
Plant Physiol. (1973) 52, 221-228

Regulation of Invertase Levels in Avena Stem Segments by
Gibberellic Acid, Sucrose, Glucose, and Fructose'

Received for publication June 7, ' 971

PETER B. KAUFMAN, NAJATI S. GHOSHEH,2 J. DONALD LACROIX,3 SARVJIT L. SONT, AND HIROSHI IKUMA
Department of Botany, University of Michigan, Ann Arbor, Michigan 48104

ABSTRACT

Gibberellic acid and sucrose play significant roles in the in-
creases in invertase and growth in Avena stem segments. About
80% of invertase is readily solubilized, whereas the rest is in
the cell wall fraction. The levels of both types of invertase
change in a similar manner in the response to gibberellic acid
and sucrose treatment. The work described here was carried
out with only the soluble enzyme. In response to a treatment,
the level of invertase activity typically follows a pattern of in-
crease followed bv decrease; the increase in activity is ap-
proximately correlated with the active growth phase, whereas
the decrease in activity is initiated when growth of the segments
slows. A continuous supply of gibberellic acid retards the de-
cline of enzyme activity. When gibberellic acid was pulsed to
the segments treated with or without sucrose, the level of in-
vertase activity increased at least twice as high in the presence
of sucrose as in its absence, but the lag period is longer with
sucrose present. Cycloheximide treatments effectively abolish
the gibberellic acid-promoted growth, and the level of enzyme
activity drops rapidly. Decay of invertase activity in response
to cycloheximide treatment occurs regardless of gibberellic acid
or sucrose treatment or both, and it is generally faster when
the inhibitor is administered at the peak of enzyme induction
than when given at its rising phase. Pulses with sucrose, glu-
cose, fructose, or glucose + fructose elevate the level of in-
vertase significantly with a lag of about 5 to 10 hours. The
increase in invertase activity elicited by a sucrose pulse is
about one-third that caused by a gibberellic acid pulse given
at a comparable time during mid-phase of enzyme induction,
and the lag before the enzyme activity increases is nearly twice
as long for sucrose as for gibberellic acid. Moreover, the
gibberellic acid pulse results in about three times more growth
than the sucrose pulse. Our studies support the view that
gibberellic acid, as well as substrate (sucrose) and end products
(glucose and fructose), play a significant role in regulating in-
vertase levels in Avena stem tissue, and that such regulation
provides a mechaniism for increasing the level of soluble sac-
charides needed for gibberellic acid-promoted growth.

The growth of isolated A vena stem segments is markedly
stimulated by the application of GA,, but not significantly by
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IAA or by kinetin (13, 14, 17, 19, 20). It has also been shown
that the concentration of GA3, which promotes growth, closely
parallels that which increases invertase activity in the stem
segments (19). The invertase activity is continuously increased
in GA.-treated Avena segments for 48 hr, but the activity in
water control segments shows an initial increase, followed by a
subsequent decrease (19). The maximum enzyme activity in
control segments, reached at about 12 hr of incubation, is 50
to 60% of the maximum activity in GA.-incubated segments
(19). GA3 stimulates the growth of these segments 7-fold over
that of the water control segments in the absence of an
exogenous supply of sugar (13, 14, 19) and up to 20-fold in
the presence of sugar (1, 2, 13, 14). Thus, GA, acts both to
increase invertase activity and to promote growth. Increased
enzyme activity elicited by GA3 application, however, appears
not to be the direct cause of GA3-induced growth, while the
possibility that a GA3 application causes an increased pool of
reducing sugars for sustained growth remains (19).

Gibberellin promotion of invertase activity has also been
reported in the literature with other plant materials; e.g. lentil
epicotyls (32), sugarcane stem tissue (9-11, 29), Jerusalem
artichoke tuber (7), corn staminal filaments (30, 31), and beet
root slices (28). The present paper concerns the roles played
by the substrate, the products, and GA3 on the level of
invertase activity and growth.

