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Relationship between RNA- and Protein-Synthesis and
Cell Wall Acidification in Auxin-Mediated Elongation of
Sunflower Hypocotyls
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ABSTRACT

The roles of RNA- and protein-synthesis and H* excretion in IAA (10 uM)-induced elongation
were investigated using abraded hypocotyl segments of sunflower (Helianthus annuus L). The
response of elongation initiated about 13 min after IAA treatment. Removal of cuticle, acting as
diffusion barrier for inhibitors, by mechanical abrasion of hypocotyl segments enhanced the effect
of inhibitors markedly, but the degree of abrasion for the saturated effect of inhibition was different
among inhibitors. The elongation induced by IAA was completely inhibited when cycloheximide
(10 uM) was applied to abraded hypocotyl segments as shortly as 4 min before the onset of
the growth response (=10 min after administration of IAA). Cordycepin (200 uM) prevented comp-
letely IAA-induced elongation when applied as shortly as 19 min before the onset of the growth
response (=5 min before administration of IAA). Vanadate (1 mM) inhibited both IAA-induced
elongation and medium acidification via IAA-induced H~ exeretion to apoplast. Cycloheximide and
cordycepin also prevented [AA-induced H* excretion strongly. However, inhibition by cyclohexi-
mide of IAA-induced elongation was not alleviated by acidifying the cell wall to pH 4.5. The results
indicate that, a few minutes before the initiation of growth, protein synthesis is demanded for
the mitiation of IAA-induced elongation and the H* excretion to cell wall, and that the H excre-
tion, even though it may be necessary for elongation, does not seem to bring about acid growth
simply through acidifying cell wall.

INTRODUCTION

The significance of protein- and RNA-synthesis and
H* excretion to cell wall in the initiation of auxin-media-
ted cell elongation has been debated for several decades
to be still unsolved. In the 1960s, the gene-activation hy-
pothesis suggested that auxin regulates the synthesis of
specific mRNA coding for proteins (growth-limiting pro-
teins, GLP) necessary for the growth process (Key, 1969).
This hypothesis was supported by observations that in
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long-term (several hours) auxin increased the absolute
amounts of RNAs and proteins (Noodén and Thimann,
1963; Trewavas, 1968; Key, 1969 Verma ef al., 1975;
Zurfluh and Guilfoyle, 1982). However, because short-
term (up to 1 h of exposure) auxin effects on gene exp-
ression were not detected even though auxin fully stimu-
lated growth within 15 to 25 min (Evans and Ray, 1969;
Jacobs and Ray, 1976), the attention was away from gene
expression. Alternatively, the acid-growth theory, which
proposed that cell elongation is initiated by auxin-induced
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proton excretion (Rayle and Cleland, 1970; Hager et al.,
1971), was advanced.

In the short-term kinetics of auxin-induced cell elonga-
tion, the inability of early studies to measure directly
the change in amounts of proteins and RNAs was due
to the limit of techniques available at that time (Trewa-
vas, 1976), and the results that protein synthesis inhibitor
like cycloheximide (CHI) could not inhibit auxin-induced
elongation were caused by the non-removed epidermal
cuticle which acts as diffusion barrier for the inhibitor
(Bates and Cleland, 1979; Edelmann and Schopfer, 1989).
Using technique of molecular biclogy, recently, early au-
xin-mediated mRNA changes were founded with lag pe-
riod of less than 10-15 min (Guilfoyle, 1986; Theologis,
1986) even though the functions of their products have
not been known. Moreover, the evidence from inhibitor
experiments with abraded tissues indicated that very
short-lived proteins were necessary for auxin-mediated
elongation (Bates and Cleland, 1979; Edelmann and
Schopfer, 1989). With all these evidences for ‘neo-gene-
activation hypothsis’, it is evident that auxin-induced H*
excretion occurs in both coleoptiles and dicotyledonous
stems and, when this process is blocked by plasma mem-
brane H*-ATPase inhibitor vanadate, auxin-mediated
elongation is inhibited (Theologis, 1987; Brummell and
Hall, 1987). The evidences that protein- and RNA-synthe-
sis inhibitors also inhibited the auxin-induced H™ excre-
tion and elongation (Bates and Cleland, 1979 and 1980;
Rayle and Cleland, 1980; Theologis ef al., 1985) indicate
that auxin-induced cell wall acidification through H* exc-
retion is preceded by protein and RNA synthesis. From
these evidences, Bates and Cleland (1980) suggested, in
accordance with acid-growth theory, that GLP comprises
a part of the H™ excretion mechanism and Theologis
(1986) proposed that protein products by the primary
auxin event are related to the secretory pathway of cell
wall materials, but Edelmann and Schopfer (1939) clai-
med that the independence of CHI and COR (cordycepin)
inhibition of pH made it rather unlikely that GLP is dire-
ctly involved in the mechanism of auxin-mediated H*
excretion.

