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Introduction

A substantial number of papers on the effects of gibberellic acid on cell
division and cell elongation have appeared in the last several years (Allsopp
1962, Bernier el al. 1964, Bradley and Crane 1962, Burstrom 1960, Greulach
and Haesloop 1958, Guttridge and Thompson 1963, Humphries and Whee-
unler 1960, Kato 1955, Odhnoff 1963, Sachs et al. 1959 a, b). Most of these
investigations have been concerned with changes in patterns of cell division
and cell elongation in stems, leaves, roots, and sporelings in connection with
mature lissue syslems or primary merislematic tissues subjacent to root or
shoot apices.

As far as the writer is aware, no detailed analysis has been made on the
effect of gibberellins on cell division, cell enlargement, or cellular differentia-
tion in a detached meristem such as the intercalary meristem of grass inter-
nodes. They only analogous studies are those perlaining to the effects of
gibberellic acid on cell division and cell enlargement in shoot apices and
subjacent axis tissue of certain annuals and biennials (Bernier et al. 1964,
Sachs et al. 1959 a, b). Thus, the present investigalions were undertaken
(1) to assess the effects of gibberellic acid on rate and duration of longi-
ludinal growth and on distribution of growth in Avena internodes cultured
in light and dark and (2) to determine the effects of gibberellic acid on rates
and duration of cell division and cell enlargement and on kinds of cellular
differentiation in the intercalary meristem of developing Avena internodes.
The primary objective of these studies with gibberellic acid, and those pre-
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viously with indole-3-acetic acid (Kaufman 1965), is to shed more light on
possible mechanisms of growth and cellular differentiation in developing in-
ternodes of the Avena plant.

Material and Methods

The subject of these studies was the next to the last internode of the Avena shoot
referred to as Avena internode(s) in the text. A diagram of position of this internode
in the Avena shoot is depicted in Figure 1 in Kaufman (1965). That portion of the
internode of major interest in these investigations was the intercalary meristem.
Details on rates and duration of cell division and cell elongation and on pathways
of cellular differentiation during intercalary growth in internodes of intact, un-
treated Avena shoots have been presented previously (Kaufman ef al. 1965). They
serve as a basis of comparison with the effects of IAA, and here, with gibberellic
acid on these growth processes in Avena internodes,

Essentially the same methods as described in the first paper on TAA (Kaufman
1965) were employed in the experiments with gibberellic acid to be reported here.
GA; was used in concentrations varying from 107 to 10® mg/l. GAy, like TAA, was
used in the presence of 0.1 M fructose for reasons ciled in Kaufman et al. (1962).
For the sake of clarity, +GAy and —GAy will refer in this paper to treatments that
included 0.1 M fructose + gibberellic acid and 0.1 M fructose alone, respectively.
Excised Avena shoot portions were used in most of the experiments cited here, as
in the IAA investigations.

One new procedure was employed in the present studies (section 1, Resulls) to
determine more directly the effect of = GAg on intercalary meristem activity in inter-
nodes of Avena. It is described as follows: Internodes 1.2 to 2.0 em in length al
time zero were selected from Avena plants growing on a 12 hr light, 12 hr dark
cycle at 21°C in a growth room. This stage of development of internodes was
selected, for it is here that the greatest differential in growth occurs in internodes
incubated in the light compared with dark (Figure 2). One c¢m internodal segments,
together with surrounding sheath portions, were excised with a razor blade guillo-
tine device from the extreme bases of these internodes, excluding the basal node,
and including essentially all of the intercalary meristem. These will be referred to
as intercalary meristem segments. The sheath portion does not elongate in these
segments and offers support for the enclosed internode portion (Figure 1 a). Excised
intercalary meristem segments were immediately placed in perforated Plexiglas
holders in plastic Petri dishes (Figure 1 b) with morphological bases of each in con-
tact with two filter paper discs saturated with 3 ml 0.1 M fructose plus a standard
nutrient solution (modified from Burstrém 1960). The nutrient solution was com-
posed of KyHPOy (107 M), NaygHPO, (1073 M), Ca(NOy)y - 4H0, (1073 M), MgSO0, -
*7H0 (2x 107 M), Fe Versenate (107® M), MnSO, (107* M), and HzBO; (107% M).
Following this, a 2.5 x 2.5 x 1.0 mm agar block * GA; was placed on the apical end
of each segment. Sets of 12 agar blocks were prepared by adding 0.3 ml GA; al
2 x 107 mg/l to 0.3 ml of 3 per cent agar, giving a final gibberellic acid concentration
of 10* mg/l. Blocks without GAg contained 1.5 per cent agar. Twenty intercalary meri-
stem segments were used for each treatment. The plastic Petri dish with its isolated
intercalary meristem segments was then placed in a larger plastic dish (Figure 1 ¢)
filled with water to a depth of 10 mm. This in turn was covered with lid of a large
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Figure 1. Hlustrations depicting procedures for testing the effect of TGAg in agar blocks
directly on intercalary growth in isolated internodal segments derived [rom next to last
internodes of Avena shoots. a, Excised intercalary meristem segment, 1 em long: b, Inter-
calary meristem segment supported in plexiglas holder (2) and with agar block (1) applied
to the apical surface; (3) filter paper with sugar + nutrient solution; ¢, dish containing
plexiglas holder with several intercalary meristem segments supplied with agar blocks.

Petri dish to provide high humidity. This system was not tight enough to prevent
air exchange under the lid. Segments were incubated in continuous light or dark.
Dishes were illuminated by placing two G.E. Power Groove fluorescent lamps on
each side of the dishes, providing a light intensity of 3000 lux at the site of the
segments and a temperature of 23°C. Lengths of internode in intercalary segments
were measured every 24 hr up to 72 hr. Lengths of dark-incubated segments were
measured under a green fluorescent lamp covered with one sheet each of green and
amber “Cellon” plastic film.

