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A bstract. Gibberellic acid (GA3) induces invertase activity within 6 hours in A vena
stem segments that are incubated in the dark at 23°. The maximum amount of promotion is
about 5 times that of invertase activity in untreated segments. GA,3 causes significant
promotion of invertase activity at concentrations as low as 3 X 10-5 uM GA3. The increase
in invertase activity elicited by GA3 between 3 X 10-5 /Am and 300 uM closely parallels the
growth promotion that is caused by GA3 over this ooncentration range. In control segments,
invertase activity rises steeply during the first 6 hours of incubation, then decays slowly
between 12 and 48 hours. In GA.-treated segments, the invertase activity also rises during
the first 6 hours, parallel to that in control segments and continues to rise during the next
42 hours. These changes in invertase activity during 48-hour incubation periods do not parallel
the changes in growth that occur in control and GA3.treated segments. Cyclaheximide at
10 /kg/ml abolishes all GA3-promoted growth and invertase activity in these segments.
Actinomycin D at 40 and 80 jug/ml decreases GA3-promoted growth by 20 % and invertase
activity by 38 and 44 1%, respectively. The data clearly support the idea that protein synthesis
is necessary for GA3-promoted growth and invertase activity in A vena stem segments.

We have previouisly fouind that gibberellic acid
(GA3) accelerates in both light and dark 'the rate
of lengthening of stem segments isolated from
intercalary meristem portions of next-to-last inter-
nodes of Avena sativa (7). This response is pri-
marily caused by an increase in the rate of cell
lengthening in these segments. One of the possible
mechanisms by which GA3 accelerates this growth
is through the promotion of invertase synthesis as
ilt does with a-amylase (5, 10,17, 18). This wotuld
resulft in release of reducing sugars that could be
used in polysaccharide biosynthesis in elongating
cells oif these internodal segments. This idea seems
attractive in view of the fact that GA,, has been
reported to augment invertase synthesis in other
systems; namely, isolated sugar cane stem segments
(12), staminal filaments of Zea nwiavs (13, 14),
beet root sllices (11), and in Jerusalem artichoke
tuber tisste (2). In sugar cane tissuie, Hatch and
GIasz,iou (4) found a -strikingly close correlation be-
tween invertase activity and growth rate in inter-
nodes -of different ages.

In preliminary experiments, we fotund marked
promotion by GA3 of growth and invertase activity
in dark-incubated Avena internodal segments. This
paper therefore aims at determining how close the
relationship is between GA3-promoted growth and
GA3<-augmented invertase activity. It also sheds
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light on the mode of action of GA; in conitrol of
the growth process in this system.

Materials and Methods

One cm segments were isolated from next-to-last
interniodes (fig 1A) of Avena satiza cv. "Victory"
(45 days old) with a razor blade cutting device.
The segments (fig 1B) included the basal node,
the basally located intercalary meristem portion of
the internode, and an enclosing sheath base portioni.
The sheath base, which no longer grows, was in-
cltided to provide support for the extending inter-
node. The segments will be referred to as I.M.
segments in this paper.

Twenty-five I.M. segments were l)laced horizon-
tally on a disk of filter paper in a 5-cm petri dish
(fig IC) containing 2.5 ml of solutioin to be teste(l.
Control solution was distilled water. GA3 was used
at 30 tLM unless otherwise stated. This concentra-
tion evokes a maximal response in these segments
(7). Concentratbions of cycloheximide and actino-
mycin D are included in the text. The segments
were incubated in the dark at 23° for periods tip to
48 hours. This was sufficient to obtain a satura-
tioIn growth response to gibberellic acid in Avcna
I.M. segments.

Crude extracts were theni obtained from 20 I.M.
segments for the determination of invertase activity.
Methods essentially fiollow those of Glasziou et al.
(3) and Sacher et al. (12). Extraction and inver-
tase activity were run at pH 5.0 (using phosphate
buffer, 5 mM for extraction, 50 mnt for invertase
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FIG. 1. 111ustration of niext-to-last initernlode (p-li) in the lveia s'lioot (AX) froIml which basally located

intercalary meristern (I.M.) se-iiienlts (B) were excised. I.M. segments wvere floated on 2.5 ml inctibation
ImlediuImi as shown in (C).

reaction), which we have found to be the optimum
,pH for invertase extracted from Avena internodal
segment tissuie. Reducing sugars were determined
according to methods of Somogyi (16). Invertase
activity is expresseid as glucose ug equivalents per
mg (lry weight of tissue per hotur at 300.

Cycloheximide was obtained from Sigma Chem-
ical Company, St. Lotuis, Missouri and( actinomycin
D from Merck and Company, Rahway, New Jersey.
Gibberellic acid was supplied by Plant Protection
Ltd., England. "Victory' oats were obtained from
Allmannia Svenska Utsades A.B., S-valof, Sweden.

