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ABSTRACT

Three treatments which altered translocation rate were applied to
cucumber plants: Girdling of source leaf petiole; removal of all aerial
sinks; removal of all source leaves except one. Two different effects were
observed, one short-term (during the initial 6 hours), and one long-term
(detected after several days).

The short-term effect was observed exclusively in girdled leaves and
involved a reduction in '“CO, fixation rate paralleled by an increase in
stomatal resistance. The effects were maximal after 3 hours with subse-
quent recovery. Stomatal closure apparently resulted from the 5 to 10%
water deficit temporarily detected in girdled leaves which probably in-
duced the observed temporary increases in abscisic acid content. Kinetin
counteracted the effects of girdling.

The long-term effect was detected 3 days after girdling and 3 to 5 days
after sink manipulation. An increase or decrease in '“CO; fixation rate
was observed when the sink-source ratio was increased or decreased
respectively, accompanied by a respective decrease or increase in starch
content. Changes in the relative amount of *CO; incorporated into various
photosynthetic products were also observed. Stomatal closure was not
involved, and the decrease in CO, fixation was not counteracted by
kinetin.

There is controversy in the literature as to whether the rate of
photosynthesis of source leaves is influenced by translocation-
hindering manipulations such as decreasing the sink-to-source
ratio or phloem girdling. In certain plants it has been possible to
show that partial or complete removal of fruits, buds, young
leaves, or storage organs (i.e. decrease in sink-to-source ratio)
decreases the photosynthetic rate of the well developed mature
leaves (8, 10, 11, 16). Moreover, concomitant increases in car-
bohydrate level was observed in the source leaf, as predicted by
the hypothesis that photosynthesis is inhibited by the accumu-
lation of its end-products (23). However, there are also reports
that photosynthesis in intact leaves is independent of the starch
levels in the chloroplasts (7, 18, 26). Some workers have attrib-
uted the decrease in CO fixation rate observed after sink removal
or girdling to stomatal closure (10, 17, 27).

The evidence is conflicting not only with regard to the type of
response to sink manipulation and girdling but also the time
required to observe an effect, if any. For instance, King et al.
(16) reported a decrease in photosynthesis of source leaves 3 h
after ear removal in wheat plants; Austin and Edrich (1), how-
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ever, detected no effect of similar treatment in the same plant
until several weeks after sink removal. Some of the differences
between reported results may have arisen because growing con-
ditions and handling techniques varied between laboratories.
We have conducted an investigation into the short- and long-
term effects of decreased sink-to-source ratio and petiole girdling
on the metabolic activities of source leaves in several plant
species, grown under similar controlled environmental condi-
tions. We have endeavored to separate stomatal from nonsto-
matal effects; and, further, to investigate the role of photosyn-
thetic intermediary compounds in the possible control of pho-
tosynthesis by translocation. We have observed two separate and
distinguishable effects, one short-term (during the 6 h following
treatment) and one detectable only after several days. In this
communication we report on the short-term and long-term
effects of translocation-hindering procedures in cucumber plants.

MATERIALS AND METHODS

Cucumber (Cucumis sativus cv Dalila) plants were grown from
seeds in 2-L cylindrical plastic containers filled with vermiculite,
grade 3. Seedlings were thinned to one plant per container 4 d
after emergence. Plants were irrigated in excess daily with deion-
ized H,O and twice a week with full strength Hoagland solution.
Excess water and solution drained through the bottom of the
containers. Plants were grown in a growth chamber at 25 + 1°C
air temperature and 50 + 5% RH. Maximal quantum flux density
of 450 uE m™2 s~! (400-700 nm) was provided by fluorescent
tubes for a photoperiod of 13 h. A special section in the growth
chamber, in which environmental conditions were identical, was
enclosed for atmospheric CO, enrichment. CO, was released
from condensed cylinders and maintained at 1500 ul/l. Plants
were transferred to this enclosure 7 d prior to girdling.

Plants were used in the experiments at the age of 10 to 12
weeks. Girdling was effected by running a fine stream of boiling
water over the petiole of the third or fourth oldest leaf for 2 to 3
s. Measurements were made on the girdled leaf at various inter-
vals after treatments as indicated in the text.

The rate of CO, fixation was determined on 1.5 cm? areas of
attached leaves according to the method earlier described (14).
The method involves enclosing the area in a microchamber and
flushing it for 20 s with an airstream containing 300 nl/1 ?CO,
+ '%CO, at a rate of 60 cm® min™"'.

