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Abstract. The content of bound proline sharply increased in proteins of different organs of
young plants of winter rape and winter wheat exposed for 72 h to temperatures from 0 to 2 °C
while it decreased only in root tips of wheat plants. Free proline which at 20 °C occurs in all plant
organs only in trace amounts, accumulated considerably after 72 h exposure to low temperatures
in the above-ground organs and only slightly in the roots. Free proline did not accumulate during
the first 24 h at 0 to 2 °C in detached leaves of winter wheat but it was incorporated into newly
synthetized proteins in which proline content increased after 6 h incubation to its maximum
(+11.759%, in comparison to control); the content of free glutamate sharply decreased during
the first 6 h of incubation and the accumulation of bound glutamate was belated in comparison
to that of bound proline. Sucrose infiltrated into detached leaves of winter wheat strongly
stimulated proline incorporation into proteins at low temperatures, but it did not influence
glutamate incorporation. The results suggest that the main rcason for the de novo proline bio-
synthesis during the first six hours of hardening of the plants is the synthesis of proteins rich in
proline; free proline accumulates later predominantly in the above-ground organs as a surplus.
The above-ground organs are dehydrated in the course of the hardening process approximately
to the same extent both in the light and in the dark, but proline content increases much less in
the dark than in the light.

The most expressive biochemical feature of plants hardened with low
temperatures is the accumulation of free and bound proline (STEFL and Tvu-
LAcH 1964, SHTOMI and Hor1 1973, SHvepskAYA and KRUZHILIN 1973, STEFL
and VAS4RovA 1978). Proteins rich in proline accumulate at the beginning
of the hardening process, free proline accumulates later as a surplus (STEFL
and VASAkovA 1978); for example, free proline accumulated in the leaves of
winter barley after 24 h and in radish plants after 72 h exnosure to 5 °C (CuU
et al. 1974). The content of free proline and that of proline bound in water-
insoluble proteins sharply increased in the leaves of winter wheat and winter
rape hardened for 72 h at 2 °C (STEFL and Va8£kov4 1978) and with respect
to OsBORNE’s fractions mainly in the fraction insoluble in 0.25 N NaOH
(STEFL 1978). Proline content in hardened plants increases mainly in cell
nucleus proteins (SHVEDSKAYA and KrRUzHILIN 1973) and chloroplast proteins
(STEFL 1978) and with respect to plant organs mainly in the proteins of the
apical meristem (SHroMI and HoRri 1973); it does not increase in cell wall
proteins of winter wheat plants (STEFL 1978), in which hydroxyproline does
not increase either (STEFL and VaS84kovA 1978). Some biochemical aspects
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of the role of free proline have already been understood: free proline at higher
concentrations induces tryptophan synthase (STEFL ef al. 1973); it represses
nitrate reductase (FILNER 1966); it is a eryoprotector of functioning thylakoid
membranes (HEBER ef al. 1973); it takes part in the differentiation of gener-
ative cells and organs in the course of vernalisation (SEVEDSKAYA and KrUzZ-
HILIN 1973, Sarom1 and Horr 1973), before blossoming (VALEE 1973), mainly
at the stage of microsporogenesis (PALFI et ¢!. 1974a, b) efc. Accumulation
of free proline is connected, according to contemporary opinion, with plant
tissue dehydration (VALEE 1973) at different stages of ontogenesis: at low
temperatures (CHU ef al. 1974, STEFL et al. 1975), before blossoming (VALEE
1973), during drought periods (PALFI ef al. 1973, 1974a, b), on salinized soils
(STEwART and LEE 1974) efc.

The reasons for the accumulation of bound proline have not yet been
explained satisfactorily. In this paper the results of the investigations of the
rate of accumulation of free and bound proline in organs of winter wheat
and winter rape plants during the initial stage of hardening with low tem-
peratures are reported.

