

ing leaf was placed into a test tube filled with water. The

temperature was controlled in a water bath (sink temperature).
The more distal part of the leaf blade which was not enclosed

in the cuvette and the part of the developing leaf not sur¬

rounded by the leaf sheath were cut off to prevent l2C02 pho¬
tosynthesis.



26

L 15

16

1

Figure 6: Steady state labelling of the leaf blades with I4C02 in a

semi closed gas exchange system

Legend (Figure 6)

(1-17 see Fig. 1, for details see text in methods section)

18 3 gas exchange cuvettes of copper and perspex (in parallel connected)
19 3 water baths (PT 100, Huber, Polystat, Offenburg, FRG)
20 Thermometer with thermocouples (speedomax recorder, Leeds & Northrup

Co., USA)
21 3 pumps (300 ASK, WISA D.B.G.M., FRG), each connected to one voltage

regulator
22 Throttle valve

23 Overflow
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The leaf sheaths with or without the growing leaf base were placed

into test tubes filled with water (Fig. 5). Less than 0.2% of the total

"C assimilates leaked from the plant parts into the water during the

experiments. The tubes were immersed into temperature controlled water

baths. Temperature was 10, 15, 20, 25 or 30°C, respectively. After one

light period (14 h) of steady state photosynthesis in lftC02, the plant

parts were removed and dissected into leaf blades, leaf sheaths and

growing leaf bases. Pairs of plant organs were combined and boiled for

5 min in ethanol (80%).

3.3 Extraction and determination of carbohydrates

After removing the ethanol extract the plant parts were homogenised

in a mortar. The homogenate was suspended in 10 cm3 water and stirred

for 30 min at 25°C. After centrifugation (28'000 g, 30 min) the sediment

was suspended in 3 cm3 water and stirred for 30 min at 25 °C and centri¬

fuged as above. The ethanol extract and the two water extracts were

combined and dried in a rotavapour (50°C). The sediment was suspended

in 2.5 cm3 0.5 N NaOH and stirred for 60 min at 60°C. After addition of

2.5 cm3 0.5 N HC1, the suspension was centrifuged again (28'000 g,

30 min). The extract was assumed to be starch. Its lftC content was

determined by liquid scintillation counting (Minaxi, TriCarb 4000 Series,

Packard Instruments, Downers Grove, Illinois, USA). The starch frac¬

tion may include some hemicellulose. The sediment was dried at 60°C

and burnt in an oxidiser (Packard Instruments Inc., Downers Grove,

Illinois, USA). C02 was absorbed in Carbosorb. Radioactivity was deter¬

mined, after addition of Permafluor, by liquid scintillation counting. 1"C

in this fraction was assumed to be incorporated into structural compo¬

nents
.

The ethanol-water extract was dissolved in 1 cm3 deionised water.

Chloroform (0.3 cm3) was added and mixed with the extract to remove

the chlorophyll. The chloroform fraction was discarded after centrifuga¬

tion. Aliquots of 0.025 cm3 of the ethanol-water extracts were applied
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to a HPLC column (HP 1090 Liquid Chromatograph, Hewlett Packard, Palo

Alto, California, USA; Ion exchange column HPX 42-C, Bio Rad,

Richmond, California, USA) and eluted with deionised water at a flow

rate of 0.4 cm3 min-1. Fructan, sucrose, glucose and fructose were

sampled separately and radioactivity determined by liquid scintillation

counting.
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4. RESULTS

4.1 Partitioning of "C assimilates in a detached plant part consisting of

a leaf blade and its sheath

The partitioning of **C carbohydrates, assimilated during one 14 hour

light period by the leaf blade, between the blade and the sheath was

investigated. The temperatures of the blade as source and of the sheath

as sink were varied independently. The temperature of the leaf blade

affected the assimilation of 1*C02 as estimated from the addition of

NaH^COs to the semi closed gas exchange apparatus. 1*C02

assimilation and the content of 1MC in the whole plant part were lower at

30°C than at 10°C. However, the partitioning of "C between the leaf

blade and the sheath appeared to be unaffected (Fig. 7). In contrast,

the temperature of the leaf sheath had a strong effect on lkC partition¬

ing. The translocation of X*C from the blade to the sheath was

markedly increased as temperature of the sheath was increased. The

results show that an increase in assimilate translocation from the leaf

blade to the leaf sheath at increased temperature is due to a temperature

response of the leaf sheath as sink organ and not to a temperature res¬

ponse of the leaf blade as source organ.