MATERIALS AND METHODS

Preparation and Incubation of Segments. One-centimeter
stem segments containing intercalary meristems were isolated
as reported earlier (1, 16-19) from 45-day-old Avena shoots
grown in the greenhouse. The segments were surface-sterilized
with 10% Clorox (0.5% sodium hypochlorite) for 2 min, then
thoroughly washed with 8 to 10 changes of sterile distilled
water in 2 min. This treatment was found not to affect the
growth response of the segments and effectively prevented any
microbial contamination in the incubation medium. Twenty-
five segments were then placed horizontally on a disk of filter
paper in a 10-cm Petri dish containing 6 ml of treatment solu-
tion. Freshly prepared GA3 was used at 30 ytM, and sucrose,
where used, at 0.1 M. These concentrations of GA, and
sucrose, respectively, give maximum growth responses (1,
15-19). Pulse treatments with GA, involved incubating the
segments in GA, for 60 min in the dark, washing the seg-
ments with running distilled water for 5 min, followed by 10
changes of sterile distilled water to remove residual GA, from
the tissue, and transferring the segments to distilled water or
sucrose for the rest of the incubation period. The washing of
segments was done under diffuse light in the laboratory. The
segments were incubated in the dark at 23 C, and necessary
manipulations were carried out under a dim green safelight.
Growth was measured with a mm ruler to the nearest 0.5 mm.
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In the inhibitor experiments, cycloheximide was used at 10
,ug/ml. All experiments were repeated at least three times.
Enzyme Extraction and Assay. For the preparation of the

crude invertase fraction, 12 segments were removed at various
times of incubation and frozen by placing them in a deep
freeze refrigerator (about 20 C) until the segments in a set
of experiments were accumulated. Freezing was not found to
affect invertase activity upon subsequent extraction. The 12
segments were thoroughly hand-ground (until no fiber material
could be seen) in a 70-ml porcelain mortar with 4 ml of cold
5 mm phosphate-citrate buffer (pH 5.0) and about 1.5 g of
sand. This and all subsequent steps were carried out at 0 to 4
C. The brei was strained through four layers of cheesecloth
and centrifuged at 1 700g for 5 min with an International
clinical centrifuge. Invertase activity was examined for both
pellet and supernatant fractions; the pellet enzyme represents
enzyme bound to particulate fractions, presumably the cell wall
(7, 33), and the supernatant contains soluble enzyme. In order
to remove endogenous substrate and possible inhibitors, the
supernatant was dialyzed against 1 liter of distilled water at
4 C with three changes of water in 60 min. The enzyme
activity is not significantly different when dialysis is done
against water as compared with buffer. The pellet fraction
was suspended in 2.0 ml of extraction buffer with gentle
shaking, followed by dialysis as for the supernatant fraction.
The sand was removed by very careful decanting of the pellet
liquid from the centrifuge tube after the sand had settled.
The enzyme reaction mixture consisted of 0.1 ml extract,

60,moles sucrose, and 30 ,umoles of phosphate-citrate buffer
(pH 5.0) in a total volume of 1.0 ml. The enzyme reaction mix-
ture at 30 C was stopped by adding 1 ml of alkaline reducing
sugar reagent (27). The reducing sugar content was then
determined by the standard method (27) with arsenomolybdate.
The resulting color was read with a Klett-Summerson colorim-
eter with a green (No. 54) filter. Protein was determined ac-
cording to the method of Lowry et al. (24). The invertase
specific activity is expressed as 1emoles glucose produced/mg
protein hr at 30 C.

Gibberellic acid was obtained from Imperial Chemical In-
dustries, Ltd., England; Cycloheximide from Sigma Chemical
Co.. St. Louis, Mo.; and Victory oat seed from the Swedish
Seed Assoc., Svalof, Sweden.

RESULTS

Time Course Changes in Invertase Activity in "Wall" and
Soluble Fractions and in the Incubation Medium. Invertase
has been shown to be associated with the wall fraction in some
tissues (7, 23, 33, 34), while the invertase thus far studied with
Avenia stem segments is primarily in the soluble fraction. In
order to test whether or not the changes of invertase activity
observed in the tissue extract may result from a release of
enzyme from the "wall" to the soluble fraction, stem segments
were treated with water, sucrose, or a GA3 pulse for varying
periods and then removed for the analysis of enzyme activity
in the wall and soluble fractions at various times during
incubation. The results (Table I) indicate that the enzyme
activity is increased in the wall fraction in a manner similar to
the soluble fraction, but a predominant portion of the total
activity (72.8-88.1%) is in the soluble fraction at any time of
tissue incubation. In view of a remarkable over-all consistency
in the ratio of soluble to wall fractions, the range of 12 to
27% ascribable to the wall fraction may be taken as experi-
mental variation mainly due to preparation and assays of solu-
ble and wall fractions.