Material and Methods
Cultivation of Experimental Plants

Frost-resistant cultivars were used in the experiments. Winter wheat plants
(Triticum aestivum L., var. erythrospermum, cv. Kasticka osinata) were pre-
cultivated in the first series of experiments to the age of 8 days (2 leaves)
and winter rape plants (Brassica napus L., var. arvensis Lanm., THALL., . bien-
nis, cv. Tiebidska) to the age of 10 days (1 leaf besides the cotyledons) in
Knopp nutrient modified by DvokR4k (1958) in a controlled cnvironment
chamber at 20 4- 2°C, 3 500 Ix of white light and 16 h photoperiod. The
plants were then incubated for 72 hin closed glass aquaria with an input of
surrounding atmosphere, at saturated air humidity, with these experimental
variants: 1) unchilled (20 °C), light; 2) unchilled, darkness; 3) chilled (0 to
2 °C), light; 4) chilled, darkness. There were three replicates with 700 plants
in each experimental variant.

In the sccond experimental series of investigation of the rate of proline
biosynthesis, winter wheat plants cv. Mironovska 808 were precultivated to
the age of 12 days (2 leaves) in sand watered once a week with Hoagland
nutrient solution under the conditions described for the first series of ex-
periments. Detached leaves were then vacuum-infiltrated with 1) distilled
water; 2) 0.0l M L-glutamate; 3) 0.01 M L-glutamate + 0.5 M sucrose. The
solutions determined for chilled variants were prechilled to 0 °C. The plants
were incubated, after washing them with distilled water, in glass vessels at
saturated air humidity in these experimental variants: 1) chilled (0 °C) and
2) unchilled (20 °C) under the above light conditions. The samples for analyses
were taken after 0; 0.5; 2; 6; and 24 h, from the variants with sucrose only
after 24 h incubation. Zero time was the moment of infiltration of the
solutions. There were three replicates in each experimental variant.

Chemical Analyses

The plants which were kept under the conditions of the described ex-
perimental variants until killing, were divided in the first series of ex-
periments into individual organs as indicated in Figs. 1 and 2, but whole
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shoots were analyzed in the second series of experiments. Dry matter was
determined in the experimental material (105 °C to constant weight, 3 repli-
cates), total nitrogen by means of microdiffusion (6 replicates, STEFL 1967).
For the determination of amino acids, plant material was killed by boiling
in 969, ethanol and free amino acids were eluted with 75%, ethanol after
homogenisation, the residuum containing bound amino acids was hydrolyzed
with 6N HCl (a 2000 fold surplus with respect to N material) for 40 h at
105 °C in fused glass-tubes, the filtrates were evaporated in a vacuum rotat-
ing evaporating device at 55 °C. Proline (VRATNY et al. 1975) and glutamate
(SPACKMAN et al. 1958) were then determined in the residuum, six replicate
determinations in each experimental variant, using a Microtechna (Czechosl.)
automatic amino-acid analyzer. The results were evaluated statistically,
proline determinations in the paper by VRATNY et al. (1975), the results of
the sccond series of experiments in Fig. 3.

Results

The above-ground plant parts of both investigated plant species and the
roots of winter wheat plants in both the light and the dark were dehydrated
after a 72 h period of cold-hardening (0 to 2 °C), younger leaves and growth
apices of wheat plants and above-ground parts of rape plants to the greatest
extent. By contrast, a pronounced hydration of rape root tips could be
observed (Fig. 1).

The content of free and bound proline changed very differently in indi-
vidual plant organs after a 72 h chilling period (¥ig. 2). The content of bound
proline sharply increased in nitrogen compounds from the above-ground
plant parts of both plant species, in green leaves and in etiolated sheaths
to the greatest extent, in rape hypocotyl and in wheat growth apices to the
smallest extent (Fig. 2 II-A, B), and considerably also in both root parts
of rape plants (Fig. 2 II-C), but it sharply decreased in wheat root tips (Fig.
21T A, B). The increment of bound proline decreased in the dark in com-
parison to the light in older leaves, in etiolated sheaths and in growth apices
of wheat plants (Fig. 2 11 B).