4.2 Partitioning of "C assimilates in a detached plant part consisting of

a leaf blade, its sheath and the growing base of the next younger,

developing leaf

Temperature effects on the partitioning of X*C carbohydrates, assimi¬

lated during one 14 hour light period by the leaf blade, between blade,

sheath and growing leaf base were investigated. Again, the temperature

of the leaf blade as the source organ showed an effect on 1*C02 assimi¬

lation and on the content of X*C in the whole plant part, whereas the

translocation of the lkC carbohydrates from the blade to the sheath and

to the growing leaf base appeared to be unaffected (Fig. 8).
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Figure 7: Partitioning of X*C carbohydrates, assimilated by a leaf

blade during one light period with 1*C02 photosynthesis,
within a detached plant part consisting of a leaf blade as

source and its leaf sheath as sink, as affected by source and

sink temperatures. 1<kC contents in structural components (l),
reserve polysaccharides starch (2) and fructan (3), sucrose

(4) and monosaccharides (5) were analysed in the various tis¬

sues at the end of the light period (14 h). Data are indi¬

cated as l*C labelled carbohydrates per pair of plant organs

and are the means of two replicates.
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Figure 8: Partitioning of lftC carbohydrates, assimilated by a leaf

blade during one light period with 1UC02 photosynthesis,
within a detached plant part consisting of a leaf blade as

source and its leaf sheath and the growing base of the next

younger, developing leaf as the two sinks, as affected by
source and sink temperatures. For details see Fig. 7.
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The temperature of the leaf sheath and of the growing leaf base as

the two sink organs showed a marked effect on lftC translocation. The

content of 1"C in the growing leaf base increased markedly as tempera¬

ture was increased. However, the content of 1UC in the leaf sheath

decreased with increasing temperature of the sink organs. This was in

contrast to the experiments with the leaf blade and its sheath in the

absence of the growing leaf base (Fig. 7). The results show competition

between the sink organs, the growing leaf base and the leaf sheath, for

the assimilates from the leaf blade. The sink activity of the growing

leaf base was stronger and increased more with temperature than the

sink activity of the leaf sheath.

4.3 Sucrose contents

The accumulation of X*C carbohydrates in the growing leaf base

(Fig. 8) and, in its absence, in the leaf sheath (Fig. 7) was partly due

to an accumulation of sucrose. This suggests that part of the sink

activity of these tissues was probably due to the compartmentation of

sucrose. It was investigated how the sucrose contents in the sink tis¬

sues were related to the contents in the source tissue and how they

were affected by temperature.

The lhC sucrose content in the leaf sheath (in the absence of the

growing leaf base) appeared to increase linearly with the l*C sucrose

content in the blade, whereas the lkC sucrose content in the growing

leaf base was not related to that in the blade (Fig. 9). This suggests

that the accumulation of sucrose in the sheath depended on the availabil¬

ity of assimilates from the blade, whereas the accumulation of sucrose in

the growing leaf base appeared to follow a demand by the tissue. The

dependence of the content of lkC sucrose in the sheath on the availabil¬

ity of assimilates was confirmed by its decrease with increasing tempera¬

ture in the presence of the competing leaf base (Fig. 8).
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Figure 9: Relationship between the lhC sucrose contents in the leaf

sheath (in the absence of the growing leaf base) and the grow¬

ing leaf base, as the two sink organs, and the l*C content in

the leaf blade as the source organ, at various temperatures of

the sink tissues (10°C •
,
20°C

,
30°C ) at the end of

one light period with ^COj photosynthesis.

The effect of temperature on the accumulation of 14C sucrose in the

sink tissues was studied with Arrhenius plots. The lkC sucrose con¬

tents in the growing leaf bases were plotted directly. The 14C sucrose

contents in the sheaths (in the absence of the growing leaf base) were

related to that in the blades to account for the effect of the availability

of assimilates (Fig. 10). The 14C sucrose contents in both tissues

increased with temperature. The temperature effect was stronger in the
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growing leaf base than in the sheath. The increase in the content of

1*C labelled sucrose in the growing leaf base was associated with a simi¬

lar increase in the content of unlabelled 12C sucrose and was therefore

not only due to an increased turnover rate (Fig. 10). No clear tempera¬

ture response of the unlabelled sucrose fraction was found in the leaf

sheath.

9)
(A

O

o
3

a

(A

4)
<A
O
k.