The aim of the present work was to provide further
information concerning this uncertainty. Therefore, we
examined the effect of the cuticular barrier against other
inhibitors (COR and vanadate) as well as CHI in order
lo investigate the exact timing of action of these inhibi-
tors, and the effect of these inhibitors on auxin-mediated
elongation and cell wall acidification.
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MATERIALS AND METHODS

Growth and preparation of plant material. Sunflo-
wer (Helianthus annuus L.) seeds were surface-sterilized
in 1% sodium hypochlorite solution for 30 min. After
thorough rinsing, they were soaked for 20 h in distiled
water with aeration, then grown on vermiculite moiste-
ned with distiled water in the dark at 25C for 4 days.
Seedlings with the elongating hypocotyl between 5 and
6 cm in length were selected and a 10 mm segment
excised from 2-3 mm below the apical hook. Hypocotyls
were abraded before cutting the segments by pulling the
hypocotyls ten times through fined sea-sand powder (5
to 100 uym-mostly 10 pm-in diameter with irregular
shape) between thumb and forefinger. Hypocotyls treated
in this way showed a regular pattern of neutral red (5
g/l) stained patches but were virtually unstained by
Evans Blue. Above twenty times abrasion, however, blue
patches started to appear. Since neutral red is accumula-
ted in living cells whereas Evans Blue stains only dama-
ged cells (Taylor and West, 1980), this test indicates that
the abrasion procedure applied effectively disrupts the
cuticle without injuring the underlying epidermal cells
(Schopfer, 1989). The hypocotyl segments were incubated
on distiled water for 2 h before use in order to deplet
endogeneous active auxins. All experiments were done
at normal room light.

Chemicals. Cycloheximide and sodium orthovana-
date (Na;VO,) were purchased from Sigma, cordycepin
from Boehringer and indole 3-acetic acid from Merck,

Measurement of growth. Growth Kkinetics were
measured by either one of two procedures: 1) For mea-
surement of long-term growth, ten segments were floated
on 10 m/ medium in a glass test tube (25 mm ¢). A st-
ream of air was bubled through the medium. Up to 12
units of this type were placed in a thermostated water
bath (25+ 0.2T). Segment elongation was read at suitable
intervals by eye on a millimeter scale. 2) For measure-
ment short-term kinetics, single segments were placed
in a linear-displacement transducer (Serie 605-2.5, Erich-
sen, Wuppertal, FRG) which had a sensitivity of 1.68
mV/um and permitted the measurement of segment elo-
ngation rates with an accuracy of =1 pum/min (Kutschera
and Schopfer, 1985a). The voltage output of the transdu-
cer was fed into a digital meter displaying both the actual
voltage and the vollage change per unit time (set to 1
min).