Results

1. The Effect of GAy on Growth of Avena Internodes and
Intercalary Meristem Segments in Light and Dark

The first problem posed in these investigations was to determine the effect
of exogenous gibberellic acid on longitudinal growth of Avena internodes al
different stages of development in the light and dark. Stages were selected
to include the entire period during which intercalary growth takes place in
the internode. Data on net changes in length of internodes, varying in length
from 0.15 to 11.0 em al time zero, in excised Avena shoots after incubation
in solutions of *GAy at 10* mg/l for 96 hr in continuous light or dark are
presented in Figure 2. They reveal the following: First, the expected wide
differential in net longitudinal growth of internodes in light and dark occurs
at a stage when the internode is between 0 and 3 em in length. Here, the
internode in dark shows a maximum net growth of 3.5 em (internode =
1.67 em length), whereas in the light, the maximum net extension is only
0.35 em (internode=1 em length). Second, the amount of promotion of
longitudinal growth by +GAy in dark increases belween 0 and 1 em length
of the internode, and in light, between 0 and 1.5 em length of the internode.
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Figure 2. Net changes in length of internodes al different stages of development in excised

Avena shoots incubated in £ GAz at 1* mg/l in light and dark for 96 hr at 22.5°C. Length

of internode at time zero varied from 0.15 to 11.0 em. Light =18 hr light at 2000 lux, 6 hr
dark in 24 hr eyeles. Dark = continuous darkness.

It is fairly constant in both light and dark for internodes between 2 and
6 em. The growth promoting effect of gibberellic acid then decreases rather
substantially for older internodes, i.e., > 6 cm in length. Third, gibberellic
acid fails to overcome completely the light-induced suppression of longi-
tudinal growth in the internode for early stages in its development (0 to 3 cm
length]. The maximum increase in length of the internode elicited by +GAg
in the light is only 0.85 em (internode = 1.7 em length), leaving a deficit of
2.35 cm from the dark level of growth. Only at later stages of development
(internodes 3 to 11 e¢m length) does +GAy increase longitudinal growth lo
levels which exceed those in —(GAy, dark-incubated shoots. It is obvious from
this stage experiment that gibberellic acid has a promotion effect on longi-
tudinal growth of internodes in both light and dark. In the dark. it accen-
tuates the peak in growth that occurs during early stages of development
of the internode. In the light, it increases net longitudinal growth for almost
all stages of development of the internode.

Figure 3 shows the time-course growth responses of one series of inter-
nodes, initially 2.6 em in length, to = GAy at 10* mg/l in light and dark. The
data are derived from an experiment in which net increase in length of
internodes in £GAy in light and dark was slightly greater than at the com-
parable stage in Figure 2. The relative differences in growth, however, are
essentially the same. The curves reveal that +GAy accelerates longitudinal
extension in the internode in both light and dark. The acceleration persists
for ca. 20 hr. Duration of longitudinal growth in internodes, which is shorter
in light than in dark, is not markedly altered by +GAjy treatment. One further
point is the pronounced lag phase in longitudinal growth during the 0 to
20 hr period in —GAg dark-incubated internodes, when during this same
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Figure 3. Time-course growth responses in I
internodes (initially 2.6 cm in length) in ex- ~GAg LIGHT

cised Avena shoots to T GAg at 10* mg/l in
light and dark at 22.5°C.
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period, +GAy accelerales the growth rate of the internode. Only after 20 hr
do growth rates for +GA; and -G A, dark-incubated internodes become the
same. The time-course growth responses illustrated in Figure 3 are also
similar for internodes at younger and slightly older stages of development,
i.e., from 0.5 to 3 cm length at time zero. The salient point here is that
+(:Ay promotes longitudinal growth in the internode in both light and dark,
as so clearly shown in Figures 2 and 3, such that +GAy internodes and —G Ay
internodes appear to be two physiologically different growth systems.

One may next ask: What is the effect of gibberellic acid on extension of
isolated portions of the internode that include only the intercalary meristem?
Thus, one cm inlercalary meristem segments were excised from basal por-
tions of internodes, initially 1.3%20.3 em in length, according to procedures
cited in methods and illustrated in Figure 1. Growth responses of these seg-
ments to +GAy at 10* mg/l in light and dark during a 75 hr incubation period
are depicted in Figure 4. The following points are evident: (1) +GAy strongly

o
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Az UGH'I‘{ Figure 4. Growth responses of excised intercalary
meristem segments to £GAg at 10* mg/l in con-
tinuous light and dark during a 75 hr incubation
period at 22.5°C, Segments were obtained from in-
ternodes 1.3+£0.3 em in length at time zero and
1 were 1 em in length.
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accelerates the growth rate of intercalary meristem segments in both light
and dark during the first 24 hr of incubation; (2) the rate of growth of
intercalary meristem segments in +GAjg is slower in light than in dark: (3) the
duration of growth in —(4; segments is ca. 48 hr. which is not significantly
different from that in +GAy segments: (4) the amount of promotion of growth
at 75 hr by +GA; in dark-incubated segments is ca. 1.5 times as great as
that of +GAy, light-incubated segments. If one compares the growth responses
of intercalary meristem segments (Figure 4) with those of internodes in
excised shoots (Figure 2), it is quite apparent that there is no marked dif-
ferential al 75 hr between net growth of light and dark-incubated -GA;
segments, in contrast with the oceurrence of a striking differential for —GAy-
treated internodes in excised shoots (internode=1.3 em length) incubated
in light and dark. The light level of growth is essenlially the same in both
systems, i.e,, ca. 0.35 ecm net growth. In the dark, however, nel growth of
intercalary meristem segments is only 0.53 em, whereas it is about 3.35 em
in the internodes. Thus, with inlercalary meristem segments, the growth
elicited by +GAy in the light is essentially the same as for —GAj in the dark.
For the same stage of development of the internode in excised shoots, the
growth of —-GAy, dark-incubated internodes greatly exceeds that of +GAg,
light-incubated internodes. Nevertheless, in intercalary meristem segments,
as in internodes, +GAg promotes longitudinal growth in both light and dark,
underlining the point that +GA; and —GAjy internodes or segments appear
to be physiologically different and independent growth systems.