Since the bulk of invertase is associated with the cell walls in
other tissues (7, 23, 33, 34), the above results can be inter-

Table I. Chalnges in Wall anid Soliuble Ineritase in Avenia
Stenz Segmentis Iiiclubated in Water, Sicrose. anid GA3

The preparations of supernatant and wall fractions were made
as described under "Materials and Methods.' GA.. was given in a
60-min pulse at the beginning of incubation; sucrose was given
continuously throughout the incubation period. The experiment
was carried out in the dark at 23 C.

Invertase Activity

Treatment

hr

Water
0
14
24
48

Sucrose (0. 1 M)
0
14
24
48

GA3 (30 jANiN)
0
14
24
48

Pellet
Supernatant xwall

fraction)

,tmoles glucose liberated, 12
segments }}l it

603
1642
1419
993

603
1619
1809
1394

603
3665
6675
4856

Im-ertase Activity

Pellet
Supernatant twallfraction)

IC- to,tal ,r eaclh treatment

100 85.5
552 75.5
354 80.5
220 82.1

100 85.5
444 78.4
678 72.8
288 82.9

100
750
900
888

85.5
87.1
88.1
84.6

14.1
24.5
19.5
17.9

14.5
21.6
27.2
17.1

14.5
12.9
11.9
15.4

preted in terms of an invertase being loosely associated with
the wall. If this is the case, the enzyme would be released into
the surrounding medium during the incubation of the seg-
ments, or it is solubilized into the soluble fraction during
enzyme preparation. In order to test for a possible leakage
of the enzyme into the incubation medium, enzyme activity in
this medium was carefully assayed at the various times of
incubation in water, GA3, and sucrose. In none of the treat-
ments could we detect invertase activity in the medium during
the 48 hr incubation period. These experiments were repeated
several times with different amounts of the medium and in-
cubation times; the results were consistently negative.
From these results, it can be concluded that (a) the enzyme

resides mostly in the soluble fraction and about 20% of the total
activity occurs in the wall fraction; (b) the pattern for increase
in level of enzyme activity is the same for both wall and
soluble fractions; and (c) there is no detectable enzyme activity
in the medium at any time of tissue incubation. Since about
80% of invertase in Avena stem segments can readily be
solubilized (Table I), and there is no detectable invertase
secreted in the medium, it is possible that the majority of
enzyme is either present in the cytosol or associated with the
cell wall very loosely. These solubility characteristics are dif-
ferent from the invertases from other plant tissues (7, 23, 33,
34) and may perhaps reflect certain differences in the enzyme
properties.
Time Course Changes in GA3-induced Invertase Activity

and Growth. In order to ascertain whether the continous
presence of GA3 is required to maintain the increased level
of invertase in Avena stem segments, GA3 pulses of 60-min
duration were started at 0, 14, and 25 hr. These times cor-
respond to the period of increase, peak. and decline, respec-
tively, of soluble invertase activity in water control segments.
The segments which received either water or GA. continuously
throughout the experimental period served as controls. A
typical set of results is shown in Figure 1 for soluble enzyme
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activity (Fig. lA) and growth (Fig. 1B) for water-incubated
segments.
The two control treatments (curves 1 and 2 in Fig. IA) show

essentially the same pattern as reported earlier (19), although
the total treatment period is about twice as long in these
experiments as in the previous report. It should be noted that
because of the prolonged incubation period, the enzyme
activity at 48 hr in water-control segments is significantly
lower than the level at 0 hr, and that a slight decline from the
highest level of activity is detectable in continuous GA3 control
after 50 hr of treatment (Fig. 1A). The maximum growth
attained by these control segments (curves 1 and 2, Fig. 1B)
was 0.2 cm for water control and 1.0 cm for continuous GA,
control during the first 24 hr of incubation, but the activity
declines thereafter to that of the water control. GA, pulses
given a 14 and 25 hr of incubation show lag periods of about
10 and 20 hr, respectively, prior to an increase in the enzyme
activity above water control. The level of maximum enzyme
activity reached decreases with increased delay of GA, pulse
treatments: 72 ,umoles glucose/mg protein hr for 0 time pulse
(curve 3), 50 for 14 hr pulse (curve 4), and 38 for 25-hr pulse
(curve 5). After the peaks are reached for the 14- and 25-hr
treatments, both enzyme activity curves follow a similar
pattern of decrease in enzyme activity.
The growth curves (Fig. 1B) indicate that the growth

induction by GA, pulses takes place with much shorter lag
periods, but the maximum growth achieved decreases with
increasing delay of GA, pulse treatments. The maximum
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growth attained is 1.0 cm for the pulse at 0 hr, 0.4 for the
pulse at 14 hr, and 0.3 for the pulse at 25 hr.

