Changes in Foliar Proline Concentration of Osmotically Stressed Barley
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The amino acid proline is accumulated in plant tissues in response to a variety of stresses.
The existence of two routes for its biosynthesis is well documented. However, little is known
about the contribution of each pathway to the accumulation of free proline under stress
conditions. In the present study young barley plants were subjected to osmotic stress by
treating their roots with 25% polyethylene glycol. Prior to stress imposition roots were incu-
bated for 24 h in nutrient solution containing proline or one of its metabolic precursors:
glutamate and ornithine. Free proline quantity in the leaves was measured before and after
stress. Relative water content (RWC) was used as a measure of the plant water status. Foliar
proline levels showed a significant increase in ornithine- and proline-pretreated plants com-
pared to the control. Nevertheless, no considerable changes in leaf RWC were observed. It
was shown that before stress application only ornithine but not glutamate was immediately
metabolized to proline. Under stress conditions, however, both precursors were converted
into proline. The possible role of this amino acid in the processes of post stress recovery

is discussed.

Key words: Barley, Osmotic Stress, Proline Precursors

Introduction

It is well known that one of the first symptoms
of abiotic stress in plants is the accumulation of
free proline in the tissues. Drought and salinity as
well as suboptimal temperatures may all lead to
the development of osmotic stress (Hsu et al.,
2003; Aziz et al., 1998; Simon-Sarkadi et al., 2006).
It is assumed that increased proline content may
be due to the following: enhanced biosynthesis,
slow rate of degradation, and/or increased prote-
olysis (protein hydrolysis). In plant cells proline
is synthesized from glutamate via Al-pyrroline-5-
carboxylate (P5C) in two consecutive reactions
catalyzed by P5C synthetase and P5C reductase
(Delauney and Verma, 1993). Apart from this
metabolic route an alternative biosynthetic path-
way is present in plants, which leads to proline
from ornithine, involving the catalytic activity of
the enzyme ornithine aminotransferase (OAT)
(Mestichelli et al., 1979). The amino acid arginine
may also contribute to proline synthesis via orni-
thine and involving the enzyme arginase (Boggess
and Stewart, 1976). The two main metabolic path-
ways (from glutamate and from ornithine) are spa-
tially separated. Synthesis of proline from gluta-
mate is located in the cytosol while the ornithine
pathway is compartmentalized in mitochondria.
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Due to the existence of at least two biosynthetic
pathways, the control of proline synthesis is rather
complicated. Regulation is accomplished at two
levels: enzyme activity and gene expression. Evi-
dence exists for feedback regulation of the proline
biosynthesis with the end product acting as an in-
hibitor of the reaction. Under stress conditions,
however, this regulation is disturbed and despite
the high level of proline its synthesis continues
(Zhang et al., 1995; Yoshiba et al., 1997). In the
present study we examined the contribution of two
proline precursors (ornithine and glutamate) to
stress-induced proline accumulation in leaves of
young barley plants.

Materials and Methods

Barley seeds (cv. Pamina) were superficially
sterilized with sodium hypochlorite (NaOCl) and
germinated on wet filter paper in a thermostat
(25°C) in the dark for 24-48 h. Seedlings were
grown in a phytostat chamber (12 h photoperiod,
25°C, 60% relative humidity) on full strength
Knop nutrient solution until the stage of the first
fully developed leaf was reached. Macronutrient
concentration was: 3.0mMm Ca(NO3),, 1.5mwm
KH,PO,, 2.0 mm KNOj;, 0.8 mm MgSO,, 1.3 mm
KCI. In the different variants 10-day-old barley
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plants were pretreated with either proline or one
of its metabolic precursors (glutamate or orni-
thine), which were introduced in 10 mm concentra-
tion in the nutrient solution. Plants were incubated
in the presence of the amino acids for 24 h and the
foliar proline content was subsequently deter-
mined. After this pretreatment, plants were trans-
ferred to 25% polyethylene glycol (PEG) 8000 dis-
solved in nutrient solution. Proline levels were
measured again after 24 h of stress. Control plants
were left on nutrient solution.

