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Introduction

Water shortage induces a deviation of plant metabolism from its normal pattern
(Hsiao, 1973). Total soluble nitrogen tendsto increase in water-stressed tissues because
of an enhanced proteolysis, a depressed protein synthesis, ade novo enhanced syn-
thesis of amino acids and a reduced incorporation of them to proteins (Petrie and
Wood, 1938; Kemble and McPherson, 1954; Barnett and Naylor, 1966). Sugar me-
tabolism is also affected: an increase in soluble sugar concentration, especialy that
of disaccharides, has been reported for anumber of crop plants subjected to drought
(Cutler et al., 1977; Turner et a. 1978; Ford and Wilson, 1981).

The accumulation of the amino acid prolinein tissues of several plant speciesis
regarded as a general response to water and other kinds of stresses (Chen et al., 1964;
Barnett and Naylor, 1966; Chu et a., 1974, 1976). In addition, some other amino com-
pounds (betaine, glutamate, glutamine, asparagine, etc.; for a review, see Dros-
sopoulos et al., 1985) were also found at higher concentrations in stressed tissues.

The deviations from the normal metabolism mentioned above are either “pas-
sive’, namely the simple result of stress-induced changesin some enzymatic systems,
or “adaptive” i.e. oriented towards enabling plants to withstand the imposed stress.

In the latter case, a certain physiological role should be ascribed to each of the
accumulating substances. Most of them are regarded as* compatible solutes’ or “com-
patible osmotica’ (Yancey et al., 1982), namely solutes accumulating in the cyto-
plasm without denaturing the enzymes essential for the metabolic processes of life.
Prolineis also regarded as a source of energy, carbon, and nitrogen for the recover-
ing tissues (Singh et al., 1973b; Blum and Ebercon, 1976), whereas other roles have
been ascribed to other substances.
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Despite the close associ ation between free proline accummul ation and water shor-
tage found in numerous works, proline concentration has not been considered yet as
a safe parameter for describing the plant ability to withstand stress. The same ap-
plies to a much greater extent for the other substances. The purpose of thiswork is
to reveal the possible problems and peculiaritiesinvolved in the association of plant
water status with the accumulation of proline and some other metabolites. The ulti-
mate target is to present some reasons for the ambiguity of the experimental results
and to suggest ways of overcoming it.

Both published and unpublished experimental results obtained from several field
experiments at the Agricultural University of Athens (Laboratory of Crop Production)
in combination with results from other works will be used. The description of the
field experiments and the rel ated methodol ogy has been given elsewhere (Karamanos
et al., 1983; Drossopoulos et al., 1985, 1987; Karamanos et al., 1995). The aspects
to be covered here refer: (i) to the kinds of substances accumulating under stressin
an effort to search for the most effective potential stressindicators. (ii) To possible dif-
ferences among plant organsin the levels of the accumulating substance. (iii) To the
effects of plant development, and (iv) to possible differences among plant genotypes.

Results and Discussion

1. The type of substance

Water shortage brings about anet increase in the total soluble nitrogen of the stressed
tissues (Karamanos et al., 1986). Free proline is the substance most readily accumu-
lating: it accounts for up to 70 % of the total amino compounds during the periods
of more severe stress (Table 1).

Table 1. The range of the values for proline and for the sum of the other amino compounds (umol.g*
f.wt) observed throughout growth in the organs of the wheat cultivars Y ecora and Generoso grown in
the field under rainfed (D) and irrigated (W) conditions (Drossopoulos et a., 1985)

Leaves Stems and sheaths Roots Ears
Proline  Others Proline  Others Proline  Others Proline  Others
Generoso
w 11176 44-119 04-39 15136 0321 0998 06-105 21-141
D 1.2-30.8 2.9-135 0.6-57.6 22-156 0.7-347 4.1-16.2 29-17.8 2.7-16.3
Y ecora
w 1.0-186 2.3-16.3 0.6-142 14-181 0.3-6.9 24-158 2891 7.1-212

