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A study was made to find whether the nodding of the flower stalk in a poppy, Papaver
Rhoeas L., immediately after its formation was triggered by the weight of its flower bud or
by positive georeaction and the following results were obtained.

(1) The direction of the nodding was mostly toward the inclined side of the stalk,
which was opposite the leaf, for apical flower buds.

(2) If the weight of the flower bud at stage 1 was cancelled by applying a load equi-
valent to the bud weight, the nodding of the stalk was not initiated.

(3) The stalk at stages 1 and 2 and the upper part of the stalk (bending zone), as
compared with the basal part, at later stages were highly deformable according to mea-
surements by the bending method.

(4) The cell wall of highly deformable stalks was rich in hemicelluloses and that of
the basal part was abundant in pectic substances.

From these results, we concluded that the initiation of the nodding in the flower
stalk was caused by the weight of the flower bud and positive geotropic reaction was
probably not involved.

Key words: Cell wall — Deformability — Flower stalk — Hemicellulose — Nodding
reaction — Papaver Rhoeas L.

In a previous paper, we described the process of georeaction of the flower stalk
in a poppy, Papaver Rhoeas L. (Kohji et al. 1979). The process was divided into 12
stages, the first showing a positive geotropic curvature or "nodding" ("Nicken"),
followed by a negative geotropic reaction which starts from the basal zone of the
stalk until the stalk stands upright and the flower blooms. We found that the
bending of the stalk was due to elongation of the convex side and the straightening
to elongation of the concave side of the stalk.

Extensive studies were carried out on the tropistic movement of the flower stalk
of this plant during the latter half of the 19th century and early this century. There
were controversial discussions as to the cause for the "nodding", whether it was due
to a positive geotropic curvature (Frank 1868, Vochting 1882, Funfstuck 1883,
Scholz 1892, Schulz 1921, Zimmermann 1931, 1932) or to the weight of the flower
bud (de Vries 1872, Sachs 1874, Wiesner 1902, 1906, Fitting 1922). If it was due to
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Abbreviations: P, pectin; HC-1, hemicellulose 1; HC-2, hemicellulose 2.

413

 at T
ohoku U

niversity on O
ctober 13, 2015

http://pcp.oxfordjournals.org/
D

ow
nloaded from

 

http://pcp.oxfordjournals.org/


414 J. Kohji, K. Nishitani and Y. Masuda

positive geotropic curvature, it would be an exceptional georeaction for a part of
shoots.

The purpose of the present study was to find the cause of the nodding. The
results clearly showed that the nodding of the flower stalk at early stages after flower
bud formation was initiated by the weight of the flower bud.

Materials and Methods

Plant material—Poppy seeds (Papaver Rhoeas L., cv. Naruto No. 1) were sown
in pots (diameter, 30 cm; height, 20 cm) in October under natural conditions in
Naruto City and Osaka City. Early in May, the plant height reached approxi-
mately 50-60 cm and flower buds were formed with bolting. All experiments were
performed in May of 1979 and 1980 with seeds having been sown in the preceding
years. As previously reported (Kohji et al. 1979), the entire process of curvature
of the flower stalk was divided into 12 stages which takes approximately 10-12 days.
The stages are schematically illustrated in Fig. 1.

Cancellation of the weight of the flower bud—In order to see the effect of the flower
bud weight on intact plants, an appropriate metal weight was applied to one end of
an angular balance and the other end was connected to the top of the flower stalk in
stage 1 with a string (see Fig. 5). Since the weight of the flower bud increased daily
(Kohji et al. 1979), the load applied to the stalk was changed daily to an approxi-
mately equivalent heavier one. Also, since the flower stalk elongated during the
experiment, the height of the whole balance was elevated daily to prevent the string
from becoming slack.

Measurement of deformability of the stalk—To measure the deformability of the
flower stalk, we adopted the bending method (Heyn and van Overbeek 1931) using
horizontally fixed segments of the flower stalk. A segment was inserted into a tight
hole of a plastic syringe placed horizontally on a holder (Fig. 2). As the diameter
of the flower stalk changed depending on the age or the part of the stalk, we pre-
pared syringes of different sizes and for each segment used one with a hole of appro-
priate diameter.