Results

7Iif' Eff-ect of GA3 Concentration ont Grozwth
anid( In.vertasc Actizvity. The first set of experi-
ments was aimed at determining (a) the lowest
level of GA.. which promotes invertase activity
andl (b) the closeness of the relationi between GA3-
promoted growth and GA3,-augmented tinvertaise
activitY. The effects of different concentrations
of GA, oI liinear growth and invertase activity in
Avena I.M. segments culitured for 48 hoturs in the
d,ark at 250 are shown in figure 2. The cuirve for
growth indicates that GA:, cauises a significant
acceleration of linear extension in these segments
at concentrations varying between 3 X 10-5 jAM and
300 jLM GA<. This increase in growth elicited by

GA3 is also accompanied by a significant promoition
of invertase activity. The amount of promotion in
invertase activity is as great as 4 times the control
level for GA3 at 3 X 10-3 ,yM; growth is augmented
as mulch as 6 times the conitrol level for GA3 at
3 X 10-2 Mm. Comparison of the 2 curves in
figuire 2 shows further that GA3-promoted growth
and GA-promoted invertase activity are closely
parallel over the entire concentration range of GA3
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FIG. 2. Comparison of net linear growth and inver-

tase activity in Avena L.M. segments incubated in GA
varying concentration from 3 X 10-5 to 300 u-I for
25 hours in the dark at 230.
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FIG. 3. Time-course changes in effects of GA, on

growth and invertase activity in Avena LI. segmients
incubated in the dark at 230 for 48 hours.

employed. Saturation occurs for both growth and
invertase activity promotion above 0.03 jum GA3i.

Timie-course Chantges of GA7- -promoted Invertase

Activitv. T-he next part of -this study was con-

cerned with the question of the amount of time

necessary for GA, tocau)se induction of enzyme

activity in Avena I.M. segments. Figure 3 illus-

trates the effect of GA3 at 30 um on growth and
invertase activity in segments incubated in the

dark for 48 hours. The cuirves indi-cate that (a)
GA3 stimulates growth by 7-fold over control seg-

mentsh(b) growth reaches a maximuim level at

abotut 36 hoursti (c) invertase activity in control
segments increases with treatment period, reaches

a 'maximum at about 12hrours, and declines there-
after; (d) the invertase ractivity in GA.,-treated

segmenits rises parallel to that in control segments

during the first 6 hours -of growth, starting wit'hin

3 houirs after time zero; it then increases gradtially
durinig the remainider of the growth period (6 to

24 hrs) (e) this contrasts with invertase activity

in control segments, which drops steadily between
12 and 48 hours after time zero.

The Effects of Inhibitors of Protein and RNA
Synthesis on GA3-promoted Growth and Invertase
Activity. The question of whether GA3 causes

synthesis of invertase or merely activates pre-
existing enzyme was next tested using inhibitors of
protein and RNA synthesis.

In Avena I.M. segments (table I), cyclohexi-
mide at 10 and 20 ug/ml completely abolished
GA3-promoted growth; at 5 Jug/ml, it suppressed
growth ab-out 30 %. Cycloheximiide was also

equally effective in suppressing GA3-promoted in-
vertase activity (table I). At 5, 10, and 20 ug/ml,
it completely nullified all GA3-promoted activity.

In order to determine whether GA3 was capable
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FIG. 4. Time-course growth responses of Avetna I.M.
segments pretreated with cycloheximide (10 jug/ml) for
various lengths of time (as indicated by arrows on

graph), then transferred to GA3 (30 gM) at the times
indicated at far right side of graph. I.M. segments (25
per dish) were incubated in the dark at 230 for 48 hours.

Table I. Effect of Diffcenet Con centrations of Cycloheximiiide otn the Growth of Avena 1..11. Segments
in Pr-esence an,d Absence of GA,

25 I.M. segments per culture dish were incubated 48 hours in the dark at 230. Experiments were repeated
twice.

H,O Cycloheximide GA3 Cycloheximide + 30 Am GA3
Measurement control 0.5 5.0 10.0 20.0 control 0.5 5.0 10.0 20.0

,ug/ml 30 Am Sglntl
Net growth (mmn) 0.24 0.28 0.17 0.11 0.07 1.38 0.95 0.49 0.14 0.05
After 48 hrs ±0.01 +0.02 ±0.02 +0.02 +0.01 ±0.06 0.09 ±0.06 +0.02 +0.01

% of control 100 116 71 46 29 100 69 35 10 4

Invertase aotivity 1.90 2.05 1.80 1.10 0.83 4.70 4.30 1.80 1.30 0.67
(glucose g equiv.
per mg dry wt per hr)
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Table II. Ivi7'ertase .Activitv inz Avena I. i1I. Segments Pr-etreated wilth Cvcloheximnide far f -arioits Lcenqtlhs of TimIct
l"ollowed By Incubation in GA3 and tile Rtevrsc Treatmicnit

25 I.MF. segmeints per cultluie dish, incubated for 48 hrs in the dark at 230. Experimenlts xwere repeated twice.
The concentration of GA3 was 30 /QI. Invertase activity was determincd at the end of 48 hrs.