2. The Effects of Gibberellic Acid al Several Concentrations on Growth of
Avena Internodes in Excised Shoots

GAjy in these experiments was used at concentrations of 10-', 1, 10, and
10* mg/l. A stage of development of the internode (1.22 cm length) was
selecled where a wide differential in growth response to +GAy and —Gdg
oceurs in the dark (Figure 2). The experiments were repeated three times.
Excised Avena shoots were incubated in the dark for 120 hr. Curves in
Figure 5 reveal that GAy under these conditions promotes longitudinal growth
of internodes in these shoots over the entire concentration range ol GAy that
was employed. Maximum promotion occurred at 10° mg/l, the least at 10~
mg/l. The curves in Figure 5 also show that the acceleratory effect of gib-
berellic acid is evident during the first 24 hr of incubation. continues for
ca. 72 hr, then diminishes to zero between 72 and 120 hr. The duration of
lonigtudinal growth was not significantly altered by +GAy at any of these
concentrations.

The growth rates of internodes in excised Avena shoots incubated in +GAg
medium are equal to or grealer than those which occur in intact Avena
internodes. For example, in intact Avena shoots with the internode 1.25 cm
in length, the growth rate of the internode is ca. 0.4 em/24 hr. Maximum
rates of linear exlension occur when internodes are about 4 em in length,
ie., ca. 2.1 em/24 hr (Kaufman et al. 1965). In the experiments cited here
with excised shoots (Figure 5), the maximum rate of growth approaches
1.5 em/24 hr at 10°mg/l1 GAy and 0.4 cm/24 hr at 10-! mg/l GAs. Thus, the
internode has the potential before il enters the period of ils maximum rate
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Figure 5. Growth curves for internodes in ex-
cised Avena shoots incubated in GAg varying
from 107" to 10* mg/l. Shoots were incubated 2 Ay
in continuous darkness for 120 hr at 22.5°C.
Mean length of internode at time zero was
1.22+0.20 em. Points represent mean values 1
for 20 internodes. Max. standard error was
+0.31 em for GAg at 10* mg/l at 120 hr; INITIAL LENGTH OF INTERNODE
average standard error was 0.19 em at 120 hr. 1
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Table 1. Effect of three concentrations of gibberellic acid on maximum diameter, dry

weight, and net change in length of internodes in excised Avena shoots after incubation in

continuous darkness for 120 hr at 22.5°C. Mean values for 20 shoots. Initial length of

internode was 1.22+0.20 em. Maximum standard error of mean internodal diameter was
+0.01 mm. Measurements were made ca 0.5 em above base of the inlernode.

: s i Mean dry weight Net change in length |

Treatment Maximum diametss per internode of internode 2 !

| mm g 2 |
o S, } 1.95 5.0x10°8 0.23
+GAg 1 mgl ...... 2,03 6.4 x 1073 2,33
| +GAg 10 mg/l ... 1.98 71 %10~ 249
| +GAg 10® mg/l . ... 2,03 8.2 x 103 3.56

of growth to allain growth rates in the presence of GAz which are nearly
as greal as the maxmium rates which are achieved in internodes in intact
Avena shools.

Gibberellic acid, unlike IAA, does nol cause any significanl increase in
diameter of the inlernode (Table 1). However, it does cause a substantial
increase in internode dry weight. The greatest increase in dry weight occurs
at 10 mg/l GAg, the least at 10! mg/l concentration. This increase in dry
weight of the internode elicited by gibberellic acid is probably related to the
augmented linear growth in the internode caused by GAs.

3. The Effect of Gibberellic Acid on Distribution of Growth in Internodes
of Excised Avena Shoots

Using the marking procedures described earlier (Kaufman 1965), an ana-
lysis was made lo determine the location of the GAg-induced promotion of
elongation in Avena internodes. In these experiments, internodes of different
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Table 2. Number of 2 mm intervals which change in length compared with total number of

2 mm intervals ' in marked Avena internodes after 96 hr incubation in *GAg at 10° mg/l in

light and dark. Light: 18 hr light, 6 hr dark, 24 hr cyecles, 2000 lux, 22.5°C, Dark: con-
tinuous darkness, 22,5°C,

Initial length of Light Dark
internode —_— e e
cm ~GAg | +GAg -GAg +GAg
| |

0.25 1/1 1/1 1/1 1/1
0.60 2/3 2/3 2/3 2/3
0.70 3/3 2/3 3/3 2/3
0.80 3/4 3/4 3/4 3/4
1.10 4/51 4/5 4/5 4/5
1.90 4/9 5/9 5/9 1/9
2.60 5/13 5/13 5/13 6/13
4.00 4/20 5/20 5/20 /20
5.20 3/26 5/26 5/26 6/26
5.90 . 5/29 3/20 4/29

| 7.40 3/37 6/37 — 5/37

! For example, 4/5 in column 2 means that 4 intervals out of total of 5 intervals on the
internode changed in length after 96 hr incubation of excised shoot.

stages of development were employed (0.25 to 7.4 em length). using con-
linuous light and dark regimes. The following results (Table 2) were
obtained: The linear growth response of internodes to +GAy is essentially
confined to the basal part of the internode (8 to 12 mm portion) except for
internodes < 2 cm long, where the entire internode is involved. In inler-
nodes >4 em long. +(GiA; promotes longitudinal growth in one or two more
intervals than in —GAy internodes incubaled in light or dark.

Changes in length of particular on marked internodes, initially 1.1 em in
length, incubated in £ GAy in light and dark, are depicted in Figure 6. The
two basal-most intervals (4 mm portion at extreme base of the internodes)
show the greatest change in length and intervals 3 and 4 a lesser amount of
extension in —(GAg, dark-incubated shools. +GA3 causes a striking increase in
growth in intervals 1 and 2, a lesser increase in interval 3. These are the
same intervals primarily involved in intercalary growth response in —GAg,
dark-incubated shools. In older internodes, the growth response to gibberellic
acid is confined more to the base of the internode. This analysis thus shows
that +GAy in light or dark has the effect of greatly augmenting the amount
of growth which takes place in the intercalary meristem locus during early
stages of development of the internode.