Transducer voltage output (i.e., segment extension) and
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Fig. 1. Growth of sunflower hypocotyl segments accor-
ding to the number of abrasion in only IAA (10 pM)
and some elongation inhibitors (COR, 200 uM; Vanadate,
1 mM; CHI, 10 uM) in 10 uM IAA. The hypocotyl segme-
nts were abraded 0 to 20 times with fine sea sand pow-
der (See materials and methods). Elongation was deter-
mined 2 h after the treatment.

voltage increment per min (le, segment extension rate)
were recorded with a two channel chart recorder set
to 6 mm/h.

Measurement of pH. One millimolar potassium
phosphate huffer was prepared at pH 7.0 and hypocotyl
segments were placed into this buffer with aeration, in
which the tissue-to-volume ratio used were 30 segments/
3.0 ml. The pH of the solution was measured at suitable
intervals with a pH meter (Fisher Accumet Model 230A
pH/ion meter).

Data points represent means of two to six independent
measurements. Short-term growth kinetics are presented
as growth-recorder tracings from single representative
experiments.

RESULTS AND DISCUSSION

Effect of cuticle abrasion on the permeability of inhibi-
tors. The epidermal cuticle of hypocotyl segments ac-
ted as diffusion barrier for inhibitors used in this experi-
ment (Fig. 1). In contrast to these inhibilors, the effecti-
veness of JAA was not significantly affected by the deg-
ree of cuticle abrasion, therefore the cuticle does not
seem to inhibit the entry of IAA. In short-term kinetics
of JAA-induced elongation of maize (Kutschera and Scho-
pler, 1985a) and oat (Schopfer, 1989) coleoptiles, abrasion
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has no significant effect but caused decrease of elonga-
tion by 30% in long-term. Moreover, in azuki bean (Bra-
nca et al., 1988), IAA-induced elongation was about 55%
less in abraded than in intact segments even though the
percenl growth amount due to the addition of the hor-
mone was about the same in intact and abraded segme-
nts.

In this work, the effectiveness of inhibitors on inhibi-
tion of IAA-induced elongation was different with the
degree of cuticle abrasion. For protein synthesis inhibitor
cycloheximide (CHI, 10 uM), in nonabraded segments
the inhibitor showed saturating effect at 50 pM, however
even with single time abrasion by fine sea sand powder
(diameter in c.a. 10 wm), the effectiveness of the inhibitor
was increased by more than 60%. In nonabraded segme-
nts, RNA synthesis inhibitor cordycepin (COR, 200 uM)
and plasma membrane H*-ATPase inhibitor vanadate (1
mM) inhibited the IAA-induced elongation by 20% but
when the segments were abraded 10 times the inhibitory
effect of these inhibitors was increased to 65% and 70%,
respectively.

According to our results, each inhibitors differently de-
manded the degree of abrasion for a saturating effect
of inhibition on the IAA-induced elongation. Besides
these inhibitors. ion such as Ca®~ also can not practically
penetrate the cuticle barrier (unpresented data). There-
for, in order to examine the correct action concentration
and the most effectiveness of inhibitors (or chemicals),
the cuticle barrier of stem must be removed.

Effect of cuticle abrasion on the action of CHI. The
effect of cuticle abrasion on the permeability of inhibitors
could been shown more obviously by investigating the
effect on the action of CHI The inhibitory effect of 50
uM CHI in nonabraded segments was the same as that
of 10 uM in abraded segments (Fig. 2). In this experi-
ment, we used 10 pM CHI, above which a saturating
effect of the inhibition on IAA-induced elongation was
shownn.

In nonabraded segments, this concentration of CHI
could not prevent IAA-induced elongation even when ap-
plied at the same time as, or within 1h before the hor-
mone, although the elongation rate was considerably re-
duced with longer CHI pretreaiments (Fig. 3). On the
other hand, in ahraded segments the rate of [AA-induced
elongation was dropped as shortly as 5 min after admini-
stration of 10 uM CHI (Fig. 4b and c¢). The results of
Fig. 3 would lead to the false conclusion that CHI is
incapable of preventing [AA-induced growth. In early ex-
periments (Barkley and Evans, 1970 Penny, 1971; Mura-
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Fig. 2. Effect of CHI on IAA-mediated elongation of nonabraded (left) and abraded (right) sunflower hypocotyl segme-
nts. JAA (10 pM) and CHI (0-100 pM) were added simultaneously at time zero (=2 h after cutting the segments).
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Fig. 3. Effect of CHI (10 uM) on the short-term elongation kinetics of nonabraded sunflower hypocotyl segments.
IAA (10 uM) was added at time zero (=2 h after cutting the segments); CHI was added 1 h after (b), simultaneously
with (), and 1 h before (d) IAA. These data were presented as growth-recorder tracings from single representitive