Figure 2 indicates the time course changes in invertase
activity and growth for sucrose-treated segments. The results
indicate that (a) the enzyme activity for sucrose control (curve
1) rises after a short lag period to a peak of maximum activity
(74 pumoles glucose/mg protein hr) in 24 hr, then decreases
slowly during the next 140 hr; (b) in the presence of a
continuous supply of sucrose and GA, (curve 2), the invertase
activity parallels the sucrose control for the first 24 hr and
continues to rise to a maximal activity of 155 ,umoles glucose/
mg protein hr by 72 hr, and then declines slightly after 100
hr of incubation; (c) with a GA, pulse at 0 hr (curve 3), the
enzyme activity follows that of the sucrose + GA, control
during the first 48 hr, where the activity reaches a peak of 135
umoles glucose/mg protein-hr at 48 hr, then drops slowly
during the next 120 hr; (d) a pulse with GA, at 24 hr (curve 4)
causes an increase of invertase above the sucrose control after
a lag of about 12 hr, reaching a peak activity of 125 ,umoles
glucose/mg protein hr at 60 hr, after which time the enzyme
activity declines; (e) a pulse with GA, at 48 hr also causes a
striking increase in invertase activity after a 24-hr lag period;
upon reaching a peak of 115 ,umoles glucose/mg protein hr at
about 100 hr, the enzyme activity decreases rapidly thereafter;
and (f) a GA, pulse at 72 hr (curve 6) causes only a slight
increase in invertase activity after a lag period of about 30 hr.
When Figures IA and 2A are compared, it can be seen that

(a) the presence of sucrose in the medium suppresses the in-

T IME

FIG. 1. Changes in invertase activity (A) and growth (B) for Avena (stem) segments incubated in absence of substrate. Treatments include:
(1) water control, (2) continuous GA3, (3) GA3 pulse at 0 hr, (4) GA3 pulse at 14 hr, (5) GA3 pulse at 25 hr. GA3 pulse treatments were 60 min;
GA3 was used at 30 ,M. For growth curves in B, the standard error of the mean for treatments 2 and 3 is 40.05 cm at 96 hr. The growth differ-
ences in treatments 1, 4, and 5 are small and not significantly different (standard errors = ±0.02 cm).

FIG. 2. Changes in invertase activity (A) and growth (B) for Avena stem segments incubated in presence of sucrose (0.1 M). Treatments in-
clude (1) sucrose control, (2) continuous GA3, (3) GA3 pulse at 0 hr, (4) GA3 pulse at 24 hr, (5) GA3 pulse at 48 hr, (6) GA3 pulse at 72 hr.
GA3 pulse treatments were 60 min; GA3 was used at 30 ,M. For growth curves in B, standard errors of means for above treatments are: (1)
±0.03 cm, (2, 3) +0.15 cm, (4) +0.13 cm, (5) ±0.11 cm, (6) ±0.07 cm. Treatments 2, 3, and 4 show no significant difference in growth at
160 hr; significant differences do occur at 160 hr for growth in treatments 1, 5, 6, and 4 (2, 3).
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crease in enzyme level during the first 12 hr; (b) greater in-
creases in level of invertase activity are produced by GA. in
the presence of sucrose; (c) the peaks of enzyme activity
brought about by delayed GA. pulses decrease with time of
delay in the water series, whereas delayed GA3 pulses gave
practically the same enzyme activity as the GA. pulse at 0 hr
in the sucrose series; (d) the lag periods prior to the enzyme
level increases elicited by GA3 pulses, tend to be shorter in
the presence of sucrose than in the absence of sucrose; and (e)
the decrease in enzyme activity after reaching the peak is
usually slower in the sucrose series than in the water series.