A time-course plot of the growth responses in intervals 1 and 2 al the
extreme basal 4 mm portion of the above internode revealed that the growth
acceleration effect of GAj takes place during the first 36 hr of growth with
maximum rates of acceleration occurring between 24 and 36 hr after lime
zero. By the end of 48 hr, GA; only has a small effect on growth in the
intercalary meristem locus of these internodes. It is clear from these observa-
tions that the acceleratory effect of gibberellic acid on intercalary growth
in Avena internodes al this stage of development in excised shoots is fairly
rapid, localized, and of short duration.
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Figure 6. Net changes in length of five 2 mm intervals on marked internodes in excised

Avena shoots incubated in *GAg at 10° mg/l in light and dark for 94 hr at 22.5°C. Inter-

val no, 1 is at extreme base of internode, no. 2 directly above no. 1, efc. Initial length of

internode = 1.1 em. Final lengths were 1.5 em (-GAg, light), 2.9 cm (+GAg, light), 3.2 cm
(-G Ag, dark), 5.5 em (+GAg, dark).

4. Cytological Basis for Changes in Intercalary Growth Patterns
Elicited by Gibberellic Acid in Avena Internodes

One of the primary questions posed by results in the preceding sections
is whether promotion in linear growth rate of internodes in excised Avena
shoots by gibberellic acid is due to changes in rate or duration of cell divi-
sion, cell enlargement. or both processes. Further, does GA; cause any signi-
ficant alterations in patterns of cellular differentiation in the epidermal
system within and above the intercalary meristem locus of Avena inter-
nodes?

a. Effect of GAg on cell division. — Avena shools with internodes at several
stages of development were incubated in £GAj3 at 102 mg/l in light and dark
for periods up to 72 hr. Epidermal peels were taken at 24 hr intervals at the
site of the intercalary meristem and in apical and middle positions. They
were stained with acetocarmine as described in Kaufman and Cassell (1963).
From these same internodes, fresh longisections, representing the entire
length of the internode, were stained in acetocarmine and used for measure-
ment of cell size and cell number in continuous files of pith cells extending
from top to base of the internode.

Data on numbers of pith and epidermal cells in conlinuous cell files
(Table 3) reveal that gibberellic acid causes no significant increase in cell
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Table 3. Number of epidermal and pith cells in continuous cell files in *GAg-treated
(102 mg/l] internodes in execised Avena shoots incubated in light and dark for 24 hr.
Averages of six sets of data based on counls in six continuous files of pith or epidermal

cells.
Light ' Dark ‘
Parameter measured  S— : — e }
| —GAs | +Gas —GAg | +GAz |
‘ Internodes = 0.5 cm at t°
| Length of internode em .......oovviiiiiiiin 050 | 100 | 0865 | 140
No. ‘of sploermal eelld . v cone s vnmen vman i 86 83 110 | 70
[ No: of pith: cellE ...osimwems R 80 | 80 | 129 a1
|
' Internode = 1.35 em at 1°
| Length of internode €D ..vievevasiaavissanass 1.40 2.056 2.50 3.50
‘ No. of opldermal cells . vioioisisssivnais s 151 130 216 200
No. of pith cells ..... 00000 R RS T 0k 144 136 153 140

number in internodes of excised Avena shoots in either light or dark. On the
contrary, after 24 hr of incubation of shoots, there is a diminution in num-
ber of pith and epidermal cells in +(As, dark incubated shools. The reason
for this is that gibberellic acid actually halts most mitotic activity in the
intercalary meristem of internodes after 24 hr of incubation in the dark.
In peels taken every 3 hr from time zero, mitoses were observed in the inter-
calary meristem epidermis up to 18 hr in +GAg-incubated internodes. but not
after 24 hr. By the end of 48 hr, cell division activily ceases in the intercalary
meristem of internodes in +GAg in the light, and also, in —Gd; dark-
incubated shoots. Cell divisions continue in the intercalary meristem of —GAjy,
light-incubated shoots for as long as 96 hr in excised shoots. A summary of
these effects of gibberellic acid on cell number in Avena internodes incubated
in light and dark is given below, based on the data in Figure 7 and in Table 3.

Cell division activity persists in the internode up
to 96 hr. Cell number thus increases continually
during this period. Light has effect of slowing
down rate of cell division and increasing the
period during which mitotic activity occurs in the
intercalary meristem.

Gk

-

Light-incubated

Avena Shoots | Cell division activily terminates in the internode

—— by 48 hr. Duration of cell division in intercalary
+GAs  meristem is thus curtailed by GAj.

—G:Ay  Cell division activity persists in the internode up
" — to 48 hr. In dark, rate of cell division is faster

han in light.
Dark-incubated LR 58

Avena Shools Cell division activity terminates within 24 hr in

‘_ B _, the intercalary meristem. +GAy, here, has effect of

+GA; drastically reducing duration of mitotic activity
“ in the intercalary meristem in the dark.
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Figure 7. Average lengths of intercalary
meristem epidermal cells in Avena inter-
nodes, initially 0.5 em in length, incubated
in £GAg at 10° mg/l in light and dark
during 96 hr growth period. The following
are final lengths of the internode for the
different treatments: —GAg light =0.75 cm;
+GAg, light =1.5 cm; -GAg, dark =2.25 em;
+GAg, dark =5.0 em. Arrows indicate ltime
after which no further mitoses were ob- F
served in intercalary meristem cells. Maxi- /
mum standard error =14 p (+GAg, dark); -
this is equivalent to 4.67 per cent, which is /i
essentially the same for standard error -GA3 LIGHT|
values for the other poinls. L B N 3
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The main point that can be drawn from these findings is that gibberellic
acid treatments actually shorten the duration of mitotic activity in the inter-
calary meristem zone of Avena internodes. Because of this precocious cessa-
tion of cell division activity in the intercalary meristem, cell number in GAj-
treated internodes is significantly reduced in both pith and epidermis. The
promotion of linear growth in Avena internodes by gibberellic acid in light
and dark must therefore be ascribed to an increase in cell length.