Relative water content (RWC) of the leaves was
estimated as described by Turner (1981) and calcu-
lated according to

RWC = [(FW — DW)/(TW - DW)] - 100,

where FW is the fresh weight of the leaves, TW is
the weight at full turgor, measured after floating
the leaves for 24 h on water in the light at room
temperature, and DW is the weight estimated after
drying the leaves for at least 4 h at 80 °C or until
a constant weight is achieved. Free proline content
was assessed in leaf tissue by the ninhydrin
method of Bates et al. (1973). Fresh leaf material
(0.5 g) was stirred with 5 ml distilled water and
boiled in a water bath for 30 min. After centrifuga-
tion samples were filtered through paper and 1 ml
of the supernatant was mixed with 2 ml freshly
prepared ninhydrin reagent (0.5 g ninhydrin in
50 ml of 60% acetic acid). The colour reaction de-
veloped after incubation of the samples for 1 h in
a boiling water bath. Registration was performed
spectrophotometrically after toluene extraction,
and estimation of proline concentration was based
on a previously prepared standard curve. The
equivalent dry weight was obtained by drying an
identical leaf quantity at 80°C to a constant
weight. Foliar concentration of free amino acids
(without proline) was determined according to
Yemm and Cocking (1955). Ethanol extracts of
leaf tissue were evaporated to dryness and subse-
quently dissolved in water (1:1) with respect to
the fresh weight of the sample. The method is
based on the reaction of ninhydrin with the amino
group of amino acids. Proline reacts with ninhy-
drin in an entirely different way and is not in-
cluded in the presented data for total amino acids.
All values are means of at least 3 replica-
tions + SD.
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Results

Pretreatment with proline, ornithine and gluta-
mate per se did not lead to an increase in the con-
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Fig. 1. Changes of total amino acids (A) and free proline
content (B) in the leaves of young barley plants pre-
treated with proline, ornithine, or glutamate and subse-
quently stressed with PEG. Control plants were not pre-
treated with amino acids.

tent of total amino acids (Fig. 1A). Nevertheless,
24 h of osmotic stress caused a drastic increase in
foliar levels of these solutes in all variants. Highest
values were observed in stressed plants pretreated
with proline. After PEG stress total amino acids
content in glutamate-pretreated plants was some-
what lower than in stressed controls.

After incubation of young barley plants in nutri-
ent solution to which proline was added the con-
tent of free proline in the leaves increased 4.5-
times in comparison with control values (Fig. 1B).
Ornithine-pretreated plants had a 7-times higher
proline content than the untreated control. Pre-
treatment with glutamate, however, did not lead
to an increase in the endogenous proline level.
After 24 h of PEG treatment foliar concentrations
of free proline in plants grown on pure nutrient
solution showed a 13-fold increase as compared to
untreated controls. The osmotically induced rise
in endogenous proline for variants pretreated with
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Fig. 2. Changes of relative water content (RWC) in the
leaves of barley plants after 24 h of osmotic stress with
PEG. Different variants have previously been treated
with proline, ornithine, or glutamate. Control plants
were subjected to PEG stress without pretreatment with
amino acids.

proline, ornithine and glutamate was, respectively,
24-, 18-, and 17-times of the control value.

PEG treatment had an impact on the water sta-
tus of all stressed plants, causing a decrease in the
relative water content of their leaves (Fig. 2). The
parameter RWC is widely employed as a measure
of stress in plants (Turner, 1981). Since in our ex-
periments all variants exhibited only a slight de-
crease of foliar RWC, the imposed stress could be
regarded as mild or moderate.

Discussion

It is generally accepted that stress-related pro-
line accumulation is primarily due to intensified
synthesis de novo (Claussen, 2005). The biosyn-
thetic route from glutamate is considered to be
predominant in the proline metabolism (Zhang
etal., 1995). In our experiments, however, gluta-
mate pretreatment did not result in higher proline
accumulation in the leaves of unstressed plants
(Fig. 1B). One possible explanation is that glu-
tamic acid is a key metabolite, involved in many
biochemical reactions in the cell and under normal
conditions it is not directly assimilated to proline.
Exogenously added ornithine, on the other hand,
enters through the roots and is most likely meta-
bolized to proline. After PEG treatment we ob-
served higher proline levels in plants pretreated
with proline and its precursors than in stressed