To the free end of the horizontally fixed stalk segment, a metal load of 1-10 g
was applied. The curvature rapidly formed usually within 5 min, and thereafter
further gradual curving was observed although it was very small (see Fig. 6). The
curvature (degrees) was determined by the angle formed between the straight line of
the horizontal axis and the tangent at the point where the curvature ceased. In
order to make the measurement as accurately as possible, a needle was stuck into
the segment as a pointer (Fig. 2).

At appropriate times (first at 1-min intervals, but later during the study at
5 min after the load application), sideview pictures were taken and the curvature of
the stalk segment was measured as described above on the picture. The curvature
of the already curved stalk segment was expressed as the difference in degrees be-
tween the original curvature and the curvature due to the load. Usually the cur-
vature of the segment after removal of the load was also measured.

Cell wall fractionation—Flower stalk segments were fixed for 5 min in boiling
methanol. They were then rehydrated and homogenized with a mortar and pestle,
followed by treatments with 200 ppm Pronase-P (Kaken-Kagaku Co.) and then
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Fig. 2

Fig. 1 Schematic representation of geotropic movement of flower stalks during development in
Papaver Rkocas L.
Fig. 2 Schematic representation of the bending method. The stalk segment was inserted into the
hole of a plastic syringe to fix it and a load was applied to the free end of the segment. A needle was
struck into the segment in order to accurately measure the curvature produced by the load.

with 10 units of hog pancreatic a-amylase (Sigma Chemical Co.) to remove proteins
and starch (Nishitani and Masuda 1980).

The holocellulose thus prepared was first extracted twice for 1 hr each with a
20 mM ammonium oxalate-oxalic acid buffer solution, pH 4.0, at 70°C. The extracts
were combined and dialyzed overnight against pure water to obtain the P fraction.
The residue was next extracted three times each with 4% and then with 24% KOH
solutions for 24 hr at 25°C. The 4% KOH extracts and 24% KOH extracts were
separately combined and neutralized to pH 6.0 with acetic acid, then dialyzed
overnight against pure water to obtain HC-1 and HC-2, respectively. After the
alkali extractions, the residue was neutralized with acetic acid and washed successive-
ly with water and ethanol, then air-dried to obtain the cellulose fraction. The total
sugar and uronic acid contents in each fraction were determined by the phenol-
sulfuric acid method (Dubois et al. 1956) and the carbazole sulfuric acid method
(Galambos 1967), respectively. The cellulose fraction was dissolved in 72% sulfuric
acid (v/v) for 1 hr at room temperature, then diluted with water and the amount of
a-cellulose, expressed as glucose equivalent, was determined by the phenol sulfuric
acid method.

Results

Role of the flower bud in initiating the nodding

A previous study (Kohji et al. 1979) showed that the straightening of the curved
stalk is a normal negative geotropic response. However, the question arose of what
triggers the nodding of the flower stalk immediately after its formation.

Scoring of the nodding direction of the apical flower stalk indicated that most
of the stalks showed nodding in the direction opposite to the leaf ("Tragblatt")
(Fig. 3). When the flower stalk formed (stage 1), it stood not entirely straight but
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Fig. 3 Distribution of the nodding direction of the flower stalk. One hundred flower stalks (only
apical ones) at stages 2"-3 were observed and the distribution of the nodding direction is presented as
the percent of total. The leaf (Tragblatt) is also shown.
Fig. 4 Time course change in the weight of the flower bud and the curvature of the flower stalk.
Values are the means of ten individual measurements with standard errors.

usually somewhat inclined away from the leaf (cf. Fig. 5). This fact suggests that
the primary factor regulating the nodding direction of the stalk is the weight of the
flower bud. Fig. 4 illustrates the change in the weight of the flower bud during the
nodding process of the stalk (stages 1-4). Although the bud weight varied among
individual flower stalks, it increased with the progression of the stages, as has been
reported previously (Kohji et al. 1979).

Next, experiments were designed to see whether or not the nodding would
occur if the weight of the bud in intact plants was cancelled. The load applied
through an angular balance to cancel the bud weight was increased 0.05 g every two
days starting from 0.154 g on the first day (stage 1) to 0.254 g on the fourth day
(stage 4). An example of such experiments is given in Fig. 5, which shows that
the treated stalk did not show nodding while the control stalk did. The result
suggests that the nodding is initiated by the weight of the flower bud.