b. The effect of gibberellic acid on cell elongation. —— The acceleratory
effect of gibberellic acid on cell elongation in the epidermis of elongating
Avena internodes can be observed within the first 24 hr of incubation of
excised shoot portions (Figure 7). Al 24 hr, intercalary meristem epidermal
cells in +GAg-treated internodes averaged 1.25 times longer in the light and
1.57 times longer in the dark compared with epidermal cells in —GAy inler-
nodes. At 96 hr, the respective increases were x5.20 (light) and x1.68 (dark).
The widths of these cells at 96 hr were not significantly different from those
of epidermal cells in —GAy internodes: —GAjy (light) =11.0 p: +GAy (light)=
10.1 p: =GAy (dark)=12.5 u; +GAy (dark)=12.8 p. The increase in rale of cell
elongation in the intercalary meristem locus of the internode elicited by
gibberellic acid is quite rapid: a maximum of 48 p/24 hr in the light in +GA;
(compared with 9 u/24 hr in -GAy) and a maximum 212 u/24 hr in the dark
in +GAy (compared with 106 u/24 hr in —GAy). These time-course data on
changes in cell length indicate that under the conditions of this experiment
(1) +6: Ay significantly increased the rate of cell elongation, more in dark than
in light: (2) duration of cell lengthening was not markedly altered by GA4
treatment; and (3) in the light. intercalary meristem epidermal cells did not
show much increase in length. The last point is verified by the fact that in
~-G: Ay, light-incubated shoots, mitotic activity persisted in the intercalary
meristem during 96 hr of incubation, as mentioned in the previous seclion.

The primary acceleralion effect of gibberellic acid on lengthening of epi-
dermal cells occurs in basal and middle portions of the internode (Figure 8).
In internodes 0.9 em in length at time zero, the net increase in length of basal
epidermal cells after 48 hr of incubation was 2.1 times greater in +GA; than
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Figure 8. Mean lengths of long epidermal
501 cells at several positions (basal, middle,
apical) in Avena internodes at two stages
~ ﬁ 3 = lf"_, I ~ Eﬂ ~ ﬂ of development (0.9 and 1.8 cm length at
g%&-j tn%&-)_ 5,8 %8 1°) incubated in the dark at 22.5°C in
=IF % RIS % ST [SIF +GAg at 10 mg/l for 48 hr. A: internode
| =0.9 em; B: internode = 1.8 em.
-GA3 +GA3 -GA3 +GA;
A B

in —=GAy internodes. In the middle portion, it was 2.78 time greater in +GA;,
internodes. Even long epidermal cells at the top of the internode are signi-
ficantly longer as a consequence of +GAy treatments. For older internodes
(1.8 em in length at time zero), the grealest increase in cell length elicited
by gibberellic acid takes place in the basal portion of the internode in the
intercalary meristem locus. Here, long epidermal cells average 1.8 times
longer in +GAg than in —-GAjy internodes. In middle portions, the cells average
only 1.2 times longer in +GAg-treated internodes. The acceleratory effect of
gibberellic acid on cell extension thus diminishes in succeedingly older inter-

Table 4. Lengths and widths of pith cells in continuous cell files in * GAg-treated (10° mg/l)

internodes in excised Avena shoots incubated in light and dark for 2% hr. Averages of 20

cells in five series of 4 cells continuous to each other at each locus. Maximum standard
error =t 14 .

Light ‘ Dark
Measurement =

—GAg +GAy | —GAs | +G4g

Length of internode = 0.5 em at t°

Final length of internode cm ................ 0.50 1.00 | 0865 1.40
Top of Iternode | ....ccscrviens v eivireenns 97 x60 | 177 x 60 | 177 x 60 | 237 x 60
Middle of Internode . .ivivencanin s sanvinasies 36 x 45 | 157 x 60 31 x45 | 269 x 60
Base of INMermngde . o xsaniaseaicssi s sa e 21 x 45 56 x 45 25 x 45 44 x 45

Length of internode = 1.35 ¢m at t°

Final length of internode em ................ 1.40 2.05 2.50 3.50
Topof INHENoIe I i v sedsusnied 220 x 60 | 200 x 60 | 175 x 60 | 225 x 60
DEAANE Of EREETBOUE . 5y ea e 6 sl e oy 211 x60 | 328 x 60 ‘ 226 x 60 | 414 x 60
Hahe Bl INErRone . vwu siiie i e B e TR esles 34x46 | 64 x5H3 34 % 60 70 x 60
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nodes, as might be predicted from the data in Figure 3, and becomes localized
1o the base of the internode.

In the pith of Avena internodes, gibberellic acid has an effect on cell elon-
gation (Table 4) similar to that observed in the epidermal system. At 24 hr,
basal pith cells were 1.83 times longer in +GAy, light-incubated internodes
and 1.76 times longer in +(GA4,, dark-incubated internodes. In the middle of
the internode, where the GAj effect is even more striking, pith cells in +GAg
are four and eight times longer in light and dark, respectively, than in —GAy
internodes. In the apical portion of the internode, the effect of gibberellic
acid on length of pith cells is of the same order of magnitude as in the
intercalary meristem portion. These data show thal for short incubation
periods, gibberellic acid has its greatest effect on extension of pith cells that
lie between the intercalary meristem and the middle of the internode, where
cells at the time of treatment are elongating most rapidly.

c. The effect of GAy on cellular differentiation. — The effects of gibberel-
lic acid on cellular differentiation in the epidermal system of elongating
Avena internodes can be observed between 24 and 48 hr after excised Avena
shools are first incubated in +G.Ay solutions. During this period, the following
alterations were observed: (1) Top of the internode—no changes, since cells

(o]
1
Le. =
s 2
[}
Le.

--Si ¢
-cC

(e

>"sh ¢ b

I —1 I?\I?r

~shc” ¢

Figure 9. Figure 10.