The evolution of CO, by leaves was determined on two leaf
discs which were enclosed in a divided plexiglass chamber (total
volume 15 cm?) illuminated from above with a light source at
an intensity of 300 uE m~2 s™! (400-700 nm). Prehumidified air
containing a mixture of *CO; and >CO, (300 ul/1) was passed
over the enclosed leaf discs at a rate of 250 cm® min™* for 45
min. The chamber was then flushed with humidified CO,-free
air for 30 s before collection of the CO, evolved by the leaf discs,
and subsequently for 60 min during which the CO, evolved was
trapped in a series of tubes containing cold ethanolamine solu-
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tion. “CO, trapped in the ethanolamine was determined by
liquid scintillation counting. For the estimation of dark CO,
from one leaf disc, one side of the chamber was covered with
aluminum foil.

Determination of fixed '“C and its distribution among inter-
mediates and end products of photosynthesis was determined
after standard extraction of 1.0 cm? leaf discs by 80% ethanol
followed by 20% hot ethanol and water. The extracts were
combined and concentrated to 0.5 ml under vacuum. Com-
pounds were separated on TLC plates according to Platt and
Rand (25). After location of the labeled spots by exposure to x-
ray film, the cellulose containing the various spots were removed
and counted by liquid scintillation. Spots were identified by co-
chromatography with the various cold substances.

Total starch content of leaves was determined on the remain-
ing parts of the same leaves which had been used for photosyn-
thesis measurements. Leaf material was dried, ground, and sub-
samples of 200 mg dry weight were extracted with ethanol and
water as above and then extracted with 20% HCIO, which was
analyzed by the anthrone method (19).

ABA was determined on 5-g samples collected from girdled
and nongirdled leaves. The plant material was ground in 100 ml
methanol-acetic acid (8:2) mixture and incubated for 4 d at 4°C.
After filtration the solution was concentrated to about 10 ml in
a rotovapor at 37°C, made up to 50 ml with H,O, and brought
to pH 8.5 with NaOH. The fraction containing ABA was sepa-
rated first with petroleum ether and then with ethyl acetate,
evaporated to dryness (at 40°C), and redissolved in 2 ml ethyl
acetate. ABA was determined by GC after methylation according
to Mizrahy et al. (21).

Leaf diffusive resistance was determined on the lower leaf
surface by a Li-Cor diffusion porometer. Relative leaf water
content was estimated according to Barrs and Weatherley (2).

Girdled and nongirdled plants were treated with kinetin in
several experiments. Kinetin was applied by foliar spraying at a
concentration of 10~ M in aqueous solution containing 0.1%
Tween-20 as surfactant.

RESULTS

Short-Term Effect. Photosynthesis of source leaves, calculated
following a 20-s '“CO, labeling period, was depressed by girdling
(Fig. 1a). The effect appeared to be temporary. The maximal
effect was observed about 3 h after treatment, and after 4 h the
CO; fixation rate started to increase again. Control values were
regained 6 to 7 h after girdling (Fig. 1a). A progressive increase
in stomatal resistance was also noted in girdled leaves, with the
maximum value again being observed 3 h after translocation had
been impaired (Fig. 1b). Subsequently, the stomata reopened.

Stomatal closure as a result of girdling was also evidenced by
the decrease in the amount of CO, evolved from girdled leaves.
In the light, the quantity of CO, released will depend both on
the magnitude of photorespiration, and on the proportion of the
CO; evolved which diffuses to the atmosphere through the sto-
mata, relative to that refixed in the chloroplasts. In these exper-
iments CO,-free air was passed over the discs during assessment
of '*CO, evolution in order to avoid dilution of fixed '“C by the
newly fixed nonlabeled C with consequent alteration of specific
activity. The ratio of the '“CO, released under these conditions
in the light to that given off in the dark over the same period has
been calculated (Table I). This assay gives a measure of photo-
respiration and the latter appears to be 3 times greater than dark
respiration under present experimental conditions.

Since the flow rate of Co,-free air was high (to keep CO,
concentration low) and identical for girdled and nongirdled
plants, the change in ratio can be attributed to the increase in
stomatal resistance or to a decrease in photorespiration. The two
factors are probably connected as an increase in internal CO,
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FiG. 1. Short-term effect of girdling on rate of photosynthesis (a) and
stomatal resistance (b) of source leaf of cucumber plants. The points give
the average of 10 replicates + SE (a) or of 20 individual measurements +
SE (b). (O), control; (@), girdled.