Figure 2B shows the growth response of Avena stem seg-
ments to GA. in the presence of sucrose. During the period
when Avena stem segments are growing most rapidly in the
sucrose control, i.e. between 0 and 30 hr, GA. pulse treat-
ments are most effective, causing a 9-fold increase in growth
over that of control segments. After the control growth reaches
a plateau, i.e. after 48 hr, the growth induction by GA3 pulse
treatments becomes increasingly less with time.
When Figure 2B is compared with Figure 1B, it is seen that

sucrose and GA, together cause much more than an additive
growth response (see also refs. 1 and 2). Furthermore, the
presence of sucrose in the incubation medium makes the seg-
ments more responsive to delayed GA3 pulses than in the
absence of sucrose. It is noteworthy that there is a much longer
lag period for growth with continuous GA, and for a GA,
pulse at 0 hr in the sucrose series than in the water series.
The longer lag for growth parallels closely the lag period
noted in the invertase activity.

Inspection of Figures 1 and 2 points to an approximate
correlation between the increase in invertase activity and the
growth stimulated by GA3 pulse treatment: invertase activity
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increases during the phase of active growth, whereas invertase-
activity decreases, when the growth of the segments begins to
cease. Furthermore, a continuous supply of GA3 in either set
of experiments retards the decline of enzyme activity. It should-
also be noted, in particular for delayed pulse treatments, that
GA. increases growth with a much shorter lag than it does
in the case of invertase activity. It thus appears that the GA3.
first stimulates the growth and then causes an increase in level
of enzyme activity during the active growth phase. In view
of the far larger increment of growth elicited by GA3 in the
presence of sugar than in its absence, this later increase in
invertase activity may be significant in sustaining growth with
an increased pool of reducing sugar in the segments.

Effects of Cycloheximide on Increases and Decreases in
Invertase. It was previously reported that 10 jig/ml cyclo-
heximide was a potent inhibitor of GA3-augmented growth
and invertase activity (19). The time course patterns of cyclo-
heximide inhibition of invertase activity were thus examined
by treating segments in the presence and absence of GA, with
cycloheximide at three distinct phases of enzyme activity:
during the initial phase of activity increase, at the peak of
enzyme activity, and during the phase of declining activity.

Results for water-treated segments (Fig. 3A) indicate that.
cycloheximide causes an earlier and faster decrease in invertase
activity than the activity pattern for the control without
cycloheximide. It is of interest to note that the decay curve
shows a lag when cycloheximide is added during the phase of
activity increase. Results for GA.-treated segments (GA.,
supplied continuously) are shown in Figure 3B. The curves
here indicate that the decay of invertase is delayed by at least
3 hr, regardless of the time of cycloheximide addition.
To segments which were incubated continuously with

T IME

FIG. 3. Effect of cycloheximide (10 jAg/ml) on the decay of invertase in water-treated (A) and GA3-treated (B) Avenia stem segments. For
treatments in A, segments were incubated in distilled water and transferred to cycloheximide at 6, 12, and 24 hr (arrows). For GA,-treated seg-
ments (B), the segments were first incubated in 30 M GA3, then transferred to GA3 + cycloheximnide at 9, 24, and 48 hr for the balance of the
incubation period.

FIG. 4. Effect of cycloheximide (10 Mg/ml) on the decay of invertase in sucrose-treated (A) and GA, + sucrose-treated (B) Avena stem seg-
ments. Segments were transferred to cycloheximide + sucrose (graph A) or cycloheximide + sucrose + GA3 (graph B) at 12, 24, and 60 hr
(indicated by arrows on curves).
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sucrose alone and sucrose + GA3, cycloheximide was given
at 12, 24, and 60 hr of incubation. The results (Fig. 4, A and
B) show that the invertase activity decreases markedly after
administration of cycloheximide without any lag. The most
striking decay pattern is seen where cycloheximide is added at
60 hr in the GA. + sucrose series (Fig. 4B): the activity drops
75% within 12 hr after adding cycloheximide. These observa-
tions clearly vary from the response seen in treatments made
in the absence of sucrose, and they differ from other systems
(21, 34, 35) where the enzymes studied are stabilized after the
addition of cycloheximide.
To test for possible leakage of invertase from the tissue, the

medium in which segments were incubated following cyclo-
heximide treatment was assayed for invertase activity for
each of the above treatments at different times throughout
the respective incubation periods. In no case could any in-
vertase activity be detected in the medium for any of the
treatments.