Deformability of the flower stalk

If segments (zones 1-5 from the tip to the base, 1.5 cm each) excised from the
stage 3—4 flower stalk were horizontally fixed with a plastic syringe and a load (5 g)
was applied to the free end of the segments, the time course of the bending due to
the load was as shown in Fig. 6. Segments quickly bent after application of the load,
then further bending, although small, continued to occur. The initial and the
second phases of the bending were large in the upper segments (zones 1 and 2),
while the basal segments (zones 4 and 5) showed very small initial bending and almost
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Mechanism of nodding of Papaver flower stalk 417

Fig. 5 Representation of the weight-cancellation experiment. The plant on the left was the
control and that on the right was subjected to weight-cancellation by applying a load (see text) using
an angular balance to cancel the weight of the flower bud. The number under each picture shows
the days elapsed.
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Fig. 6 Bending (degrees) of the different zones of the
flower stalk at stage 5. A load of 5 g was applied to
different segment zones of the stalk and the resulting
curvature was plotted.

no second phase of bending. This result indicates that the deformability of the
organ is large in the upper parts of the flower stalk where the nodding occurs and the
elongation rate is high (Kohji et al. 1979), as compared with the basal zones.

If different load weights, 1 to 12 g, were applied to these segments, the bending
increased as the load weight increased, as shown in Fig. 7. The figure also indicates
that a part of the deformation was irreversible, remaining after the load had been
removed. This irreversible deformation of the segments from different parts due
to different weights appeared to account for approximately 60%. Since the weight
of the flower bud at stages 1 to 4 is much less than 1 g, a small weight was preferable
for the deformability experiments. The deformation almost linearly increased as
the applied weight of the load increased up to 5 g (Fig. 7). The flower stalk of
stages 1 and 2 showed a large deformability and that of the lower part (bending part)
of the stage 2" stalk showed a little less deformability.

For comparison, the deformability due to the 5-g load of the segments (zones
1 to 4) excised from the flower stalks at stages 3-4, 4-5, 5-6 and 9 is shown in Fig. 8.
Except for the specimen of stage 9 which stood straight, the stalk showed the nodding
in zones 2-3, with deformations due to the 5-g load being generally large but varying
with the stage (cf. Fig. 6).
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Fig. 7 Total and irreversible bending of the stalk at stages 1, 2 and 2" (upper zone, 1; lower zone, 2;
each 1.5 cm) due to different loads, from 1 to 12 g. - • - : total bending --•-- : irreversible
bending
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Mechanism of nodding of Papaver flower stalk 419

These results indicate that the bending zone of the nodding flower stalk shows
the largest deformability due to an applied load, again suggesting that the primary
cause for the initiation of the nodding is the weight of the flower bud.

Cell wall analysis

The flower stalk is thinner in the upper region and thicker in the basal region,
and becomes thicker as it grows. The cross sectional area of the flower stalk at
stages 1 and 2 was 2.3 mm2 and that of the upper region of the stalk at stage 5 was
2.6-2.7 mm2 whereas that of the basal region was 3.7 mm2.

Table 1 summarizes the cell wall composition of the flower stalk at stages 1 and 2.
The cell wall of the flower stalk was rich in HC-1 except for a-cellulose, which ac-
counted for more than 60% of the cell wall polysaccharides. With the progression
of the stages, the amounts of the cell wall and cell wall polysaccharides increased
although there was little change in the ratios of each polysaccharide fraction.

Fig. 9 illustrates the cell wall composition of different zones of the flower stalk
at stage 5. As the stalk aged (from the tip to the base), the amounts of the cell wall
and cell wall polysaccharides increased, and the relative amounts of uronic acids in
the P fraction increased and those of HC-1 decreased. The nodding zone (zone 2
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Fig. 8 Bending of the different zones of the flower stalk at different stages, 3-4 to 9. Values are
means of three to ten individual measurements with standard errors. Load: 5 g.
Fig. 9 Cell wall composition of different zones of the flower stalk at stage 5. Each zone was
homogenized after fixation in boiling methanol and the homogenate was treated with pronase and
amylase to prepare holocellulose, which was then successively extracted to obtain the P fraction,
HC-1, HC-2 and a-cellulose. Upper panel, the amount of polysaccharides per 1.5-cm segment; lower
panel, percent representation of the amount of each fraction. UA, uronic acids; NS, neutral sugars;
P, pectin; HC-1, hemicellulose 1; HC-2, hemicellulose 2.
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Table 1 Cell wall composition of the flower stalk at stages 1 and 2

o Cell wall Sugar (/ig/segment, 1.5 cm)
(mg) UA in the P NS in the P HC-1 HC-2 Cellulose Total