Table 1. Determination of the *CO, Evolved (Light)/**CO, Evolved
(Dark) Ratio in Control and Girdled Cucumber Leaves
Leaf discs were labeled for 45 min. The chamber was then flushed
with CO.-free air for 30 s before collection of the CO, evolved and
subsequently for an additional 60 min. The '“CO, evolved was collected
in a trapping solution.

Radioactivity
T Time after CO; Light/
reatment  r eatment Collected  Collected  14CQ, Dark
in the light in the dark
h dpm ratio
Control 573 % 10° 191 x 10° 3.00
Girdled 3 2.35% 10° 1.85 x 10° 1.27
Girdled 6 5.20 x 10 1.90 x 10° 2.73

due to higher photorespiration would lead to stomatal closure.
Table I shows that girdling, though it increased the diffusive
resistance of the leaves, did not decrease the quantity of *CO,
evolved in the dark. The reduction of the **CO, light/"*CO, dark
ratio from 3 (control) to 1.27 (3 h after girdling) is indicative of
the effect of the treatment on the amount of CO, evolved in the
light.

Starch did not accumulate significantly in girdled leaves during
the 6 h following girdling (not shown). Investigation of the
distribution of '*C between various photosynthetic products after
20 s or after 1 min labeling with “CO,, also revealed no signifi-
cant effect of the treatment. The photosynthetic products ex-
amined are listed for another experiment in Table IV. Thus, the
treatment did not affect either the pool sizes of intermediate
metabolites or the relative rate of synthesis of end-products
during the first 6 h.

Girdling caused a temporary water deficit in the leaves. The
relative water content fell from 92% + 0.3 to 88% + 0.5at3 h
after treatment. After 6 h, however, the leaves had recovered and
returned to control water status (92% + 0.7).

Free ABA content was observed to rise sharply in girdled
leaves after a lag period of about 1 h, and reached a value almost
10 times the control after 3 h (Fig. 2). An equally sharp decline
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FiG. 2. Short-term effect of girdling on the free ABA content of the
source leaf of cucumber plants. The points give the average of three
individual extractions. The sk is indicated. (O), control; (@), girdled.

Table II. Effect of Kinetin on the Rate of Photosynthesis and Stomatal
Resistance of Girdled and Control Cucumber Leaves (Short Term)
An aqueous kinetin solution (10~° M) containing 0.1% Tween 20 was

sprayed on the leaves immediately after girdling. Values are means of 10
replicates =+ SE.

Treatment Tirpe z.\fter Gross ) Stqmatal
Girdling  Photosynthesis  Resistance
h mg CO:/dm? h sfem
Control 20+ 0.5 4+03
Control + kinetin 20+ 0.5 4+03
Girdled 3 8+0.6 12+ 1.0
Girdled + kinetin 3 21 £ 1.0 4+1.0

followed and after 6 h free ABA content was close to the control
value again.

Foliar application of 10~ M kinetin completely reversed the
effect of girdling on photosynthetic rate and stomatal resistance
(Table II). Treatment of control leaves with the hormone affected
neither the photosynthesis rate nor the stomatal resistance (Table
II).

In contrast to girdling, sink removal had no detectable short-
term effect on either photosynthetic rate or on stomatal resistance
in source leaves. Similarly, no changes in starch content of the
source leaves was detected as a result of such treatment (data not
shown).

Long-Term Effects of Girdling and Source-Sink Manipula-
tions. Both girdling (Fig. 3) and sink removal (Fig. 4) led to a
decrease in the photosynthetic rate of source leaves. This long-
term effect of girdling became apparent 3 d after the treatment
(Fig. 3) earlier than that of sink removal (5 d, Fig. 4).

If the ambient CO, concentration was raised to 1500 ul/l, the
rate of photosynthesis of control plants doubled, and its sensitiv-
ity to girdling increased (Fig. 3b). A 40% drop in CO; fixation
rate was already apparent after 1 d, while after 3 d the rate had
fallen by 60%, as compared with 28% at 300 ul/l ambient COs.