The content of free proline in plant organs changed considerably under
the influence of chilling, and in the opposite direction to the changes in the
content of bound proline in N-compounds from the same organs (Fig. 2 I);
it was low in unchilled plants, mainly in the roots, and it decreased down-
wards in the plants; it sharply increased and was quantitatively redistributed
in the organs of chilled plants: a most pronounced increase occurred in
younger shoots, a less pronounced one in older leaves and only a slight one
in the roots of both plant species. In the dark, the increments in bound and
mainly in free proline content were much lower than in the light (Figs. 2 I-B,
2 I1-B).

In the experiments on the rate of changes in the content of free proline and
glutamate in the leaves of winter wheat plants during the first 24 h of cold-
hardening, the content of free glutamate in dry matter was 0.349 before
incubation and after the infiltration of exogenous glutamate 0.505%, (+449,),
free proline occurred only in trace amounts. The changes in the content of
de novo synthetized glutamate and proline were controlled after 24 h cold
incubation by the de novo synthesis of proteins rich in proline (Fig. 3A-D).
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Fig. 1. Changes in dry mat-
ter content in different
organs of winter wheat
plants, cv. Kastick4 osinaté
(A, B) and winter rape
plants, ev. Ttebiéskd (C) in
the course of a 72 h cold-
-hardening period. The sym-
bols are the same as in
Fig. 2. Description in the
text.
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Fig. 2. The changes in the content of free (I) and bound (II) proline (mg(100 g)~! of all nitrogen
compouunds) in different organs of winter wheat plants cv. Kastickd osinatd (A, B) and winter
rape plants, cv. Tiebiéskd (C) in the course of a 72 h cold-hardening period. 1 — the first leaf,
2 — the second (younger) leaf, 3 — etiolated leaf sheats, 4 — growth apices, 5 — roots
without tips, 6 — root tips 0 to 1.5 em + root hairs, 7 — cotyledons + the first leaf + shoot
apex, 8 — hypocotyl. White area: unchilled plants, black area: chilled plants in the light,
hatched area: chilled plants in the dark.

The changes in the content of both free amino acids were influenced by
detachment of leaves from roots and those of glutamate (Fig. 3A) more
profoundly than of proline (Fig. 3B). The content of free glutamate dropped
sharply and that of free proline dropped mildly in unchilled leaves during
the first 2 h of incubation, then stagnated until 6 h of incubation to rise
again till 24 h. The changes of glutamate in chilled leaves were lower by
approx. one third and of proline were slightly more pronounced. Sucrose
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Fig. 3. The content and the dynamics of changes in the content of free glutamate (A) and free
proline (B), and in bound glutamate (C) and bound proline (D) in dry matter of winter wheat
leaves, cv. Mironovsks 808 infiltrated with glutamate, in the period between 0 and 24 h of
cold-hardening (0 °C). Shaded columns — chilled leaves (0 °C), unshaded columns — unchilled
(20 °C) leaves. The columns 248 stand for the leaves infiltrated with L.glutamate and sucrose.
Description in the text. The differences are statistically significant *P < 0.05, xxP < 0.01.
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did not substantially influence the content of both free amino acids after
24 h incubation (Fig. 3 A, B, var. 248).

The changes in the content of both bound amino acids were typical of
each experimental variant. The content of bound glutamate was increased
considerably (Fig. 3C) and that of bound proline slightly in unchilled de-
tached leaves after 2 h incubation, but later glutamate content (24 h) sharply
decreased and proline content (6 h) mildly decreased; after 24 h incubation
the proline content rose nearly to the level of the first sampling and sucrose
enhanced the increase in the content of both amino acids.