O
3
CO

E

w 2.0
o

s
1.0

0.5

0.2

14
C SUCROSE

12
C SUCROSE

1 I I 1 I

E

S
CO
CD

4>
(A

O
k_

O
3
CO

330 336 3.41 3.47 3L53 330 a36 3.41 347 3.53

1/T-103

Figure 10: i*,*C labelled and unlabelled 12C sucrose in the leaf sheath

(in the absence of the growing leaf base) and in the growing
leaf base at the end of one light period with X*C02 photosyn¬

thesis, as affected by the temperature of the sink tis¬

sues. The sucrose contents in the growing leaf bases are

plotted directly. The sucrose contents in the leaf sheaths

are related to the contents in the leaf blades to account for

the effect of availability of assimilates. Data are shown in

Arrhenius plots. Vertical bars indicate standard errors.
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4.4 Synthesis of l*C fructan and 1UC starch in the sink tissues

The synthesis of reserve polysaccharides from sucrose in sink tissues

can contribute to sink activity and may depend on the sucrose content

and on temperature. The variation in the lfcC sucrose content in the

leaf sheaths in the presence and absence of the growing leaf base was

sufficiently large so as be able to analyse its relationship to the contents

of lkC fructan and 1"C starch (Fig. 11).
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Figure 11: Relationship between the X*C sucrose content and the

14C fructan and lkC starch syntheses in the leaf sheath and

the growing leaf base at the end of one light period with

1UC02 photosynthesis at various temperatures of the sink tis¬

sues (10°C O
,

15°C •
,

20°C
,

25°C
,

30°C A ).
For the leaf sheath at 10°C and 30°C, saturation curves were

fitted assuming Michaelis-Menten kinetics.
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Saturation curves of l*C fructan and X*C starch synthesis were found.

Sucrose saturated synthesis was calculated according to Wilkinson (1961)

assuming Michaelis-Menten kinetics. The temperature responses of suc¬

rose saturated fructan and starch synthesis are shown in Arrhenius

plots (Fig. 12). The response was stronger for starch than for fructan.

In the growing leaf base, the contents of lfcC fructan and X*C starch

increased in parallel with the content of 14C sucrose as temperature was

increased (Fig. 11). The effects of temperature and of 14C sucrose

content on l*C polysaccharide synthesis could therefore not be distin¬

guished. 1*C polysaccharide synthesis increased with temperature, due

either to increased lkC sucrose contents or to increased temperature per

se (Fig. 11).
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Figure 12: Temperature response of the synthesis of 1*C fructan and

"C starch in the leaf sheath in the presence of saturating
concentrations of lftC sucrose. Values were calculated from

the relationships between 14C sucrose on the one hand and

14C fructan or X*C starch on the other according to Wilkinson

(1961), assuming Michaelis-Menten kinetics. Data are shown

in Arrhenius plots. Vertical bars indicate standard errors.



37

4.5 Monosaccharides

The ratio of 1*C fructose to lftC glucose was specific for each tissue

and appeared to be related to the different metabolic activities (Tab. 2).

The ratio was lowest in the leaf blade, higher in the leaf sheath and

highest in the growing leaf base. It was possibly related to the prefer¬

ential use of the fructose moiety of sucrose in fructan biosynthesis in

the leaf blades and increasing randomisation of the glucose and fructose

moiety in the leaf sheaths and the growing leaf bases as the metabolically

more active tissues (Hogan and Hendrix, 1986). The 14C fructose to

l"C glucose ratio is therefore suggested to be related to the function of

the tissues as source, storing sink and growing sink.

Table 2: Ratio of 14C fructose to 14C glucose in the leaf blades, the

leaf sheaths and the growing leaf bases of detached plant parts

at the end of one light period (14 h) with lhC02 photosynthesis
at various temperatures of the tissues.

Standard errors are indicated in parenthesis.

Temperature LEAF BLADES LEAF SHEATHS LEAF BASES

of the tissues

mg mg-1

10°C 0.33 (0.013) 0.56 (0.045) 0.74 (0.025)

15°C 0.57 (0.023) 0.91 (0.011)

20°C 0.35 (0.032) 0.57 (0.054) 0.75 (0.035)

25°C 0.55 (0.052) 0.87 (0.076)

30°C 0.32 (0.013) 0.50 (0.022) 0.86 (0.139)
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5. DISCUSSION

Sink activity is higher in growing tissues than in storage tissues.

This was shown with growing leaf bases and leaf sheaths in our study

and has been found in other plant systems as well (Kursanov, 1984).