The starch content of source leaves was increased by girdling
both at 300 or 1500 ul/l ambient CO, (Table III). This effect on
photosynthesis was also visible after 1 d at 1500 ul/l but only
after 3 d at 300 ul/l. The relative increase in starch content
brought about by girdling was similar in the two cases. The
absolute values for starch were substantially higher at 1500 ul/1
CO,.

When the aerial sinks (buds, flowers, and fruits) were removed
daily, a new steady state CO, fixation rate was attained after 16
d which was about 50% of the control value (Fig. 4). By contrast,
when the sinks were removed only once ( at day 0) a recovery in
the rate of CO, fixation was observed starting 14 d after treat-
ment. The development of new skins (young leaves) restored the
photosynthetic rate to its original value after about 20 d. Sink
removal also led to the accumulation of starch in the source
leaves (Fig. 4). A level 4.5 times higher than that in control leaves
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FiG. 3. Long-term effect of girdling on rate of photosynthesis of
source leaf of cucumber plants at 300 ul/1 CO, (a) or 1500 n1/1 CO, (b).
In the latter case, the plants were subjected to high CO, concentration
for a week prior to girdling. Points give the average of 10 replicates. The
SE is indicated. (O), control; (@), girdled.
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FiG. 4. Long-term effect of sink removal on rate of photosynthesis
(a) and starch content (b) of source leaf of cucumber plants. Sinks (young
leaves, buds, fruits, and flowers) were removed continuously (continuous
curve) or exclusively at the beginning of the experiment (dashed curve).
Arrows indicate the time at which newly-formed leaves became visible
on the plants. The points give the average of 10 replicates; the SE is
indicated.

was reached in the case where sinks were removed daily. Where
sinks were removed only once, progressive mobilization of the
accumulated starch commenced after 14 d in parallel with the
recovery of photosynthesis, indicating the complete reversibility
of the effects of decreasing sink demands. By the 20th d, the
development of new buds and leaves had brought about an
increase in CO; fixation rate to 16% above the initial value. This
effect correlated with a decrease in starch content to a level below
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Table 1I1. Starch Content of Girdled and Control Source Leaves of
Plants Grown at Two CO, Concentrations

Results are averages of five measurements =+ SE.

Starch Content at Following CO, Concn. (ul/l)

Time after
Treatment s
Girdling 300 1500
d % of dry wt
Control 35+09 85+03
Girdled 1 3.5+09 10.3+0.3
Girdled 3 6.0 +0.8 20.7 £ 0.4
Girdled 6 12.0 £0.9 30.0+0.9
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FIG. 5. Long-term effect of source removal on the rate of photosyn-
thesis of remaining source leaf of cucumber plants. All source leaves
except one were removed. Points give the average of 10 replicates + SE.

Table 1V. Effect of Girdling on the '*C Distribution among
Photosynthetic Products in the Cucumber Leaves

The results give the *C fixed in each individual compound as per-
centage of the total "*C recovered in the TLC plates. Intact leaves were
labeled for 20 s with '#CO, (300 ul/1; 80 X 10™* dpm/ml gas) discs of |
cm? were then removed and extracted twice in hot ethanol (80%, 20%)
and once in H,O. The extracts were combined and concentrated to 0.5
ml. Aliquots of 10 ul were used for chromatography.

Days after Treatment

Compound Control
3 5
% of total cpm
PGA 12.9 35 2.5
F6P 1.0 1.6 3.0
G6P + S7P 2.3 2.5 4.0
PEP 8.5 49 2.5
Glycolate 1.2 1.3 2.0
Fructose 5.7 3.1 3.1
Maltose 1.6 2.5 2.5
Sucrose 15.0 10.2 7.0
Stachyose 14.4 7.1 7.7
Serine + glucose + glycine 9.2 13.0 15.0
Alanine 9.4 17.0 22.8
UDP-glucose 2.1 3.0
Glycerate 8.4 17.2 9.1
Malate 2.7 3.0 5.0
Unknown 7.7 10.9 10.8

the initial value.

When the source-sink ratio was manipulated by removing
sources, i.e. when the sink-source ratio was increased rather than
decreased, opposite effects to those were obtained as shown in
Figure 5. Removal of all source leaves except one brought about
a 39% increment in CO, fixation rate 3 d after treatment. Such
removal of source leaves also accelerated the development of leaf
photosynthetic capacity. Whereas in a control plant photosyn-
thetic capacity increased gradually from 5 to 20 mg CO,/dm™
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Table V. Effect of Kinetin on the Rate of Photosynthesis and Stomatal
Resistance of Girdled and Control Cucumber Leaves (Long Term)
An aqueous kinetin solution (10~° M) containing 0.1% Tween 20 was

sprayed on the leaves immediately after girdling and then once every 24

h. Values are means of 10 replicates + SE.