Effects of Pulse Treatments with Substrate (Sucrose) and
End Products (Glucose and Fructose) on Level of Invertase
Activity. In order to determine how GA. and substrate and
end products might regulate in vivo levels of invertase (see
also, 12, 25, 26), segments were incubated in 30 4M GA3 for
15 hr, then given a 60-min pulse with either 0.1 M sucrose +
GA3 or 0.1 M glucose and 0.1 M fructose + GA3, followed by
vigorous washing for 5 min in continuously flowing distilled
water and transfer of the segments back to fresh GA3. The
results of this experiment are shown in Figure SA.

Following a 60-min pulse with sucrose, there is a significant
decrease in invertase activity for about 10 hr compared with
the GA3 control. This is followed by a significant rise in
enzyme activity during the next 15 hr; after this, the activity
decreases precipitously within 8 to 10 hr, then rises slightly,
with the final activity almost the same as that of the GA3 con-
trol at 70 hr. Following a 60-min pulse with glucose + fructose,
the invertase activity drops very slightly relative to the GA3
control activity for about 5 hr, then rises sharply, almost
parallel to the sucrose-pulsed segments. The total amount of
increase in level of invertase activity elicited by the glucose +
fructose pulse treatment is essentially the same as obtained
with the sucrose pulse treatment. After the peak, the invertase
activity in the glucose + fructose pulse treatment decreases
over a 10-hr period, then rises slightly and falls again. The
final activity of invertase at 70 hr is slightly less than that
for the GA3 control and the sucrose pulse treatment. These
results indicate that both substrate and end products may
cause an increase in invertase activity after distinct lag periods.
The initial decrease persists twice as long for the sucrose pulse
as for the glucose + fructose pulse treatment, but the general
patterns after the pulse are essentially the same for the two
treatments.
To examine the glucose + fructose results more closely, each

hexose was used separately at a concentration of 0.2 M (the
same mole equivalent as 0.1 M sucrose) in the presence of
GA3, starting the 60-min pulse at 15 hr, as above. The results
in Figure SB indicate a distinct decrease in invertase activity,
compared with the GA3 control, immediately following the
pulse with glucose or fructose. The decrease in enzyme activity
following the fructose pulse is greater and longer than that for
the glucose pulse. Following this period of decreased enzyme
activity, the level of invertase activity rises sharply for about
15 hr for both sugar pulse treatments. The amount of eleva-
tion of invertase is greater for the glucose pulse than for the
fructose pulse. After the peaks are reached, the levels of
invertase activity decrease steeply below the GA3 control levels
at 40 to 50 hr of incubation, and then the activity gradually
rises to the level of the GA3 control by 70 hr of incubation.
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FIG. 5. Effect of a pulse treatment with sucrose (Suc) or glu-
cose + fructose (A) and glucose or fructose (B) on the invertase
level. A 60 mmn pulse treatment was given with 0.1 m sucrose, 0.1 m
glucose + 0.1 M fructose (Gluc + Fruc), 0.5 M glucose, or 0.2 M
fructose at 15 hr of incubation of segments in 30 uM GAs. All
pulse treatments with sugars were made in the presence of 30 juM
GA3.

Thus under our experimental conditions, fructose is more effec-
tive than glucose in lowering invertase activity immediately
after a 60-min pulse; such a result is similar to that observed
for the sucrose pulse. This lag period is relatively short com-
pared to the relatively long ensuing period when the invertase
level rises sharply and then decreases. Of interest in this con-
nection is the observation of Glasziou et al. (11) that D-
fructose is more effective in lowering the level of invertase
activity than D-glucose in mature sugarcane stem tissue,
paralleling our results with Avena stem segments, except for
the fact that they obtain greater decrease in enzyme activity
after hexose addition than we do in A vena.

In order to test whether GA3 or sucrose is more effective in
elevating invertase activity in Avena segments, we next con-
ducted a "reciprocal pulse" experiment. Here either a GA3
60-min pulse (in the presence of sucrose) was administered at
15 hr or a 60-min pulse with sucrose (in the presence of GA.)
was given at 15 hr. The respective controls were continuous
sucrose and continuous GA3.