Sink activity of the growing tissue was not only due to the synthesis of

structural cell components but also to the buildup of sucrose and reserve

polysaccharide pools. The accumulation of sucrose and polysaccharides

appeared to follow the demands of the growing tissue and was indepen¬

dent of assimilate supply under the experimental conditions. This was in

contrast to the accumulation of carbohydrates in the leaf sheath. Carbo¬

hydrates were accumulated in this storage tissue when the supply of

assimilates exceeded the demands by the growing tissue.

Polysaccharide synthesis in the leaf sheaths was related to the suc¬

rose content. Synthesis of fructan and starch increased with sucrose

content and followed a saturation curve. A relationship between sucrose

concentration and polysaccharide synthesis has also been described for

leaf blades: Starch metabolism is related to cytosolic sucrose (Gordon et

al., 1980; Sicher and Kremer, 1986). Fructan synthesis is based on

sucrose as a precursor (Edelman and Jefford, 1968) and is induced as

sucrose concentration is increased (Wagner et al., 1983; Pollock, 1984).

The relationship between polysaccharide synthesis and sucrose content in

the growing leaf base was unclear in our experiments.

Sink activity increased as temperature was increased. This can be

due to increased unloading from the phloem (Kursanov, 1984). The

increase in sucrose contents with temperature in both tissues used in

our experiments is consistent with this view. On the other hand, the

increase in polysaccharide synthesis with temperature seemed to be

important for the increase in sink activity of the leaf sheath. The

increase in fructan synthesis with temperature appeared to be in con¬

trast to the relative independence of temperature of in vitro activity of

sucrose sucrose fructosyl transferase as the main controlling enzyme



39

(Wagner et al., 1983). However, the temperature effect in vivo may be

partly due to the synthesis of new enzyme which can be induced within

hours (Wagner et al., 1986). The characterisation of sink activity in

our experiments was more satisfactory for the leaf sheath than for the

growing leaf base. The meristematic zone of the growing leaf base is an

inhomogeneous tissue. A more detailed analysis of the carbohydrate

fractions in this tissue would be needed.
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IV. SUMMARY

The effect of sink activity on partitioning, storage and remobilisation

of nonstructural carbohydrates was examined in various plant parts of

vegetatively grown meadow fescue ( Festuca pratensis Huds., cv.

Bundy). The plants were steady state labelled with XI>C02 for one light

period and 14C labelled and unlabelled monosaccharides, sucrose, fruc¬

tan, starch and structural components were analysed at the end of the

light period and at the end of the subsequent dark period.

The diurnal cycle of storage and remobilisation of sucrose, fructan

and starch in leaf blades, stubbles and roots was examined. Increased

remobilisation was studied at decreased C02 partial pressure and at

increased temperature. Temperature effects on carbohydrate partition¬

ing, fructan and starch synthesis and sink activity were studied in

detached plant parts consisting of a leaf blade, its sheath and the grow¬

ing base of the next younger, developing leaf.

High fructan and high sucrose contents, low turnover activity of

reserve polysaccharides and ready remobilisation of polysaccharides with

increased assimilate demand of the sink organs were found in the leaf

blades. In contrast, the stubbles, consisting of leaf sheaths and grow¬

ing leaf bases, showed high fructan contents parallel to low sucrose con¬

tents and higher turnover activity of all carbohydrate fractions. At

decreased C02 partial pressure and at increased temperature, the poly¬

saccharide content decreased to a much lesser extent in the stubbles

than in the leaf blades. The polysaccharide contents in the roots were

low and were only slightly affected by C02 partial pressure and temper¬

ature
.

The activity of the sink organs had a marked effect on carbohydrate

partitioning. Sink activity was stronger in the growing bases of the

young, developing leaves than in the leaf sheaths. Accumulation of car-
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bohydrates in the leaf sheath occurred only if they were in abundance,

whereas accumulation in the growing leaf base appeared not to be

affected by assimilate supply and seemed to follow the demands of the

growing tissue.

Sink activity of the leaf sheaths and of the growing leaf bases

increased with temperature. Its increase was associated with increased

sucrose contents and with increased synthesis of fructan and starch.

Polysaccharide synthesis increased with sucrose content in the leaf

sheath and followed a saturation curve, whereas no clear relationship

between polysaccharide synthesis and sucrose content was found in the

growing leaf base.