Days after . Stomatal
Treatment Girdling Photosynthesis Resistance
mg CO,/dm* h  s/cm
Control 20.0 £ 0.5 3+0.5
Control + HO + 0.1% 208+05 3+0.5
Tween 20

Control + kinetin 200£05 305
Control + kinetin 5 200+05 3+05
Girdled 2 190+£05 3+0.7
Girdled + kinetin 2 19.5+0.5 3+0.7
Girdled 3 10010 304
Girdled + kinetin 3 10010 3+0.5
Girdled 5 73+07 3x0.6
Girdled + kinetin 5 81+0.7 3x0.7

h™! as leaf area increased from 20 to 50% of its final value, in a
plant retaining only one source leaf photosynthetic capacity had
already attained its maximum value when the leaf was only 30%
of its final area.

The long-term effects of girdling and sink removal (in contrast
to the short-term) included an altered pattern of incorporation
of '*C into various metabolic end products and photosynthetic
intermediates during 20 s of '“CO, supply. The results were
consistent in successive experiments, and a typical example is
given in Table IV. It was repeatedly observed that the treatments
decreased the relative amount of '*C incorporated into PGA,
PEP, sucrose, stachyose, and fructose; and increased that incor-
porated into G6P+S7P, F6P, UDPG, alanine, aspartate, and
probably glycine.

We have investigated whether the long-term effect of girdling,
like the short-term effect, could be related to stomatal closure.
Table V shows that stomatal resistance did not rise during the
first 5 d after girdling, a period during which the effect on CO,
fixation manifested itself. The Table shows, further, that in this
case kinetin treatment did not counteract the effect of girdling
on photosynthesis.

At 1500 pl/l ambient CO, stomatal resistance was higher—
approximately 4.2 s/cm, but here too girdling produced no effect
on resistance.

DISCUSSION

There are a number of strong indications that the depression
in rate of photosynthesis visible during the first few hours after
girdling (the ‘short term’ effect) was the result of stomatal closure.
Stomatal resistance rose temporarily after girdling, and the time
course for rise and fall of resistance accorded with that for the
fall and subsequent recovery of photosynthetic rate. The fall in
the ratio of '“CO, evolved in the light to that evolved in the dark
(Table I), attributable to an effect of girdling on CO, evolution
in the light, also implicates stomatal closure.

The closure of the stomates was almost certainly related to the
raised levels of free ABA in the girdled leaves. Free ABA content
rose almost 10-fold (Fig. 3) and the time course of its rise and
subsequent fall accords with the curves showing the effect of
girdling on stomatal resistance and rate of photosynthesis. The
fact that foliar application of kinetin (which is known to antag-
onize the action of ABA on stomata) completely countered the
girdling effects both on CO, fixation and on stomatal resistance
is strong confirmatory evidence that ABA-mediated stomatal
closure was the underlying mechanism for the short-term effect.
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We suggest that the ABA accumulation and stomatal closure
were the result of mild water stress induced in the leaf by the
application of hot water to the petioles. The drastic and instan-
taneous increase in tissue temperature may have brought about
transient impairment of water transport, possibly because of
damage to the younger xylem vessels. Measurements of the
relative water content, in fact, showed a temporary reduction of
4 10 5% in girdled leaves. The decrease in relative water content
and probably in leaf water potential, will have brought about a
steeper gradient in water potential through the plant. This will
have resulted in higher rates of water flow and eventual recovery
of plant water status and photosynthesis. Our results stand in
contrast to those of Setter ef al. (27) and Wiebe and Prosser (30)
who were unable to detect an effect of girdling (in the former
case) or heating a portion of the leaf blades (in the latter) on leaf
water status. Hsiao (15) regards a 5% reduction in leaf water
content as a mild water stress and Stalfelt (28) has shown that a
2% water deficit is sufficient to alter the degree of stomatal
opening. In addition, a more direct inhibition of photosynthesis
by water stress, not via the stomata, cannot be excluded.