experiments.
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Fig. 4. Effect of CHI (10 uM) on the short-term elonga-
tion kinetics of abraded sunflower hypocotyl segments.
IAA (10 uM) was added 2 h after cutting the segments
{=time zero); CHI was added 60 min (b), 30 min (¢),
12 min (d), and 10 min (e) after TAA.

vama and Ueda, 1973; Vanderhoef et al., 1976), in which
cuticle was not considered as a diffusion barrier, also
CHI could not prevent short-term IAA-induced elonga-
tion. From the results that CHI had no significant effect
on the early elongation event by auxin in lupin and soy-
bean hypocotyls repectively, Penny (1971) and Vande-
rhoef et al. (1976) proposed that the inhibition of auxin-
induced elongation is dependent on GLP poo] being al-
redy on existence and GLP synthesis at the level of pro-
tein synthesis is necessary for the late elongation phase.
These early studies made the misinterpretation that pro-
tein synthesis is not demanded for the initiation of auxin-
induced elongation. Problems of these studies, however,
were pointed out by Bates and Cleland (1979). As Edel-
mann and Schopfer (1989) emphasized more clearly about
the cuticle abrasion, in this context, our results provide
further information that opne should effectively remove
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Fig. 5. Effect of COR on [AA-mediated elongation of ab-
raded sunflower hypocotyl segments. JAA (10 pM) and
COR (0-200 uM) were added simultaneously at lime zero
(=2 h after cutting the segments).

cuticle for the exact inhibitor study about auxin-induced
stem elongation.

Effect of CHI on TAA-induced elongation in abraded
hypocotyl segments. In sunflower hypocotyl segments,
IAA-induced elongation started 13.3% 1.5 min after admi-
nistration of the hormone (Figs. 3a and 4a), and the elo-
ngation rate reached the maximum value 30 min after
IAA then continued for several hours. When CHI was
added after attaining a steady-state elongation rate, in
abraded segments the elongation rate dropped rapidly
with 5 min lag time and consequently dropped to zero
60 min after applying the inhibitor (Fig. 4b). Even when
CHI was added at the initiation of maximum rate (Le.
30 min after JTAA administration), the elongation rate ra-
pidly reduced within 5 min and it was inhibited comple-
tely 30 min after adding CHI (Fig. 4c). The complete
inhibition of the initiation of IAA-dependent growth was
accomplished when CHI was added 10 min after [AA
treatment (i.e. 3-5 min before the onset of growth respo-
nse). These results indicate that the synthesis of protein
(s) with very short life span (less than 5 min) is neces-
sary for initiation and maintenance of IAA-induced gro-
wth. In similar investigation done with abraded maize
coleoptiles (Edelmann and Schopfer, 1989), also it was
suggested that auxin-dependent growth needs for protein
(2) having life time as short as 5 min. However, no pro-
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Fig. 6. Effect of COR (200 pM) on the short-term elonga-
tion kinetics of abraded sunflower hypocotyl segments.
IAA (10 pM) was added 2 h after cutting the segments
(=time zero); COR was added 60 min after (a), 14 min
after (b), simultaneously with (¢) and 5 min before (d)
TAA.

teins with such extremely short life time have been iden-
tified and moreover no their functions have been clearly
known.