The changes in the content of both amino acids in proteins of chilled
wheat leaves were controlled by a preferential, rapid biosynthesis of proteins
rich in proline: bound proline content increased in 0.5 h by 3.5 mg (0.379%,),
in 2 h by 46.01 mg (4.8%,) and in 6 h by 107.66 mg (11.759,) in comparison
to unchilled leaves (¥Fig. 3D), thus already reaching its maximum. Bound
proline content diminished between 6 and 24 h of incubation, obviously due
to starvation, (4 72.48 mg = 7.76Y%,). Sucrose infiltrated into the leaves
counteracted the decrease completely (4 105.72 mg = 11.129%,; Fig. 3D,
columns 24 S). Bound glutamate also accumulated quickly, but only after
the saturation of the de novo synthetized proteins rich in proline: its content
diminished within 2h of incubation in relation to unchilled leaves
(—32.55 mg = —1.49%)), but after 6 h of incubation its content increased to
its maximum (+110.75 mg = 5%) and later (24 h) did not change even
though in relation to unchilled leaves the absolute increment was the highest
(4-235.94 mg = 11.29%). Sucrose did not influence glutamate incorporation
into proteins at low temperatures (Fig. 3C, columns 248).

Discussion

Our results have shown that the main reason for the de novo synthesis of
proline in organs of winter plant species in the course of the first 6 h of
action of low temperatures is a preferential biosynthesis of proteins rich in
proline (Figs. 2 IL, 3D). The importance of these proteins has already been
shown by SEVEDSKAYA and KruzeILIN (1973) and by Saromt and Horr
(1973). Proline content considerably increased in albumins in the leaves of
winter wheat plants hardened for 60 h at 2°C, but to the largest extent.
(1509,) in residual proteins insoluble in 0.25 N NaOH (Sterr 1978). The
preferential biosynthesis of proteins rich in proline at the expense of the de
novo synthetized glutamate (Fig. 3A, C, D) shows their specific part in plant
adaptation to low temperatures. A considerable part of the proteins rich in
proline accumulates in cell nuclei (SHVEDSKAYA and KRUzHILIN 1973), in
the chloroplasts, but not in cell wall proteins (SHVEDSKAYA and KruzHIiLIN
1973, STErFL 1978). Proline incorporated into proteins is not hydroxylated
to hydroxyproline (STEFL and Va84rkovA 1978), which shows that collagen-
like proteins which would correspond to protective gels according to Tuma-
NOV (1967), are not synthetized. The de novo biosynthesis of the proteins
rich in proline sharply decreases in the dark, above all in more mature
organs (Fig. 2B). What is peculiar is that bound proline does not accumulate
at low temperatures in shoot apices of wheat plants and in the hypocotyl of
rape plants (Fig. 2 II). The differences in the de novo biosynthesis of bound
proline in the roots of investigated plants at 0°C are related to specific
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frost-resistance: the roots and root necks of winter rape accumulate bound
proline and are considered to be a frost-resistant part of the plant (FABRY,
personal commun.), but the roots of winter wheat plants which are supposed
to be the least frost-resistant plant part (ProTsENKO and Korosmaa 1969) do
not accumulate it (Fig. 2 II).

Free proline was accumulated more in the light than in the dark in the
shoots of winter wheat plants kept at low temperatures (Fig. 2 I), which is
in agreement with the findings of CHU ef al. (1974) in winter barley leaves.
Free proline does not accumulate at 20°C (Figs. 21, 3 A). 4C-proline
similarly stopped being incorporated into proteins in shoot apices of tobacco
plants before blossoming at relatively low temperatures and, when exogenous
proline was applied, free proline was accumulated proportionally to light
intensity, inducing blossom hud formation (VALEE 1973). It has been proved
that free proline plays part in the differentiation of generative cells and
organs (BriTIkov and MusaTova 1973, PALFL ef al. 1973, SHioMr and Hori
1973, SEVEDSKAYA and KRUZHILIN 1973, VALEE 1973), which agrees with
accumulation of free proline in all above-ground plant organs at low tem-
peratures (Fig. 2 I). The biochemical nature of this role of proline has not
yet been understood.