Accumulation and remobilisation of fructan and starch showed differ¬

ent responses to temperature. Starch synthesis was more dependent on

temperature than was fructan synthesis. Predominantly fructan and only

little starch were remobilised at cold temperature, whereas fructan and

starch were remobilised in similar proportions as temperature was

increased. Fructan accumulation appears to be more appropriate than

starch storage at cold temperatures and might be of ecological importance

for plants of cold climates.
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ZUSAMMENFASSUNG

Der Einfluss der Sinkaktivitat auf Verteilung, Speicherung und Remo¬

bilisierung von nicht-strukturbildendenden Kohlenhydraten wurde in

Wiesenschwingel ( Festuca pratensis Huds., var. Bundy) untersucht.

Die Pflanzen wurden wahrend einer ganzen Lichtperiode mit l*C02 mar-

kiert und am Ende der Lichtperiode und am Ende der folgenden Dunkel-

periode auf markierte und unmarkierte Monosaccharide, Saccharose,

Fruktan, Starke und strukturbildende Bestandteile analysiert.

Der tageszeitliche Verlauf von Speicherung und Remobilisierung von

Saccharose, Fruktan und Starke wurde in Blattspreiten, Stoppeln und

Wurzeln untersucht. Erhohte Remobilisierung von Kohlenhydraten wurde

bei vermindertem C02-Partialdruck und bei erhbhter Temperatur stu-

diert. Der Einfluss der Temperatur auf die Kohlenhydratverteilung, die

Synthese von Fruktan und Starke und die Aktivitat verschiedener Sink-

organe wurde in abgeschnittenen Pflanzenteilen untersucht. Diese Pflan-

zenteile bestanden aus einer Blattspreite, der dazugehorigen Blattscheide

und der wachsenden Basis des nachstjiingeren, sich entwickelnden

Blattes.

In den Blattspreiten wurden hohe Gehalte an Fruktan und Saccharose

und eine rasche Remobilisierung von Polysacchariden bei erhohter Assi-

milatnachfrage der Sinkorgane gefunden. Im Gegensatz dazu zeichneten

sich die Stoppeln, bestehend aus Blattscheiden und wachsenden Blattba-

sen, durch hohe Fruktan- aber geringe Saccharosegehalte und durch

eine hbhere Turnoveraktivitat aller Kohlenhydratfraktionen aus. Die

Kohlenhydratgehalte nahmen in den Stoppeln mit vermindertem

C02-Partialdruck und mit erhbhter Temperatur in geringerem Masse ab

als in den Blattspreiten. Die Kohlenhydratgehalte in den Wurzeln waren

gering und wurden durch C02-Partialdruck und Temperatur nur schwach

beeinflusst.
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Die Aktivitat der Sinkorgane beeinflusste die Verteilung der Kohlen-

hydrate stark. Die Sinkaktivitat der wachsenden Basen der jungen, sich

entwickelnden Blatter war hoher als jene der Blattscheiden. In den

Blattscheiden erfolgte eine Akkumulation von Kohlenhydraten bei einem

hohen Assimilatangebot. In den wachsenden Blattbasen erfolgte eine

Kohlenhydratakkumulation unabhangig des AssimUatangebots und schien

den Bedurfnissen der wachsenden Gewebe zu entsprechen.

Die Sinkaktivitat der Blattscheiden und der wachsenden Blattbasen

nahm mit zunehmender Temperatur zu. Die Zunahme war verbunden mit

erhohten Saccharosegehalten und mit erhohter Synthese von Fruktan und

Starke. In den Blattscheiden nahm die Synthese von Polysacchariden mit

erhohten Saccharosegehalten zu und folgte einer Sattigungskurve. Keine

eindeutige Beziehung zwischen Polysaccharidsynthese und Saccharosege¬

halten wurde in den wachsenden Blattbasen festgestellt.

Akkumulation und Remobilisierung von Fruktan und Starke wurden

durch die Temperatur unterschiedlich beeinflusst. Die Synthese von

Starke war temperaturabhangiger als die Synthese von Fruktan. Bei

tiefer Temperatur wurde vorwiegend Fruktan und nur wenig Starke

remobilisiert, wahrend bei erhohter Temperatur Fruktan und Starke zu

gleichen Anteilen remobilisiert wurden. Die Speicherung von Fruktan

scheint bei kalten Temperaturen besser geeignet zu sein als die

Starkespeicherung, was fiir Pflanzen der kalten Zonen von oekologischer

Bedeutung sein konnte.
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