With these uncertainty, it has been proposed that GLP
may be hydrolytic enzyme for glucan degradation (Saku-
rai and Masuda, 1979), GLP comprises a part of H* exc-
retion mechanism (Bates and Cleland, 1980), or GLP may
be a small pool of structural protein(s) incorporated into
the epidermal cell wall in order to maintain its plastic
extensibility necessary for growth (Edelmann ef al., 1989).

Effect of COR on IAA-induced elongation in abraded
hypocotyl segments. In long term, RNA synthesis
inhibitor cordycepin (COR) at concentration of 200 yM
showed nearly complete inhibitory effect on the TAA-de-
pendent growth in abraded sunflower hypocotyl segments
(Fig. 5). Thus we used this concentration for the study
of short-term elongation kinetics and medium acidifica-
tion.

Similarly to CHI, Fig. 6 shows the effect of COR on
the short-term kinetics of IAA-induced elongation. 200

of abraded sunflower hypocotyl segments. JAA (10 pM)
and vanadate (0-10 mM) were added simultaneously at
time zero (=2 h after cutting the segments).

M COR began to inhibit the steady-state elongation rate
with about 10 min lag time and completely inhibited the
elongation rate 70 min after administration of the inhibi-
tor (Fig. 6a). When COR was added simultaneously with
TAA, the initiation of [AA-induced elongation was slightly
shown (Fig. 6¢c). The complete inhibitory effect of COR
appeared when COR was added 18 min before the initia-
tion of IAA-induced growth (i.e. 5 min before administra-
tion of IAA). COR, similarly to CHI, inhibited the JAA-
induced elongation rate more rapidly in sunflower hypo-
cotyl (in this experiment) than in maize coleoptiles (Edel-
mann and Schopler, 1989), In Avena coleoptiles (Sakurai
and Masuda, 1979), the inhibitory effect of COR (100
uM) on the auxin-dependent growth and glucan degrada-
tion was more rapid than that of sunflower hypocotyls
in this work. These evidences suggest that the synthesis
of mRNA coding GLP is necessary for the initiation of
auxin-mediated growth. The timing of the inhibitory ki-
netics of COR in our result was consistent with the repo-
rts that the level of auxin-dependent mRNA increased
within 5-10 min after auxin administration (Hagen and
Guilfoyle, 1985; Theologis et al., 1985).

Effect of vanadate on IAA-induced elongation on abra-
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1 mM vanadate, 200 yM COR, 10 uM IAA or control
(1 mM potassium phosphate buffer, pH 7.0). Each me-
dium included 1 mM potassium phosphate buffer (pH
7.0) and the inhibitor media were added with 10 uM
IAA.

ded hypocotyl segments. In accordance with acid-gro-
wth theory, it was proposed that, in responsive cells, au-
xin stimulates growth by activating a plasma membrane-
bound ATPase which transfer protons from the cytosol
into the cell wall space (Hager et al., 1971). In this point
of view, the inhibition of auxin-induced elongation and
cell wall acidification by vanadate (plasma membrane H*-
ATPase inhibitor) has been used as the evidence for acid-
growth theory. However, there has been suggestion that
the inhibitory effect by vanadate on auxin actions should
be reintcrpretated (Brummer ef o, 1984: Brummell,
1986).

Vanadate, in sunflower hypocotyl segments, began to
inhibit considerably IAA-induced elongation at the conce-
ntration of 0.5 mM and then 1 mM vanadate showed
a similar inhibitory level to 10 uM CHI and 200 uM COR
(Fig. 7). This concentration was used for the experiment

Fig. 9. Effect of CHI on 1AA-mediated elongation of ab-
raded sunflower hypocotyl segments in acidic buffer (5
mM citrate buffer, pH 4.5). IAA (10 uM) and CHI (10
uM) were added 1 h after time zero (=1 h after cutting
the segments) as indicated by the arrow.