controls. This is in accordance with the idea that
endogenous proline levels can be altered by the
addition of related amino acids (Aziz et al., 1998).
The presented data suggests that both biosynthetic
routes contribute to proline accumulation. While
ornithine is the main source for proline synthesis
under normal conditions, glutamate is involved
predominantly after stress. Amino acids are
viewed as compatible solutes, which contribute to
the process of osmotic adjustment under stress
conditions (Raggi, 1994; Rai, 2002). As it was
shown by other authors, the regulation of amino
acid levels is rather complex and manipulation of
a single amino acid may affect not only its own
metabolism and the metabolism of others directly
related to it, but also the amino acid composition
in general (Simon-Sarkadi et al., 2006). In our ex-
periments, although accumulated to high concen-
trations, amino acids and free proline did not seem
to contribute to the maintenance of foliar RWC
(Fig. 2). This is in accordance with the suggestion
that increased proline levels are associated not
only with osmoregulation. Furthermore, its degra-
dation after stress relief provides carbon, nitrogen,
and energy for the recovery processes (Hare and
Cress, 1997). We have already shown (Kocheva
and Georgiev, 2005) that after rehydration proline
levels fall to control values, which is probably due
to fast metabolization. However, a number of ex-
perimental evidences demonstrate that osmoti-
cally induced proline accumulation is not a pre-
requisite for immediate water stress tolerance, but
a symptomatic disorder induced by dehydration
(Larher et al., 2003). Indications that stress en-
countered by roots may be necessary in order to
observe changes in the proline content of the
leaves suggest a tissue-specific division of labour
in mediating osmolyte accumulation (Raymond
and Smirnoff, 2002). As a whole, contradictory
opinions exist in the literature regarding the exact
role of free proline accumulated in plant tissues in
stress response. Nevertheless, this particular amino
acid can be considered as a certain stress-marker
being among the first signals of stress develop-
ment. Results presented here elucidate the contri-
bution of the glutamate pathway for proline syn-
thesis and accumulation especially under stress
rather than normal conditions.



104

Aziz A., Martin-Tanguy J., and Larher F. (1998), Stress-
induced changes in polyamine and tyramine levels can
regulate proline accumulation in tomato leaf discs
treated with sodium chloride. Physiol. Plant. 104,
195-202.

Bates L. S., Walden R. P, and Teare I. D. (1973), Rapid
determination of proline for water stress studies. Plant
Soil 39, 205-207.

Boggess S. F. and Stewart C. R. (1976), Contribution of
arginine to proline accumulation in water-stressed
barley leaves. Plant Physiol. 58, 796-797.

Claussen W. (2005), Proline as a measure of stress in
tomato plants. Plant Sci. 168, 241-248.

Delauney A.J. and Verma D. P. S. (1993), Proline bio-
synthesis and osmoregulation in plants. Plant J. 4,
215-223.

Hare P.D. and Cress W. A. (1997), Metabolic implica-
tions of stress-induced proline accumulation in plants.
Plant Growth Regul. 21, 79-102.

Hsu S. Y., Hsu Y. T., and Kao C. H. (2003), The effect of
polyethylene glycol on proline accumulation in rice
leaves. Biol. Plant. 46, 73-78.

Kocheva K. V. and Georgiev G. I. (2005), Assessment of
solute accumulation in the leaves of barley seedlings
under dehydration and rehydration. Compt. Rend.
Acad. Bulg. Sci. 58, 421-426.

Larher FE. R., Aziz A., Gibon Y., Tortel-Aziz P., Sulpice
R., and Bouchereau A. (2003), An assessment of the
physiological properties of the so-called compatible
solutes using in vitro experiment with leaf disks. Plant
Physiol. Biochem. 41, 657-666.

K. V. Kocheva and G. I. Georgiev - Proline Accumulation under Osmotic Stress

Mestichelli L.J.J, Gupta R.N.,, and Spencer I.D.
(1979), The biosynthetic route from ornithine to pro-
line. J. Biol. Chem. 254, 640—-647.

Raggi V. (1994), Changes in free amino acids and os-
motic adjustment in leaves of water-stressed bean.
Physiol. Plant. 91, 427-434.

Rai V. K. (2002), Role of amino acids plant responses to
stress. Biol. Plant. 45, 481 —-484.

Raymond M. J. and Smirnoff N. (2002), Proline metabo-
lism and transport in maize seedlings at low water po-
tential. Ann. Bot. 89, 813-823. )

Simon-Sarkadi L., Kocsy G., Varhegyi A., Galiba G., and
De Ronde J. A. (2006) Effect of drought stress at
supraoptimal temperature on polyamine concentra-
tions in transgenic soybean with increased proline lev-
els. Z. Naturforsch. 61¢, 833 -839.

Turner N. C. (1981), Techniques and experimental ap-
proaches for the measurement of plant water status.
Plant Soil 58, 339-366.

Yemm E. W. and Cocking E. C. (1955), The determina-
tion of amino-acids with ninhydrin. Analyst 80, 209—
213.

Yoshiba Y., Kiyosue T., Nakashima K., Yamaguchi-Shi-
nozaki K., and Shinozaki U. (1997), Regulation of
levels of proline as an osmolyte in plants under water
stress. Plant Cell Physiol. 38, 1095-1102.

Zhang C., Lu Q., and Verma D.P. S. (1995), Removal
of feedback inhibition of Al-pyrroline-5-carboxylate
synthetase, a bifunctional enzyme catalyzing the first
two steps of proline biosynthesis in plants. J. Biol.
Chem. 270, 20491 -20496.