The accumulation of free proline at low temperatures is remarkable from
two points of view. First, the de novo synthetized free proline is redistributed
and accumulated most in growth apices of wheat plants and in the hypocotyl
of rape in which bound proline content does not rise and, on the contrary,
is not accumulated in the roots. At the same time bound proline is accumu-
lated considerably in the root tips (Fig. 2 I, IT). Accumulation of free proline
in the shoots and not in the roots has been reported by many authors in dif-
ferent plants (STEWART ef al. 1966, SaLcHEVA and GraMATIROVA 1967, CHU
et al. 1974 a.0.). So far, the explanations of the biochemical part of proline
are incomplete and scarce. E.g. HEBER et al. (1973) assume that free proline
can act besides free sugars as a cryoprotector of functioning thylakoid
membranes which, however, does not explain its part in non-chlorophyllous
above-ground organs (Fig. 2 I) and, moreover, that the content of free sugars
1s always so high in the course of ontogenesis (STEFL and TuracH 1964, 1976)
that sugars could protect the membranes even without proline. At low
temperatures, proline accumulation is the most conspicuous among all the
other compounds (STerL and TurLAcH 1964, PRoTsENKO and KoLosHA 1969,
STEFL et al. 1975). In our opinion, proline plays its main regulatory role in
the sphere of enzyme regulation: proline similarly as IAA which serves as an
inductor of the biosynthesis of nucleic acids and proteins (KEreLI 1974),
induces the biosynthesis of tryptophan synthase (STEFL et al. 1973). Trypto-
phan synthase activity and tryptophan content increase abnormally before
blossoming in bean leaves (STEFL and SpressovA 1970) when free proline
accumulates in the plants (VALEE 1973). Increased concentrations of TAA
and proline may cooperate in the induction of biosynthesis of those RNAs
and proteins which are necessary for the generative process. However proline
in most cases was not a modifier of enzymic reactions (Morris and SYRETT
1963, HoRAK ef al. 1973, STEFL ef al. 1973, STEWART and LEE 1974).

The second relevant problem is the change of the regulatory systems of
proline biosynthesis and the changes in its incorporation into proteins at the
beginning of cold-hardening of plants. According to the opinion of Baica
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(1969), proline acts in plants as an autoregulating inhibitor of the first
enzyme in its biosynthesis, i.e. allosteric glutamate kinase, the low con-
centration of free proline in the shoots at 20 °C (Figs. 21, 3B) and in the
roots at both 20 and 0 °C (Fig. 2 I) corresponding to this assumption, simi-
larly as the inhibition of proline biosynthesis by exogenous proline in maize
root tips (OAKS ¢f al. 1970). Increased proline concentration in the shoots at
0 to 2°C (Fig. 2I) shows that the ways of proline biosynthesis change or
combine, e.g. vig arginine and ornithine (DovcarL and Furrox 1967), or vig
glutamine synthetase (Yosminaca Fuminiro et al. 1967), or that the
system of regulation of basal proline biosynthesis is changed. The question
of the regulation of the sharp increase in proline content in plant proteins
in the first hours of exposure to low temperatures (Fig. 3) has not yet been
answered.

