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ABSTRACT

Excised bean (Phaseolus vulgaris) leaves were used to meas-
ure changes in proline content and proline metabolism during
rehydration in the dark after the leaves had been incubated in
the dark 24 hours in a wilted condition.
The increase in nonprotein proline which occurs in wilted

leaves stopped immediately upon rehydration, and thereafter
levels of proline declined. The rate of decline and the fate of
the metabolized proline depended on the amount of carbo-
hydrate present. When the level of carbohydrate was relatively
high, the rate of decline in proline content was slow, and the
proline was converted mainly to protein proline. When the
level of carbohydrate was relatively low, the rate of proline de-
cline was rapid and a large percentage of the proline was oxi-
dized to C02 and other amino acids in addition to conversion to
protein proline.
The results indicate that nonprotein proline can be oxidized

when the level is increased by endogenous synthesis. Proline
oxidation has been observed when the levels are increased by
adding exogenous proline. Oxidation of endogenous proline is
inhibited by carbohydrates in the leaf, as is true of oxidation of
exogenous proline.

The accumulation of nonprotein proline in leaves under
water stress has been reported by several workers (1, 6, 9,
11). However, little information is available on changes in
proline content of leaves when they regain turgidity after a
period of water stress. The experimental system of excised
leaves, used previously by the author (7, 9, 11), allows meas-
urement of changes in levels of metabolites over a period of
time when the leaves are at a constant water content. When
excised leaves are wilted, then incubated at a constant water
content in the dark, the level of nonprotein proline increased
more than protein proline decreases (9, 11). This increase
does not occur in turgid leaves. After a period of accumula-
tion, there is a net loss of proline from wilted leaves when
they are incubated in the dark. The time at which the loss
of proline occurs corresponds to the depletion of leaf carbo-
hydrate. Nonprotein proline does not increase in wilted,
starved leaves (9).
When excised bean leaves are wilted until they have lost

25% of their original fresh weight, then incubated at that
water content to allow proline accumulation (24 hr), they
can be rehydrated to their original fresh weight. Thus, excised
leaves can be used to determine the proline content of leaves
following rehydration and the fate of metabolized proline.

Previous experiments with bean leaves (8) and corn roots
(5) have shown that proline is extensively oxidized by these
tissues only if the endogenous level of proline is increased
and carbohydrates are depleted. In both studies, the endoge-
nous level was increased by adding exogenous proline. The
oxidation was inhibited by carbohydrates in the tissue.
Whether or not proline is extensively oxidized as a result of
an increase in leaf proline content can be established by de-
termining the fate of metabolized proline in rehydrated
leaves. Thus, the changes in proline content of leaves and the
metabolic fate of proline during and after rehydration are
reported here. These experiments also determine whether or
not an expanded pool of proline due to endogenous synthesis
was subject to the same fate and control as exogenously added
proline.

MATERIALS AND METHODS

Most of the methods used in these experiments have been
described previously (7, 8). Fully expanded primary leaves of
bean (Phaseolus vulgaris L. var. Tendergreen) were used.
Starved leaves were from plants which had been in the dark
for 48 hr. Nonstarved leaves were from plants which had
been in the light (2500 ft-c) for 16 hr or more. Wilting,
sampling, and incubation at a constant water content were
described previously (7). Addition of metabolites by vacuum
infiltration, collection of "4CO2, extraction, fractionation,
chromatography of amino acids, and determination of radio-
activity also have been described (4, 8, 10). Wilted leaves
were rehydrated by either placing them between paper towels
saturated with water or by vacuum infiltrating them with
water. When "C-proline was added upon rehydration, wilted
leaves were simply vacuum infiltrated with a "4C-L-proline
solution. Proline was determined by the method of Chinard
(3). Sugars (sucrose and reducing sugars) were determined by
the reaction of the neutral fraction with 3,5-dinitrosalicylic
acid (2) before and after treatment with invertase (7).

RESULTS

The fresh weight of leaves treated in various ways is shown
in Figure 1. The wilted leaves lost water (25% of original
fresh weight) during the rapid wilt period (45 min), then were
incubated for a period of several days at a constant water
content. The turgid leaves were floated on water during the
45 min wilt period, then incubated at a constant water con-
tent for a period of several days. Samples of leaves after 24
hr in a wilted condition were placed between paper towels
saturated with water. They took up water to the extent that
they regained their original fresh weight. These rehydrated
leaves appeared turgid.
The nonprotein proline content of nonstarved leaves in-
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FIG. 1. Fresh weight of turgid, wilted, and rehydrated excised
leaves during incubation in the dark in a humid chamber.

wilted leaves

*,

/"'-

rehydrated leaves

",-Z~~~~~~~~~~~~~~7

10 20 30 40 50 60 70 80 90 100

observed during rehydration and after 12 hr there was a
gradual decline. This decline in nonprotein proline continued
at a slow rate during the remainder of the incubation period.
The nonprotein proline content of starved leaves infiltrated

with 50 mm sucrose and incubated in a wilted condition is
shown in Figure 3. There was a steady increase in nonprotein
proline in wilted leaves over a period of 72 hr followed by a
decline. The nonprotein proline content of leaves incubated
in a wilted condition for 24 hr then rehydrated is also shown
in Figure 3. The nonprotein proline content declined so
rapidly during rehydration that, when the first sample was
taken, the proline content was almost as low as it was prior
to wilting. This 8-hr period was the time required for the
leaves to regain their turgidity and approach their original
fresh weight. Thus, from Figures 1 and 3 it is evident that
by the time the leaves in this experiment were rehydrated,
they had metabolized the proline which had accumulated
during the wilting period.
The alcohol-soluble sugar (sucrose, glucose, and fructose)

content of the 24-hr sample of leaves represented by the data
in Figure 2 was 19 mg per g fresh weight, and a correspond-
ing sugar content for the 24-hr sample of leaves represented
by the data in Figure 3 was 7 mg per g fresh weight. Starch
was not measured, but from previous measurements on com-
parable leaves, starch content of the 24-hr sample of leaves
from plants in the light would have been 2- to 5-fold greater
than that of leaves from plants in the dark to which sucrose
had been added.