Bengston et al. (4) reported that a reduction of 5% in the
relative water content of wheat plants brought about a 5-fold
increase in ABA content of the leaves. Settler er al. (27) have
attributed ABA accumulation after girdling to interference with
its normal translocation from the leaves. The transitory character
of the rise in ABA level in the present investigation, however,
and the fact that both ABA content and relative water content
regained normal values 5 to 6 h after treatment, support the
proposal that the leaves underwent mild water stress in the
present instance.

In this investigation, in contrast to those of Setter et al. (27)
and King et al. (16), removal of flowers, fruits, buds, and young
leaves unlike girdling did not affect the rate of photosynthesis in
source leaves during the first 6 h. Geiger (9) has reported that in
bean plants sink removal had no short-term effects on photosyn-
thesis even though a change in translocation rate occurred within
30 min. Borchers-Zampini et al. (6) have also demonstrated
rapid changes in transport rates from source leaves following
sink manipulation. The results reported here thus suggest that
decrease in translocation out of source leaves is not directly
linked to changes in CO, assimilation, at least during the first
few hours.

The long-term effects of sink removal and girdling, unlike the
short-term effects of the latter, were not mediated by stomatal
closure. This was indicated by the lack of a concomitant effect
on stomatal resistance, and further, by the fact that kinetin
treatment brought about no reversal. Good correlation is seen,
by contrast, between the rise and fall in starch levels and inhibi-
tion and recovery of CO, fixation (Fig. 4, a and b).

Comparison between plants growing at 300 and 1500 ul/l
ambient CO,, respectively, yielded the rather striking finding that
leaves of ungirdled plants at high ambient CO, concentration
were achieving a very high rate of photosynthesis in spite of the
fact that their starch content was as high or higher than that
apparently depressing photosynthesis in the girdled plants at 300
ul/l. Their rate of photosynthesis was, in fact, more than twice
that of the control plants at the low ambient CO, concentration.
This result seems to indicate rejection of the proposal that starch
affects photosynthesis by reducing the free volume of the stroma
(22). Neither is it consistent with the suggestion that depression
of photosynthesis is due to interference by starch of light trans-
mission within the chloroplast (23) or to binding by starch of
Mg?* needed to activate ribulose-1,5-bisphosphate carboxylase.
It does not rule out another proposal, however, that starch offers
mechanical resistance to CO, diffusion toward the carboxylation
enzyme. Thus, it is of interest that relatively small additions to
the high starch content of the high CO, plants during the first
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day after girdling acompanied immediate and more drastic in-
hibition of photosynthesis than was observed in the case of the
low CO; plants. It thus seems that Milford and Pearman’s (20)
suggestion that starch content needs to exceed a certain threshold
to depress photosynthesis cannot be the explanation of these
findings.

Even if the reduction in translocation would lead to accumu-
lation of transportable sugars, which are sucrose and stachyose
in the case of Cucurbitaceae (3, 29), direct inhibition of photo-
synthesis is unlikely since the chloroplast membrane is imper-
meable to sucrose (12), and probably also to stachyose. In fact,
galactinol-forming enzymes which are responsible for the for-
mation of stachyose were not found in chloroplast lysates from
cucumber leaves (24). However, high levels of these sugars might,
by feedback or mass action, bring about accumulation of inter-
mediaries in the chain of synthesis. Such precursors which can
cross the chloroplast membrane and might thus cause inhibition
of CO; fixation include uridine-5-triphosphate glucose (13), and
fructose-6-phosphate. Incorporation of '*C into these compounds
increased sharply after girdling in our experiments (Table IV).
Enzymes likely to be affected by feedback inhibition could thus
be sucrose phosphate phosphatase, and galactinol-forming en-
Zymes.

Feedback effects via intermediates of sucrose and stachyose
metabolism might also lead to stimulation of the glycolate path-
way sequence of glycolate — glycine — serine — glycerate. Table
IV indeed indicates a rise in glycerate (after 3 d), alanine,
aspartate, and possible glycine + serine and a decrease in both
phosphoenolpyruvate and glycerate 3-phosphate which suggest
an accelerated rate of conversion of phosphoenolpyruvate to
pyruvate.

Alanine is synthesized in the chloroplast from pyruvate and
might be used as an alternative pool for carbon accumulation,
after saturation of other pools. It has been suggested (5) that
alanine, aspartate, and some other amino acids may substitute
for sucrose for temporary carbon storage in certain grasses.
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