H,O 48 hrs Hours of pretreatmenit witlh cyclolhexiimiide
conitrol Cycloheximide 0 3 6 12 24

10 ,ug/ntll Glincose u,ug cquiivalenits pcr iiiy dry X ..tper i h
1.25 0.75 1.84 1.70 0.83 0.63 0.54

H90 48 hrs 48 hrs Hours of pretreatmient with GA3
control GA3 Cycloheximide 0 3 6 12 24

10 ,ug/ll Glineose qjug equivalents Pei, mig dry zwt Per hr
1.90 4.00 0.21 0.30 0.20 0.23 0.27 0.29

of reversing the inhibition of growth and invertase
activity caused by cycloheximide, GA3 was nexit
added to segments pretreated with cycloheximide
for varying lengths of time. The restults indicate
that GA3 does partially restore growth and inver-
tase activiity in I.M. segments (fig 4, table II).
The reversal of cycloheximide inhibition by GA.,
depends on the period of cycloheximide pretreat-
mnent: the longer the pretreatment, the less the
recovery (fig 4). The growth rate andl net growth
of I.M. segmenits given GA:. after 3 hoturs pre-
treatment with cycloheximide is abotut one-half that
of non-pre'treated GA3 control segments. The seg-
ments pretreated for 6 and 12 hoturs with cyclo-
heximide grow only slightly; this increase in growth
rate lasts for abou-t 6 hours, then decays quiickly to
zero. Thus, after 48 houirs, the total growth with
these treatments is only 10 % of that of segments
given contintuous GA. treatment.

The order of treatment with cycloheximide and
GA3 is reversed in the next experiments; the seg-
ments were pretreated for varying lengths of time
with GA, followed by transfer of the segments to
an inhibitory concentration of cycloheximide (10
Jug/ml)).

The results in figure 5 indicate that irrespective
of the length of time of pretreatment of segments
in GA3, the subsequent treatment with cyclohexi-
mide brings about a complete cessation in growth,
usuially within 6 hours after segments are treated
in cycloheximide. The effect of this inhibitor oni
invertase activity is equally drastic (,table I,I). The
cycloheximide abolishes all GA 3-promoted invertase
activity; in fact, the inhibitor depresses it to levels
one-seventh to one-eighth that of invertase activity
in water control segments. It is o'bviouts that after
this 48-houir incubation, the effect of GA, in pro-
moting invertase activity is completely lost follow-
ing treatment with inhibitor.
We next considered the possibility that GA,, was

operating at some step more closely linked to RNA
synthesis. Actinomycin D, which blocks DNA-de-
pendent RNA synthesis, was tested. Actinomycin
D has little or no effect on GA3-promoted growth

except at 40 and 80 ,,g/ml, where it depresses niet
growth onily by 20 %. This is not a large decrease
considering the amount of inhibitor employed. The
amouint of 'depression in invertase activity was not
significant except a't 40 and 80 jug/ml; here, the
amouint of inhibition of enzyme activity was 38 %
at 40 ug/ml and 44 % at 80 ,ug/ml. Thuis, while
actinomycin D at high concentrationis has only a
slight depressing effect on GA3-promoted growth,
it is capa,ble of elicilting considerable repression of
invertase activity. This observation tends to give
additional support to the idea that not all GA3-
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FIG. 5. Time-course growth responses of Arena I.M.
segments pretreated with GA3 (30 juM) for various
lengths of time (as indicated in table II), then trans-
ferred to cycloheximide (10 pg/ml) at times indicated
at far right side of graph. I.M. segments (25 per dish)
were incubated in the dark at 230 for 48 hours.
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promoted growth in Avena I.M. segments can be
attributed to an increase in invertase activity alone.
It is also likely that very little actinomycin D was
actually taken up by the I.M. segments. This
wotuld explain the absence of an effect of the
inhibitor on growth and invertase activity except
at extremely high concentrations of the inhibitor.
Thuis, it is not clear from these resulIts whether
DNA-dependent RNA synthesis is really necessary
for GA3-promoted growth and invertase activity
in Avzna I.\M. segments.