D 1.2-195 81-13.8 1.0-23.7 4.7-192 0695 15146 21-122 4.6-189
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With the exception of betaine, which was found to accumulate in water —and salt
stressed barley and tropical grasses (Hanson and Nelson, 1978; Stewart and Larher, 1980;
Ford and Wilson, 1981), the accumulation of other amino-compoundsin water stressed
tissues appears to be of minor importance. There is a tendency, however, for serine,
glutamine and alanine to accumulate in the laminae of water-stressed wheat plants (Fig.
1).
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Fig. 1. The time courses of the most abundant amino compounds other than
proline in the leaf laminae of the wheat cultivars Generoso, A, and Y ecora,
B, grown in the field under rainfed (o- -o) and irrigated (- %2 - ) conditions.
Abbreviations: Glu, glutamate; Asp, aspartate; Ala, alanine; Ser, serine; Glu-
NH,, glutamine; Leu + Val, leucine plus valine; g-AB, g-aminobutyric acid;
Asp-NH,, asparagine; Gly, glycine; Thr, threonine (Drossopoulos et al ., 1985)



. Theinvolvement of proline and some metabolites in water stress. . . 101

From the ethanol soluble sugars, sucrose was the substance more closely follow-
ing the fluctuationsinY . (Fig. 2), athough no significant difference between treat-
mentsin its concentration was evident. Glucose and fructose were maintained at lower
levels with no obvious increase in the leaves under drought.
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Fig. 2. The time courses of the |eaf water potential at midday (Y ) and of the concentrations of
sucrose (B), glucose (C) and fructose (D) in the leaves of the wheat cultivars Generoso (left)
and Yecora (right). - % -, irrigated trestment; o- -o, rainfed treatment. The vertical bars show
the standard errors of the means (Drossopoulos et al., 1987)

2. The variation among organs

Substantial differencesin the type of the accumulating substances and their concen-
tration have been detected among the organs of the same plant. Proline was more read-
ily accumulating in the stems (including sheaths) and roots than in the leaves of wa-
ter-stressed wheat plants (Fig. 3). An accumulation in the reproductive organs was
also observed.
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Fig. 3. Thetime courses of proline accumulation
in the leaves, stems, roots, and ears of the wheat
cultivar Generoso grown in the field with the cor-
responding pattern of leaf water potential (Y ).
Black areas, irrigated treatment; white areas,
rainfed treatment. The vertical bars show the
standard errors of the means (Karamanos et al.,
1983)

Singh et al. (1973a), however, found
that the accumulation rate was greatest in
laminae, lowest in roots and intermediate
in leaf sheaths and shoot apices of barley
plants. At any time, the levels of the sub-
stance in a given organ result from either
an in situ biosynthesis or/and a trans-
location from other sources. It is postulated
that all the above-ground parts of the plant
are able to synthesize proline, whereas
roots are considered as net proline import-
ers (Oaks, 1966; Singh et d., 1973). The
fact that stems and sheaths of water-
stressed wheat plants are able to accumu-
late large amounts of proline after the desth
of thefoliage (Fig. 3) strongly supportsthis
view.

As regards the other amino com-
pounds, clear differencesare visible among
thevarious organs (Fig. 4) exhibiting strong
interactions with plant devel opment.

Ethanol-soluble sugars also show a
different pattern of accumulation among
organs (Drossopoulos et al., 1987). The
highest concentrations are detected in the
stems and sheaths during the reproductive
stage. Very high levels of glucose and fruc-
tose were found only in the stems of wa-
ter-stressed wheat plants (ibid.).

3. The effects of development

There is evidence that plants exhibit a
change in their water balance with their
stage of development (Fisher, 1973;
Connor, 1975; Morgan, 1977). The pos-
sible developmental effects could also be
associated with the previous stress history
of the plants. Accordingly, substances ac-
cumulating under stress conditions might

well have been affected by plant development and/or stress history. Singh et al.
(1973b) found that barley plants not previously exposed to several cycles of water
stress accumul ated proline more readily and in higher amounts than plants which were
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Fig. 4. The time courses of the leaf water potential at midday (A),
and of the total amino compounds except prolinein the leaves (B),
stems and sheaths (C), roots (D), and ears (E) of the wheat cultivars
Generoso (left) and Y ecora (right). - % -, irrigated treatment, o- -
o, rainfed treatment. The vertical bars show the standard errors of
the means (Drossopoulos et al., 1985)

preconditioned to water stress. However, results from our field experiments do not
agree with these findings.