Figure 9. Pathways of cellular differentiation from short epidermal cell in -GAy internode
(pathway 1) and in +GAg-treated internode in transition zone mentioned in text
(pathways 2 and 3). le = long epidermal cell, sc = short epidermal cell, “sh ¢" =
abnormally elongated short cell, si ¢ =silica cell, ce = cork cell.

Figure 10. Various stages of arrested cellular differentiation in stomates of +GAg-incubated
Avena internodes (a, b, ¢| compared with fully differentiated stomata (d) from
~GAy internode. Details on alterations appear in lext. sc = subsidiary cell, td =
transverse division, “ge” = “guard cell”, geme = guard cell mother cell, ge=
guard cell.
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Figure 11. Photomicrographs de-
picting alterations induced in
epidermal cells by +GAg(10® mg/)
in dark-incubated Avena inter-
nodes after 48 hr at transition
zone (a) and in the intercalary
meristem (b). Details are in text.
Both x430.

at this locus have already differentiated at the time shoots are placed in
+GAg solution. (2) Middle of the internode to intercalary meristem—pro-
gressing basipetally, one observes normally differentiated cells in middle of
internode, then a transition zone of cells in various stages of arrested dif-
ferentialion or altered differentiation, and a zone just above the intercalary
meristem having only long epidermal cells. In the transition zone (Figure
11 a), cells were in various stages of final division (stomates and cork cell-
silica cell mother cells) and partially completed differentiation at the time
exogenous GAy was added. It is marked by pairs of cells which divide once,
Physiol. Plant., 18, 1965
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then elongate instead of developing into pairs of highly differentiated cork
and silica cells (pathways 1 and 2, Figure 9), short cells which fail to divide
at all and simply elongate (pathways 1 and 3, Figure 9), “stomates” with
undifferentiated guard cells (Figure 10 b, compare with 10 d), undivided
guard cell mother cells (Figure 10 ¢), or guard cells in which final division
is transverse rather than longitudinal (Figure 10a). (3) Base of the inter-
node in intercalary meristem—here, cells by the end of 24 hr cease trans-
verse asymmelric divisions and undergo extensive elongation. By the end of
72 hr in +(: A the entire basal portion of the internode (now ca. 1/3 ils
total length) is composed of greally elongated epidermal cells with attenuated
and twisted nuclei (Figure 11 b). These long cells are similar in appearance
to long epidermal cells which normally occur at the extreme base of the
internode, below the intercalary meristem, in untrealed shoots (Figure 10,
Kaufman et al. 1965). The significance of these observations is that exo-
genous gibberellic acid. supplied in relatively high physiological concenltra-
tions (10 mg/l) to excised Avena shoots, (1) has the effect of abolishing
nearly all mitotic activity just above and within the intercalary meristem
zone of Avena internodes, (2) prevents further differentiation of cells which
have proceded along several pathways of differentiation to varying extenls,
and (3) blocks any cellular differentiation from occurring in inlercalary
meristem cells within 24 to 48 hr after GA; is first introduced.

Discussion

Several salient questions raised by the current investigations on gibberellic
acid include the following: (1) Whalt is the physiological basis for differences
in growth responses of Avena internodes to gibberellic acid compared with
those in other systems? (2) How might one account for the remarkable dif-
ferences in growth responses of Avena internodes and intercalary meristem
cells 1o TAA and GAj in light and dark? (3) Why are cell division and cell
enlargemenlt responses of intercalary meristem cells in Avena inlernodes to
GAy so different from those in apical meristems of other plants? (4) What
are some possible mechanisms which might explain how exogenous gibbe-
rellic acid and IAA promote growth in Avena internodes, and indeed, whal
roles might endogenous gibberellins and auxins play in regulating intercalary
growth in internodes of intact Avena shoots? These four questions will con-
stitute the main focal points in this discussion.

1. Growth Responses of Avena Internodes to GAy Compared with
Other Systems

It has been found by many investigators that gibberellic acid accelerates
the rate of longitudinal growth in internodes of plants other than grasses
(e.g., Brian and Hemming 1958, Brian ef al. 1958, Kalo 1953, Lockhart 1961,
Ng and Audus 1964, Purvis 1960). Roesel and Haber (1963) have recently
found that it strongly promotes growth in length in all portions of elongating
wheat coleoptiles. With Avena internodes, it is clearly shown here that GAy
accelerates longitudinal growth in both light and dark. There are some rather
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important qualitative and quantitative differences in these growth responses
of Avena internodes to exogenously supplied GAy; compared with the re-
sponses in Pisum and other shoots, especially when responses in light and
dark are compared.

With Avena internodes cultured in light, during stages when there is a
wide differential between light and dark growth of internodes (0 to 3 em),
the level of growth elicited by +GAjy is less than one-half the dark levels of
growth (Figures 2, 3), and there is an obvious promotion of internodal exten-
sion by +GAy in both light and dark. These responses in Avena internodes
are thus different from those obtained by Lockhart (1956, 1958, 1959, 1961)
with Pisum seedlings in which gibberellic acid (1) can completely overcome
red light-induced suppression of longitudinal growth in dwarf peas and
(2) cause no significant augmentation in rate of linear growth in dark-grown
“Alaska” peas. It is more nearly comparable to responses cited by Nwachuku
and Lockhart (1964 for Sinapis alba hypocotyls to £GAg in red light and
dark, where +GAjg light growth is <-GAj dark growth.

Interestingly, in intercalary meristem segments excised from Avena inter-
nodes and incubated in the light, gibberellic acid elevates the growth to the
same levels which occur in —GAg, dark-incubated segments. This is in agree-
ment with Lockhart’s findings with dwarf peas. The answer to this apparent
paradox lies in the fact that —GAjy, dark-incubated intercalary meristem seg-
ments fail to manifest the striking growth that occurs in internodes in
excised Avena shoots at comparable stages of development (internode=1.5
cm length) and incubated under the same conditions (compare Figures 2
and 4). It is possible that some factors, e.g., gibberellin-like substances or
auxins, are present in excised shools above the locus of the internode, not
present in intercalary meristem segments (or in extremely low concentra-
tions), which are necessary for linear growth in the internode. The main
point here, unequivocally shown by the present investigations, is that gib-
berellic acid supplied exogenously to light-incubated excised Avena shoots
does not completely overcome the inhibitory effects of light on growth of the
internodes at early stages of development.