Distribution of '4C in leaves at various times during the 24-
hr period following simultaneous rehydration and addition of
4C-proline to wilted leaves is shown in Figure 4 for leaves
under different conditions. The data in Figure 4A are from
nonstarved leaves which were wilted 24 hr then rehydrated.

TIME (hr)

FIG. 2. Nonprotein proline content during incubation in the
dark of wilted and rehydrated excised bean leaves from plants in
light prior to these treatments.
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FIG. 3. Nonprotein proline content during incubation in the

dark of wilted and rehydrated excised bean leaves from plants

previously in the dark 48 hr prior to zero time. Sucrose (0.05 M)

was infiltrated into the leaves at zero time.

cubated in a wilted condition is shown in Figure 2. There

was a steady increase in nonprotein proline for a period of

48 hr after which it began to level off. The nonprotein proline

content of leaves incubated in a wilted condition 24 hr then

rehydrated is also shown in Figure 2. No further increase was
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FIG. 4. The percentage of distribution of 14C in fractions at
various times after adding "C-proline to rehydrated excised bean
leaves and incubating them in the dark. Prior to zero time, the
leaves had been wilted (A, 24 hr; B, 36 hr). Prior to wilting, the
leaves were from plants which had been: A: in the light; B': in the
dark for 48 hr, then 0.05 M sucrose was infiltrated at the time of
wilting.
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PROLINE METABOLISM DURING REHYDRATION

Time zero was the time of rehydration (by vacuum infiltration)
and corresponds to the 24-hr time of Figure 2. "4C-Proline was
steadily incorporated into protein throughout the incubation
period with 44% of the "4C recovered in protein proline after
24 hr. There was very little conversion of 14C from proline to
CO2 (4% after 24 hr) under these conditions and at all sam-
pling times after adding "C-proline, other amino acids and
organic acids combined accounted for less than 3% of the 14C
recovered. Thus, there was very little oxidation of proline by
these leaves. The alcohol-soluble sugar content at zero time
in this experiment was 12 mg per g fresh weight. The data
in Figure 4B are from starved leaves, infiltrated with 50 mM
sucrose, incubated in a wilted condition for 36 hr, then re-
hydrated. Time zero was the time of rehydration and cor-
responds to the 36-hr time of Figure 3. After a lag of 4 to 8
hr, there was a rapid loss of 14C from nonprotein proline with
over 90% of it lost by 24 hr. Some of this proline was con-
verted to protein proline (33% after 24 hr), and a large por-
tion was oxidized to CO2 (43% after 24 hr) and other amino
acids (10% after 24 hr). Organic acids accounted for 3 to 4%
of the label, but values are not plotted in Figure 4B. Alcohol-
soluble sugar content at zero time in this experiment was 2
mg per g fresh weight.

DISCUSSION

The fact that excised leaves can be rehydrated after incuba-
tion in a wilted condition makes it possible to measure changes
in composition of leaves during rehydration. Results from ex-
periments reported in this paper with excised leaves indicate
that the accumulation of non-protein proline caused by wilt-
ing is stopped when leaves are rehydrated. The nonprotein
proline content of leaves during rehydration declines, but the
rate of decrease and the fate of the nonprotein proline de-
pends on the carbohydrate status of the leaves. If the leaves
have high levels of carbohydrates during rehydration, the rate
of loss of nonprotein proline is slow (Fig. 2), and this proline
is converted to protein (Fig. 4A). If the leaves have low levels
of carbohydrate, there is a rapid loss of non-protein proline
(Fig. 3), and it is converted both to protein proline and to
other amino acids, organic acids, and CO2 (Fig. 4B). Con-
version to other amino acids, organic acids, and CO2 is a re-
sult of proline oxidation (5, 8).

These results are expected on the basis of previous results
from experiments in which the endogenous level of nonpro-
tein proline was increased by adding exogenous proline (8).
In those experiments, increasing the endogenous level of non-
protein proline of starved leaves resulted in an increase in the
percentage of the added proline being oxidized. Adding pro-
line to nonstarved leaves did not result in extensive oxidation

and adding sucrose to starved leaves also inhibited proline
oxidation. Thus, an important conclusion from the results in
this paper is that when the level of nonprotein proline is in-
creased by endogenous synthesis, its metabolic fate is the same
as when the nonprotein proline is increased by adding exoge-
nous proline. The presence of carbohydrates in leaves is neces-
sary for proline to accumulate, because in the absence of
carbohydrates and as proline levels increase, the oxidation of
proline would increase and large accumulations of proline
would therefore not be observed.
From these results, the fate of proline which would accu-

mulate in leaves on plants under moderate, temporary water
stress can be predicted. This stress would occur under condi-
tions of high light and of transpiration in excess of water
uptake. Thus, proline would accumulate while photosynthesis
proceeds and carbohydrate would be present to prevent pro-
line oxidation. As the plant recovers due to decreased tran-
spiration in the dark, proline accumulation would cease and
proline would only be incorporated into protein as long as
carbohydrate is present. If some of the accumulated proline
was still present when carbohydrates in the leaf had become
depleted by translocation and respiration, then proline would
be metabolized by oxidation in addition to protein synthesis.
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