225Plant Physiol. Vol. 52, 1973



Plant Physiol. Vol. 52, 1973

160X

14 A \GA3P

0

A~~~

0

E
100-

ntinuos 30 GA3

sucrose. uls

<60 o'~~
60) 00*

ThereutsnFgue6idctetauoh cn urs

/O

FuIG 6.e tme rse cn level of invertaseait

sareirocalopulrese; texperiment Shegetwerroepleithe pbulse wtho
0.1m Msursforge 60mm at15h of

heG usincbaio insu th presnc ofe

k f or with 30traGA3 60a 50 hr ofirc

introln fte ustreatments.wrotnuu0~ GA3amond cofnetinuous0.1e

gethereutinFgue6anictthat bothGAhansucrosepus.Atrhe ea fo te

FIG.puls etreatments inaes bee cthleve lof invertasea ideclie siproclapuls explerietSxeriments (Fig. 2A).Ther pulsedrnt
sart invrse hasge; lafor thesucrose pulse is e about two

timeas longe thanibe for theurGA3 pulse (10sersuson5chr).rTh

iniuti tiao pulse treatment famumnat ofnectineina
inatiinv etsence te t asucrose pulse oeu threeti me-

peroltramentsal ereiioscontvinuus3 umthe osrandionthtiu streat-
metwihucrlnocuesamrkddcraeenlveso
gThenreulhs thatoe foructh sucrosepulse. Atrhe freth

GAn pulse treatment ,ogetenno ymeatitlevell os an ltoe

ftor invertase ch;ane ao tore surosc pruese is aeseni the

sames taongetdsi inrFhir Gue pulA eseobsaervaton
sges tt rof the pulepuse treatmenthifarumor net inciea
elevi inverttas0.33 + tha rosepulse threetmex
prerientha codtionsInesucrosepulse observathi that treat-

meiint wth GA3ae c ausesamrkepulseis ibontlesantho
elendogen glvucotse fructose a sucrose while crtoesetea-
ment raises the endogenous levels of these sugars (1), the

presence of high levels of endogenous carbohydrates in the

tissue appears to make a more drastic increase in the enzyme

level in response to the hormone pulse treatment.

The net growth of the segments in these treatments at 48 hr

of incubation was as follows: GA3, control= 0.54 +F 0.02 cm;

sucrose control = 0.33 0.03 cm; GA3, pulse = 2.79 + 0.12

cm; sucrose pulse= 0.75 + 0.02 cm. The growth of segments

receiving the GA3 pulse is about three times greater than that

for the sucrose pulse, paralleling closely the results obtained

for differences in amount of increase in invertase activity. Our
results, therefore, support the view that the greater growth
seen with the GA3 pulse, as compared with the sucrose pulse,
could have resulted from the much greater amount of increase
in invertase activity elicited by this same treatment.

DISCUSSION

Our data and those of Chrispeels and Varner (6) and Filner
et al. (8) demonstrate that GA. must be present continuously
to maintain high levels of enzymes (e.g. invertase, a-amylase,
ribonuclease) in the tissues. Bradshaw and Edelman (3) have
reported that a rise in endogenous gibberellin precedes the
increase in the level of invertase activity in aging Jerusalem
artichoke tuber tissue. Our results (Figs. IA, 2A, and 6)
indicate that the presence of sucrose greatly enhances the GA3
effect on the elevation of invertase activity as compared to
the absence of sucrose. Substrate appears to stabilize the
enzyme (19) or help the induction of enzyme (22, 26). In the
presence of sucrose, increased levels of invertase are correlated
with the sustained growth of Avena stem segments (Fig. 2).
Copping and Street (5) find a close correlation between a rise
in invertase activity and growth in cultured sycamore cells,
which parallels the results reported herein.