An easy way to detect possible effects of plant development or stress history, is
to plot the concentations of the accumulated substance against the corresponding
values of Y . and look for possible systematic deviations in the graphs. In no case
did we find any consistent difference between points obtained from different irriga-
tion treatments for any accumulating substance (Fig. 5).
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Fig. 5. Therelations between the concentrations of various substancesin the leaves
and the leaf water potential (Y ) in the wheat cultivars Generoso (circles) and
Y ecora (triangles) grown under irrigated (filled symbols) and rainfed conditions
(open symbols). The values from Y ecorain the vegetative phase are enclosed in
circles. Suc, sucrose; Pro, proline; Ala, alanine; Ser, serine; Glu-NH,, glutamine;
Leu+val, leucine + valine. Thelinesindicate the regressions of best fit with their
coefficients of determination (r?) (Karamanos et al., 1986)
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On the other hand, some obvious departures from the overall trends for differ-
ent stages of development can be seen in the same figure: higher levels of proline at
agivenY . were accumulated in the vegetative than in the reproductive phase of wheat
(Fig. 5). Infababeans (Fig. 6), plants at the |atest stages of development tend to ac-
cumulate lower levels than younger plants at the same values of Y . (see also
Venekamp et al., 1987).
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Fig. 6. The relations between free proline accumul ation and leaf water potential
(Y ) for five faba bean cultivars. The lines and arrows indicate the sequence of
data points obtained for each cultivar

These results can be interpreted by means of the suggested role of proline asan
energy, carbon and nitrogen source which enhances tissue recovery on the relief of
stress(Singh et al., 1973; Blum and Ebercon, 1976). Thus, the younger more actively
growing plants are endowed with agreater ability to recover after stress (i.e. agreater
potential for proline accumulation) than plants at later growth stages. Alternatively,
the high prolinelevelsin wheat plants at the vegetative phase could al so be explained
in terms of the occasional and rapid declinein'Y . observed in one day (Waldren and
Teare, 1974; Waldren et al., 1974; Venekamp et al., 1987). Thislatter approach may
also explain the lack of major developmental effects in the graphs relating proline
with 'Y . in caseswhere Y . fell gradually over along time (Fig. 7).
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Fig. 7. The relations between free proline accumulation and the leaf water po-
tential (Y o) after anthesis for three wheat cultivars. Circles (¥ o%), Generoso;
triangles (- D -), Yecora; squares (---o---), Siete Cerros (Papatheohari, 1995)

4. The effects of genotype

Proline accumulation was found to vary among and within plant species, as, for ex-
ample, in barley cultivars (Singh et al., 1972), bermuda grass ecotypes (Barnett and
Naylor, 1966), and genotypes of sorghum (Blum and Ebercon, 1976), rice (O’ Toole
and Chang, 1979), and faba beans (Venekamp et al., 1987).

In our field work with the wheat cultivars, a different behaviour is clearly visible
(Fig. 7). Thedifferences refer to the threshold values for rapid accumulation (approx.
more negative than —2.3 MPain Generoso and —3.0 MPain Siete Cerros), the over-
all shape of the relationships, and the highest values obtained (65, 75, and 120 umol/g
DW for Y ecora, Generoso, and Siete Cerros, respectively). In another field experiment
with the same cultivars, the threshold values of Y , were much higher (1.4 to -1.5
MPa), afact that clearly shows that growth conditions (among them, temperature:
Chu et al., 1974; Venekamp et al., 1987) affect the response of the plants to water
shortage.

A different behaviour among faba bean cultivars was al so detected in another of
our field experiments. There were striking differences in the sensitivity of accumu-
lation, aswell asinthe highest concentrations observed for each cultivar (Fig. 6). The
two late cultivarsKY -188 (K) and R-29T (R) tended to accumulate more proline than
the early ones Brocal (B) and VT-1 (V). It was also obvious that the sensitivity of
accumulation fell asthe plants grew older. Finally, the overall relationship was quite
different from that detected in wheat showing no apparent threshold Y -value.