The growth responses of light and dark-incubated Avena internodes in
excised shools to exogenously supplied GAg are fundamentally the same
(Figures 2, 3). Light, compared with dark, has the effect of dampening the
growth rate and duration of growth in the internode. GAj increases the rate
of growth without markedly altering duration of growth in either light or
dark and causes a net increase in length which is nearly the same in light
and dark. In “Alaska” peas grown in dark, +GAg has little effect on longi-
tudinal growth, whereas in light, it augments growth to the dark level
(Lockhart 1956);: with dwarf peas, +GAg gives a positive growth increase
which is nearly the same in light and dark. Thus, growth responses of Avena
internodes to GAy more closely resemble the responses of internodes in the
dwarf pea, except for the failure of GAjg to elevate growth in the light to the
dark level in Avena internodes. Unlike peas (Ng and Audus 1964, Brian
et al. 1958), Avena internodes apparently have no requirement for exo-
genous auxin for promotion of growth in light by gibberellic acid. One can-
not escape the conclusion that with Avena internodes, there is no interaction
between light and GAy but rather., +GAy light or dark-grown internodes
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grow in basically the same manner and behave physiologically different
from —G Ay internodes growing in light or dark. One must conclude from this
that the light controls of intercalary growth and the gibberellin controls of
intercalary growth in Avena internodes are operating at different sites and
via different mechanisms.

2. Comparison of Growth Responses of Avena Internodes and
Intercalary Meristem Cells To IAA and GAy

The current and previous investigations demonstrate that gibberellic acid
and indole-3-acetic acid have remarkably different effects on intercalary
growth in Avena internodes. It was found that IAA strongly promotes longi-
tudinal growth in the internode in the light, and conversely, in the dark, it
represses their growth to an equal extent (Kaufman 1965). IAA also sub-
stantially augments transverse growth of the internode, particularly in the
light. Gibberellic acid, on the other hand, at comparable concentrations,
accelerates longitudinal growth of Avena internodes in both light and dark
while having no significant effect on transverse growth. Both IAA and GAy
cause significant increases in internode dry weight at several concentrations,
In essence, then, the promotion of intercalary growth in Avena internodes
by IAA is strongly light dependent, whereas the GAy response is neither light
nor dark dependent even though the promotion of growth by GAjy is more
strongly expressed in dark than in light. This evidence from the work on
Avena internodes leads one to the conclusion that GAy and TAA have basically
different mechanisms of action as proposed by many other invesligators.
This idea is even more clearly seen in a comparison of response of inter-
calary meristem cells of Avena internodes to TAA and GAg.

Primary differences in the growth responses of intercalary meristem epi-
dermal cells in Avena internodes to IAA and GAj; are depicted in Figure 12,

At
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Figure 12. Comparison of patterns of cell expan-
sion and first stages of cellular differentiation in c
untreated intercalary meristem epidermal cells
(pathway 1) with those in internodes incubated
in IAA and GAg (10 mg/l) in pathways 2 and 3,
respectively. = L
d
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IAA (pathway 2) has the effect of greatly augmenting transverse growth of
the cell, while al the same lime, promoling its growth longitudinally (Figure
12 a). In such a cell, the first stage of differentiation, namely a transverse
asymmelric division, takes place as in untreated internodes (pathway 1).
The products of this division (Figure 12 b) enlarge in both directions with
the long cell member frequently dividing longitudinally to form a pair of
long cells, which also expand laterally and longitudinally in response to TAA.
GAy (pathway 3), in conlrast, has the effect of blocking asymmelric divisions
in intercalary meristem cells, and thus, effectively halting the first stage of
cellular differentiation in the intercalary meristem. The intercalary meristem
cells simply elongate to lengths greatly exceeding those in untreated cells
(compare ¢ and d with pathway 1 in Figure 12) with no significant altera-
tion in amount of transverse growth. IAA thus plays a role in transverse and
longitudinal growth of intercalary meristem cells without altering earliest
stages in their cellular differentiation; these growth reactions of intercalary
meristem cells to IAA are strongly light dependent. GAy acls primarily on cell
lengthening while blocking early differentiation in intercalary meristem cells,
effects which are most strongly expressed in the dark. Such remarkable dif-
ferences in responses of intercalary meristem cells in Avena internodes to
IAA and GAy certainly suggest fundamental differences in their mechanisms
of action at the cellular level, which must reflect rather fundamental dif-
ferences in their modes of action at the biochemical level. These will be
alluded to in section 4.

3. Effect of GAy on Cell Division and Cell Enlargement

It is now well-established that exogenously supplied gibberellic acid may
(1) increase cell size (Allsopp 1962, Burstrom 1960, Bradley and Crane 1962,
Humphries and Wheeler 1960, Kato 1965). (2) increase cell number (Bernier
et al. 1964, Greulach and Haesloop 1958, Sachs ef al. 1959 a, b), (3) increase
both cell number and cell size (Guttridge and Thompson 1963, Humphries
and Wheeler 1960), and (4) decrease cell number (Burstrom 1960, Odhnoff
1963) or cell size (Burstrom 1960). Such diverse effects of gibberellic acid
on cell multiplication and cell enlargement are obviously dependent on the
part of the plant investigated and the particular environmental regime em-
ployed.