Sucrose added from the beginning of incubation (Fig. 2A),
or in pulses (Figs. 5A and 6), shows a lag period of 10 to 12
hr before the enzyme activity increases in the segments.
Fructose, but not glucose, can cause a lag similar to sucrose in
invertase induction (Fig. SB), but the pulse treatment with
glucose + fructose causes essentially the same lag period as the
glucose pulse. The length of the lag period cannot be explained
solely by the substrate or end product effect. Increase in the
level of invertase activity by sugars alone (Figs. 5 and 6)
is relatively small when compared with the effect of GA3 (Fig.
6). The exact nature of how both the substrate and the
products can cause an increased level of invertase is difficult
to understand, particularly in view of the fact that glucose
or fructose can be utilized without forming large amounts of
sucrose endogenously (unpublished observation of M. Mon-
tague). Furthermore, the Avena stem segment does not contain
much sucrose immediately after harvest, and the endogenous
levels of glucose and fructose are higher in sucrose-incubated
tissue than sucrose (1). The absence of significant amounts of
endogenous sucrose could be explained by the presence of a
very active invertase in the tissue as shown here, previously
(19), and by Adams (1).
The rise and subsequent fall in the level of invertase ob-

served repeatedly in this study (Figs. IA, 2A, 5, and 6) poses
a question as to whether the phenomenon is due to either
turnover of the enzyme or to the activation-deactivation of the
enzyme action. In the in vitro enzyme assays, it has been
repeatedly shown that the enzyme activity is not stimulated by
the addition of GA3 (19). The apparent Km for sucrose of our
invertase averages 20 mm and ranges from 12 to 24 mm with
relatively small changes throughout the experimental periods
tested (Table II). These results are taken to indicate that the
conformational properties of the enzyme are not altered greatly
during growth of the segments. The cycloheximide effects
(Figs. 3 and 4) are somewhat unexpected, especially if the
inhibitor simply turns off synthesis of the enzyme. Since the
enzyme activity decreased markedly in the segments follow-
ing addition of cycloheximide, and no activity was detected
in the medium. the most likely explanation of the cyclo-
heximide experiments may be that the enzyme, which is con-
stantly synthesized and degraded, follows the pathway of
degradation. This further suggests that in the presence of a
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Table II. Changes in the Km of Avenia Soluble Invertase for Sucrose
following Incubation of Stem Segmentts in Water and GA3

Segments were incubated in the dark at 23 C. GA3 (30 Mm) was
used continuously for the 48-hr incubation period. Experiment
was repeated three times; this is a typical set of results.

Km Values for Sucrose
Incubation Time

-GA3 +GA3

hr mm

0 24
12 22 12
24 22 16
48 20 24

constant supply of GA. the synthetic activity overrides the
degradation pathway. The idea of enzyme turnover is attrac-
tive in view of certain similarities of our observations to other
cases of GA.-stimulated enzyme synthesis (3, 4, 6, 8, 31, 32).
This possibility should include in our case the de novo syn-
thesis of invertase to be stimulated mostly by GA., and some-
what by sugars, and the degradation of the enzyme to appear
after the synthetic processes slow down, presumably due to
decreased level of GA. or sugars. The nature of the degradative
processes in unclear, but it may be speculated to involve a
protease.
We have concluded earlier that the elevation of invertase

activity is not the direct cause of GA3-induced growth in
Avena stem segments. The present work not only confirms
this conclusion, but also extends it to explain the sustained
growth of the segments treated with both GA. and sucrose
(Fig. 2). The sustained growth is considered to be the result
of the increased pool size of reducing sugars in the cytosol (1).

In the final analysis, what can we interpret from the data
presented herein regarding hormone, substrate, and end
product regulation of invertase in Avena stem segments? Our
view is as follows. (a) GA3 enhances growth before invertase
activity increases; (b) this gibberellin-promoted growth creates
a "mass action" effect, exerting a significant drain on the
soluble saccharide pool; (c) as a result of this, invertase is
derepressed, and the activity increases; (d) meanwhile, growth
continues, such that all sugars or essential co-factors or both
are used up; (e) as a consequence, invertase now disappears
because it constantly turns over, and there is not enough sub-
strate (amino acids) or co-factors or both to continue its syn-
thesis. In this same context, high levels of sugars would repress
invertase, as seen after 0 hr or after a sugar pulse, whereas
intermediate levels derepress the enzyme. Similar results have
been obtained for yeast cultures grown in different levels of
glucose (J. E. Varner, personal communication). We wish to
emphasize that such an interpretation, as given above, is
speculative in nature. However, it is useful as a working
hypothesis to explain the consistently observed rise and fall
in level of invertase activity after sugar and GA3 pulse treat-
ments and will serve to stimulate further studies on the nature
of hormone and sugar regulation of invertase in A vena stem
segments.
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