. Theinvolvement of proline and some metabolites in water stress. . . 107

As regards other substances, possible genotype effects (see, e.g., sucrose —
glutamine — serine — and glutamine — accumulation in the leaves of two wheat
cultivars) (Fig. 1) are bound with differences in the growth and development of the
cultivars. Early cultivars grow faster in the vegetative phase and appear to be more
responsive to changes of their plant water statusin this phase.

Conclusions

The information presented above can be summarized as follows:

1. It is important to choose the plant organ in which proline and other related
substances accumulate more readily, since accumulation was found to vary among
plant organs. There is strong evidence in cereals that the accumulation is more in-
tensein stems, especially when sheaths are included, than in leaves.

2. Proline is clearly the substance most readily accumulating in water-stressed
plants. Other amino compounds and sugars, with the exception of betaine for some
species, are of minor importance in terms of the sensitivity of the stress-induced con-
centration athough they may exhibit significant correlationswith Y .

3. Plant development is afactor which has to be seriously taken into account al-
though its effects may be affected or even confused by those arising from the previ-
ous stress history of plants. It is suggested to sample and examine plants at compa-
rable growth stages, or, at least, not to mix results from contrasting stages (e.g. too
early and too late stages), in order to avoid misleading interpretations.

4. The effect of genotypes on the accumulation intensity is clear and may arise
from their growth habit. It appears that the higher the growth rate at a given stage,
the higher the potential for accumulation and vice versa. The length of the biologi-
cal cycle may also be another important factor, with the late genotypes tending to
exhibit higher concentrations than the earlier ones.

Threshold Y -values for accumulation may or may not exist, depending on the
species examined. Nevertheless, whenever athreshold Y  exists, its value is by no
means “universal” and changes with growth conditions. The interaction of water
shortage with other kinds of stresses may play here an important role.

A possible association of proline accumulation with the drought resistance of
different genotypes will obviously have a major practical importance: it would pro-
vide an easy screening criterion to plant breeders and help agronomists to assess the
field perfomance of genotypes. The main problem, however, lies in the ambiguity
of the term “drought resistance” for field crops. The criteria change among investi-
gators: Singh et al. (1972) used the yield stability index over arange of water stress
to associate proline accumul ation with the drought resistance of barley varieties. The
same authors (1973b) examined additionally the ability for leaf survival under stress,
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aswell asthe leaf relative growth rate upon the relief of stress. The speed of plant
recovery after the aleviation of water stress was associated with higher proline con-
centrations in sorghum leaves by Blum and Ebercon (1976). We tried to examine
proline accumulation in two wheat cultivars using anumber of parametersrelated to
drought resistance. First, the value of Y  at which leaves started rolling, an indica-
tion of turgor less point, was less negative in Y ecora than in Generoso (Karamanos
et al., 1983). Secondly, stomatal closure, anindication of drought avoidance, was more
abrupt in Generoso than in Yecora at values of Y . more negative than -1.5 MPa
(ibid.). Thirdly, the relationship between grain yield and the average Y  after anthesis
was less steep in Generoso than in Y ecora indicating a higher yield stability in the
former for agivenrange of Y -values (Fig. 8). All three criteriapoint to cv. Generoso
as being more drought resistant than Y ecora. Bearing in mind that Generoso accu-
mulates proline more readily than Y ecora, we have an indication for a positive asso-
ciation between proline accumul ation and drought resistance.
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Fig. 8. The relations between seed yields (Y) and the average leaf water poten-
tial after anthesis (Y ) for thewheat cultivars Y ecora, Generoso, and Siete Cerros.
For symbols, see Fig. 7 (Papatheohari, 1995)

Similarly, in faba bean, the cultivars exhibiting a greater yield stability to water
shortage (FLIP-86, KY-188, and R-29T: Karamanos et al., 1995) showed the high-
est potential for proline accumulation (Fig. 6). Thus, proline accumulation may be-
come auseful tool asacriterion for drought resistance assessment of crop genotypes,
provided that the points mentioned above will be taken into account.
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