Another relevant question is the relationship of proline accumulation to
tissue dehydration in the plants (VALEE 1973). PALFi ef al. (1974a, b) show
that free proline is accumulated at any moment in the course of ontogenesis,
when water influx into the tissues is hampered for whatever reason: either
as a result of exposure to low temperatures (STEFL et al. 1975), or as a result
of blossoming onset (VALEE 1973) and of microsporogenesis, or as a result of
drought (PALFf et ol. 1973, 1974a, b), soil salinization (STEWART and LEE
1974) etc. However proline is accumulated most expressively in winter and
at the time of microsporogenesis. Our results show that the relationship of
tissue dehydration to the accumulation of proline is valid for the above-
ground organs in the light; the dehydration in the dark is the same but free
proline accumulates much less (Fig. 2 IB). There are complicated relationships
in the roots where no pronounced accumulation of free proline occurs at low
temperatures (Fig. 2 1), but where proline is incorporated into proteins in
root tips of winter rape plants (Fig. 2 II) with simultaneous hydration of the
root tips (Fig. 1), while proline is not incorporated to a large extent into
proteins in winter wheat root tips (Fig. 2 II), in which case the root tips
dehydrate (Fig. 1). PALFI et al. (1974a, b) suppose that free proline plays an
important part in the system of osmoregulation, because as the best soluble
amino acid, proline binds much water. We however suppose on the basis of
previous results (STEFL ef al. 1973) that free proline acts first of all as an
enzyme regulator.

Our results confirm that sucrose enhances proline incorporation but not
glutamate incorporation into proteins during the initial stage of action of low
temperatures (Fig. 3CD, columns 24S). QAxs et al. (1970) also found that
glucose addition enhanced proline incorporation into proteins but simul-
taneously protected free proline against oxidation (see also STEWART 1973).
This also indicates the enzyme-regulating part played by free sugars in
plants.
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BOOK REVIEW

Arnorp, G. W., de Wi, C. T. (ed.): Critical Evaluation of Systems Analysis in Ecosystem
Research and Management. — Pudoc, Wageningen 1976. Pp. 109, 38 figures, 4 tables. Hfl. 20.00.

This publication has appeared as the 8th volume of Simulation monographs which is a series
on computer simulation in agriculture and its supporting sciences. It is a collection of seven
papers, most of which were presented at the 1st International Congress of Ecology at the Hague
in September 1974.

The main object of the authors is to summarize the experience with the modelling method
in the first phase of its development and to give a eritical commentary to its misuse by many
ecologists. In the introductory article: “Some speculation on simulation”, the editors discuss
several conceptions and aspects of simulation method and support the opinion that the purpose
of a model is to explain — not only describe — a system. The second paper by D. W. Godall:
“The hierarchical approach to model buildings” has a more instructive feature, giving information
on a “modular’® approach in construction of a model. Dividing a system into subsystems and
a model into subroutines has many advantages, e.g., with respect to the testing errors of the
model outputs. The third article by M. van Keulen: “Evaluation of models” is concerned with
testing the validity of a model and with possible errors met in modelling a procedure. The next
paper by Donald A. Jameson: ‘“‘Management of ecosystems: information supplied by simulation”
contains general comments on the significance of model approach for biome research and lays
emphasis on the use of models for “providing a clear identification of research priorities so that
research can be more specifically directed to critical problem areas’. This is one of important,
though many times neglected, objects of modelling. The paper by P. C. Miller and A. Moony:
“The origin and structure of American arid zone ecosystems. The producers: interactions be-
tween environment, form and function” is not of a methodological character but gives the results
on modelling work concerning the ecosystem research in the Mediterranean regions of California
and Chile. The paper by N. G. Seligman: ““A ecritical appraisal of some grassland models” gives
a critical review of 13 grassland models elaborated by various scientists. The author claims for
scientific rigour in modelling work, which has often been replaced by pragmatic usefulness. In
his pioneer paper Seligman has pointed out that the eritical appraisal of models should become
a permanent feature of modelling activity. The concluding article by Jeffers: ‘“‘Future prospects
of system analysis in ecology” reviews the present state of system analysis and suggests its future
development. His prognosis is sober and realistic. Only models capable of verification have
geientific value for ecological studies. The methods of verification of a model have not reached
a satisfactory level up to now.

The book Critical Evaluation of System Analysis in Evosystem Research and Management
deserves most attention of those who are involved in modelling the ecosystems, especially of those
who are over-optimistic exponents of this method and are incapable in their enthusiasm of seeing
its pitfalls,

J. P. Onpox (Tebori)