In contrast with the effects of gibberellic acid on cell division in apical
meristems of certain rosette plants (see 2 above), it was found in the present
studies that gibberellic acid drastically shortens the duration of mitotic
activity in the inlercalary meristem of Avena internodes with no evidence
that it actually increases rate of cell division (Table 3) in intercalary meri-
stem cells during short incubation periods. Within 24 hr in dark-incubated
Avena shoots. cell division ceases in the intercalary meristem of +GAy inter-
nodes; in the light. it is halted within 48 hr. Concommitantly, GAy accelerates
rate of cell elongation in the intercalary meristem and in elongaling cells
above the inlercalary meristem, the rates of acceleration being greater in
dark than in light. It is therefore clear that gibberellic acid shorlens the
duration of cell multiplication in the intercalary meristem of Avena inter-
nodes and accelerates the rate of cell elongation in pith and epidermal
Physiol, Plant,, I8, 1965
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systems, particularly in the dark. Similar effects of gibberellic acid on cell
division are also ciled by Burstrém (1960) for wheat roots. In view of these
results, one must conclude that cells of the intercalary meristem in Avena
internodes, representing components of a residual meristem derived originally
from the apical meristem, are not physiologically comparable 1o cells in the
apical meristem itself. The effects of GA; on cell multiplication in the two
systems are not the same; in the apical meristem, it primarily affects the
rate of cell division, and in the internodal intercalary meristem of Avena,
the effect is primarily on duration of cell multiplication. However, it is
essential to stress that the most important effect of GAs in Avena internodes
is on the process of cell lengthening as so clearly shown in Figures 7 and 12.

4. Possible Mechanisms of Action of GAy and IAA in Growth
of Avena Internodes

It has been shown by Kuraishi and Muir (1964 @, b) and others that exo-
genous gibberellic acid increases the amount of diffusible auxin in various
plant tissues and organs. They also showed that this effect of GA was
probably one of promoted biosynthesis of diffusible auxin rather than a
decrease in rate of enzymatic destruction of auxin by IAA oxidase. If GA,
causes a similar increase in amount of diffusible auxin in Avena internodes,
it could be argued that some of this increase is partially negated by destruc-
tion of TAA by light. This would then offer a plausible explanation for the
failure of +GAy to overcome completely the suppression of linear growth of
the internode by light. The critical question that must be answered is whether
an increase in diffusible auxin in the internode is causally related to the
acceleration in rate of linear growth elicited by exogenously supplied gib-
berellic acid. It is certainly possible that GAy might also act indirectly in the
process of internodal extension by increasing amylase activily, as in barley
endosperm (Paleg 1960). and hence increase substrate available for cell wall
synthesis. Coupled with this, GAy could also increase cell wall plasticity
(Lockhart 1961) or alter the elastic properties of the cell wall in a way that
differs from the effects of TAA (Yoda and Ashida 1960).

Finally, it would seem appropriate here to offer several speculations on
possible roles that native gibberellins might play in the linear extension of
internodes of the Avena plant. Gibberellin-like substances, or their pre-
cursors, could be produced in the inflorescence, as already shown by Nichols
and May (1964) for barley inflorescences, and the last leaf above the inter-
node (cf. Figure 1 in Kaufman 1965). From these sites, they could move
basipetally to elongating internodes, where they would play a decisive role,
together with native auxins and inhibitors, in linear growth. In Avena, the
primary sile of action would be the intercalary meristem. Lockhart (1957,
1964) has presented rather similar views on the possible roles of native gib-
berellins in extension of pea internodes. Since the rates of longitudinal
growth in internodes of excised Avena shools are never as great as in intact
shoots (Kaufman et al. 1965), one cannot exclude the possibility that some
gibberellin-like substances might also be derived from the root system and
portions of the shoot below the internode, especially in light of recent evi-
dence that native gibberellins are present in considerable quantities in
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bleeding sap derived from decapitated root systems (Phillips and Jones 1964,
Carr et al. 1964).

The writer favors the view that in the Avena internode system, native
auxins and gibberellins, together with other factors (as sugars, native in-
hibitors) must act in a balanced system to control rates and duration of cell
division and cell enlargement. From the studies with exogenously supplied
IAA and GAgy. it would appear that auxin might act primarily in the light and
would exert some control over the orientation of the plane of cell division
and both transverse and longitudinal components of cell enlargement. Gib-
berellin-like substances, in contrast, might act primarily in the dark on longi-
tudinal component of cell enlargement and exert a braking action on the
duration of cell multiplication in the intercalary meristem. Testing of these
ideas must awaitl further investigations on roles that native auxins and gib-
berellins play in cell division, cell enlargement, and cellular differentiation
during intercalary growth in Avena internodes.

Summary

1. The acceleration by gibberellic acid in rale of extension of next to last
internodes in excised Avena shoots occurs in both light and dark. The amount
of promotion of growth by gibberellic acid in light is not sufficient to over-
come completely the inhibitory effects of light on linear extension during
early stages of development of the internode (0 to 3 em length).

2. The linear growth of internodes in excised Avena shoots is strongly
promoted by gibberellic acid over a fairly wide concentration range (10!
lo 10* mg/l) in the dark. This promotion is primarily due to an acceleration
in rate of linear extension of the internode.

3. The primary locus of response of Avena internodes to gibberellic acid
is the intercalary meristem zone. This corresponds to the same site which
is most active in linear extension of dark-incubated untireated internodes.

4. Gibberellic acid precociously halts cell multiplication (transverse asym-
melric divisions) in the intercalary meristem of Avena internodes, resulting
in a diminution in cell number in both pith and epidermal systems. Concom-
mitantly, it greatly augments the rate of cell elongation in pith and epidermal
cells in the intercalary meristem and in elongating cells above it, particularly
in the dark. The duration of cell elongalion is not appreciably affected by
gibberellic acid in the dark.

5. Cellular differentiation in epidermal idioblasts (cork and silica cells
and stomates) is halted in Avena inlernodes by gibberellic acid, resulting in
formation of several anomalous kinds of epidermal cells above the inter-
‘alary meristem and extremely elongate epidermal cells in the locus of the
intercalary meristem.

The author expresses his appreciation to Professor Hans Burstréom for stimulating
discussions, constructive criticism of the manuseript, and for use of facilities at the
Institute of Plant Physiology, Lund University, Lund, Sweden while the author was
on sabbatical leave.
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