Discussion

The present studies have shown that GA3 indtuces
invertase activity within the first 6 hours after
Avena I.M. segments are placed in hormone solu-
tion. This compares favorably with 6 houirs cited
by Varner (17) for induction of a-amylase in
barley aleturone by GA, and 24 hours for promotion
of invertase activity in chick embryos by hydro-
cortiosone (6). GA3 has been shown to accelerate
growth in I.M. segments within 40 minutes after
placing them in hormone soltution (Paull Adams,
uinpuiblished results). This means that a sizeable
component of GA3-promoted growth actually takes
place before the hormone increases invertase ac-
tivity. One cannot escape the concltusion that the
enhanced invertase activity elicited by GA, does
not accouint for all of the GA3,promoted growth in
'these segments.

The maximuim amount of enhancement in in-
vertase activity catused by GA, in Avena I.M. seg-
ments is as much as 5 times that of invertase
activity in control segments after incubation periods
of 48 hours (fig 2). This compares with a maxi-
mal increase in invertase activity catused by GA,
of abotut 3 times in staminal filaments of Zea mnyvs
(13, 14) and 1.3 times in beet root slices (11).
Crispeels and Varner (1) have reported an increase
in a-amvlase activity in barley aleturone layers of
abouit 5 times. The maximal amouint of enhance-
ment in invertase activitv cautsed by GA, in these
different systems, including Avena I.M. segments,
is thtus within the same order of magnittude.

In dosage-response experiments, we have shown
that both growth ancd invertase activiity in Avenm
TM. segments starts to increase at concentrationis
of GA, between 3 X 10-5 /AM anid 3 X 10-4 31
( fiig 2); the lower limit is actuially closer to
3 X 1O-5 aM GA.. S'chaeverbeke (115 ) reports thaat
GA, sttarts to autgment invertase activity in Zea
iiia(S staminal filaments at a concentration of
3 X 10-3 Mm with the greatest amount of promotion
occurring at 30 Mm GA,. Comparing these data
with those for a-amylase, the promotion in syn-
thesis of this enzyme by GA, starts at 10-5 M in
ba,rley aleurone layers (17,18). Therefore, GA3-
induced invertase activity in Avena I.M. segments
has a much lower li,mit of sensitivity than in Zea

uwtys filaments and is nearly the same as in the
barley a-amylase system.

One of the surprising results of the present
stuidy is the occurrence of a sharp rise in invertase
activity in control I.A\. segments dulring the first
6 houirs of inctubation in the dark, followed by de-
crease in invertase activity during the next 42
houirs. The rise in control segments parallels
closely the increase in invertase activity that occuirs
in GA.-treated segments; however, with the latter,
the invertase activity rises contintually for 42 houirs.
h'l'e rise and (lecay in invertase activity in the
colntrol segments coulld be interl)retel as being diue
to the tuirnover of invertase in this sy-stem.

When growth and invertase activi'ty are com-
paredl in conitrol and GA3-treated segments, a sig-
nificanit (liscrepancy is observed. Tn the control
system, xvhile inivertase activity increases, there is
only a slight increase in dark growth. In the GA.,
sy-stem, where the increase in invertase activity
'parallels that in control segments (0-6 hrs), growth
is acceleratilng at a marked rate. What this ap-
parently mealns is that the burst in invertase activi,ty
(ltring the first 6 houirs of incuibation, in either
system, is probably not the direct cauise of the
growth by cell lengtheniing that occulrs duiring this
period.

GA. induices invertase activity after the first 6
houirs of incuibation. This wouild bring abouit an
increase in 'the pool of reduicing suigars, which in
tuirn wouild be available for stustaining high growth
rates that occur in gibberellin-trealted segments over
6 to 36 houirs in the dark (cf. fig 3). Sulch a
system suiggests a regulatory mechanism by which
elongatilng cells in the intact internode are able to
release suibstrate(s) for growth. This is based on
the assuimption that the developing internode has
some mechanism for produicing gibberellin(s) dulr-
ing the log phase of intercalary growth.

The results from the experiments w:th inhibitors
clearly suipport the idea that protein synthesis is
necessary for GA,-promoted growth and GA.4-pro-
moted invertase activity in Azvena T.M. segments.
Th;is has also been shown for other systems (8,14,
17,18). In TMA. segments, cyciloheximide blocks
both processes. It is probable that cvcloheximide
acts at a different site from the site of GA.. action.
The resuilts with actinomycin D are nolt nearly as
clear-cuit. We do obtain considerable decrease in
invertase activity buit very little effect of this in-
hibitor on GA.3-promoted growth. It is possible
that very little actinomycin D is taken ulp by the
segments. The point that can be made here is that
GA: is probably cauising the synthesis of invertase,
btht at what site(s) it is acting is not vet clear.
Unequivocal proof that GA; is inducing the svn-
thesis of invertase muist await fulrther studie-,s oii
inhibitors and incorporation of labeled amino acids
into protein, similar to the work of Nooden and
Thimann (9), Varner (17), and Varner and
Chandra (18).
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