about medium acidification. In cucumber hypocotyls
(Brummell, 1986), pea epicotvls and oat coleoptiles (Ja-
cobs and Taiz, 1980), 1 mM vanadate showed nearly co-
mplete inhibitory effect on auxin-dependent growth.
Inhibitory effect of vanadate on auxin-dependent gro-
wth signifies the requirement of H™ excretion by plasma
membrane ATPase in auxin-induced growth, however
this result not necessarily leads us to a conclusion that
cell wall acidification, the consequence of H' excretion
to wall, is necessary for the growth (Brummell, 1986).
Effect of inhibitors on IAA-induced medinm acidifica-
tion in abraded hypocotyl segments.  Ten uM IAA aci-
dified the media including abraded segments from pH
7.0 to pH 5.9 after 5 h (Fig. 8). pH of control medium
also fell by 0.6, but less than 1.1 in IAA medium. Preven-
tion of medium acidification by inhibitors for auxin-indu-
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ced growth was shown in Fig. 8, in which 10 yM CHI
and 1 mM vanadate completely and 200 pM COR consi-
derably inhibited the acidification. CHI inhibited the au-
xin-induced acidification in maize coleoptiles (Kutschera
and Schopfer, 1985b) and sunflower hypocotyls (Mentze
et al., 1977), and vanadate inhibited the acidification in
cucumber hypocotyls (Brummell, 1986) and pea epicotyls
and oat coleoptiles (Jacobs and Taiz, 1977). Our result
that the IAA-induced acidification was blocked by COR
means that IAA-induced H™ excretion may be controled
at the level of RNA synthesis. This is consistent with
the result that a-amanitin (5 uM) inhibited IAA-induced
cell wall acidification as well as elongation in pea epicot-
yls (Theologis et al., 1985).

Evidences that inhibitors for auxin-induced growth
prevent auxin-induced proton excretion have been used
for acid-growth theory (Evans, 1983), however, this must
be differently interpreted according to the following pre-
sent result and the result from maize (Edelmann and
Schopfer, 1989).

Effect of CHI on TAA-induced elongation in acid solu-
tion. In accordance with acid-growth theory, the fact
that CHI inhibits both auxin-induced H' excretion and

elongation dues to the inhibition of synthesis of pqultja;i&g?l__

related to cell wall aicidification. If this explanation were
true, auxin-induced growth inhibited by CHI would be
recovered by infiltering cell wall with acid solution. Ho-
wever, as shown in Fig. 9, this could not be proved. Co-
leoptiles and dicotyledonous stem usually show acid-me-
diated growth in buffer with pH below 5.0 (Brummell
and Hall, 1987). pH 4.5 citrate buffer (> mM) induced
rapid elongation of sunflower hypocotyl segments within
1 h and this buffer caused acid growth even in CHI-trea-
ted segments. However, IAA-mediated growth inhibited
by CHI was not restored to the level of IAA-induced
growth and remained at the same level of only CHI trea-
tment. This data supports the result from maize coleopti-
les (Edelmann and Schopfer, 1989).

CONCLUSIONS

At many studies related with auxin-induced stem elo-
ngation, false concentration and timing at which growth
inhibitors act have been shown. Our results, in this con-
text, indicate that the cuticle abrasion test for each inhi-
bitor (or other chemicals) should be preceded.

This investigation, through inhibitor study with abra-
ded sunflower stem segments, suggests that short-lived
proteins (or RNAs) are necessary for auxin-mediated elo-
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gation (Figs. 4 and 6) and also that auxin-induced H*
excretion needs protein (and RNA) synthesis (Fig. 8).
In addition, the growth inhibition by vanadate (Fig. 7)
indicates that H* excretion is demanded for auxin-me-
diated elongation. However, the growth inhibition by CHI
do not likely occur through the inhibition of cell wall
acidification (Fig. 9). Although this investigation do not
present the physiological function of the protien(s)whose
synthesis is inhibited by CHI or induced by auxin, the
results from Figs. 8 and 9 mean that the protein(s) could
be related to the H" excretion mechanism but H* excre-
tion itself do not cause acid growth through wail acidifi-
cation.
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