1 6.4 266+ 9 299±50 638±12 460±15 2853±26 4516
(5.9) (6.6) (14.1) (10.2) (63.2) (100)

2 7.5 348±27 268±48 693±48 496± 8 3213 + 82 5018
(6.9) (5.3) (13.8) (9.9) (64.0) (100)

UA, uronic acids; NS, neutral sugars; P, pectin fraction; HC-1, hemicellulose 1; HC-2, hemicellulose
2. Percentage values of the total are given in parentheses. Values are the mean of three to seven
separate analyses.

of stage 5; cf. Fig. 8, stage 4-5) contained the least amount of cell wall polysaccharides
and the largest relative amounts of hemicelluloses and neutral sugars in the P fraction.
These results show that the cell wall of the bending zone or the zone which is to bend
(stage 1) contained a relatively large amount of HC-1 and a relatively small amount
of uronic acids.

Discussion

Our study presents evidence that the nodding of the flower stalk after it has been
formed is triggered by the weight of the flower bud. The evidence is based on several
experimental results: first, the nodding occurs mostly in the inclined direction of the
stalk (Fig. 3); second, no nodding occurs if the weight of the flower bud is cancelled
(Fig. 5); third, the flower stalk at stages 1-2" or the bending part of the stalk at later
stages, as compared with basal parts, is highly deformable by an externally applied
load (Fig. 6-8). In addition, we found that the highly deformable part of the cell
wall of the stalk contains relatively large amounts of HCs, particularly HC-1, and
the less deformable part contains large amounts of pectic substances.

A clinostat experiment was also performed in order to achieve weightlessness
with the hope of obtaining plausible evidence to decide whether or not the nodding
was due to the weight of the bud or to positive geotropic response. Although no
nodding occurred under the condition of weightlessness, this experiment was of little
use because clinostats have been employed to cancel geotropic curvature.

Zimmermann (1932) scored the distribution of the nodding direction of the
Papaver flower stalk. However, his observations were made with axillary flower
buds which have stalks that usually incline toward the leaf rather than away from
it as for apical flower buds. Thus the majority of the flower stalk showed nodding
in the direction of the leaf. He also did a weight-cancellation experiment similar to
ours but reached a different conclusion, i.e., the nodding was a positive geotropic
response, since the cancellation did not erase it. However, he subjected the flower
stalk already showing nodding (stage 4 or later) to the weight-cancellation experi-
ment and applied a load twice as heavy as the weight of the flower bud. Thus,
the flower stalk at the stage Zimmermann used does not seem to be the appropriate
one for studying whether the nodding is triggered by the weight of the flower bud
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or by positive geotropic reaction. On the other hand, our study used the flower
stalk in stage 1 and the weight of the flower bud was cancelled with a load weighing
slightly less than it.

The deformability of an organ such as the flower stalk seems to depend mainly
on the mechanical property of the cell wall and also on the organ structure. In
fact, the cross section area of the stalk zone which shows or will show nodding is much
smaller than that of the basal zone. In the present study we did not measure the
mechanical property of the cell wall itself, but a large deformability of the stalk at
stages 1-2" measured by the bending method supports well the idea that the stalk
at these stages is capable of nodding with relatively small loads.

The relationship between the mechanical property and the chemical composi-
tion of the cell wall has been studied mostly using organ segments (cf. Sakurai and
Masuda 1977), but little using intact plants (Kawamura et al. 1974). In intact
plant organs such as epicotyls and hypocotyls of dicot plants, the cell wall of the
elongating parts is rich in hemicelluloses (Nishitani and Masuda 1979). Probably
this characteristic of the cell wall composition is common in the extending immature
cell wall.

Our accumulated experimental data strongly suggest that the initiation of the
nodding in the Papaver flower stalk is triggered by the weight of the flower bud and
that the stalk at stages 1-2" or the bending part of the stalk at later stages are easily
deformable by the weight of the flower bud. It is unlikely that the nodding is a
positive geotropic reaction.

If the flower stalk is decapitated, it quickly loses the curvature and stands up-
right, as reported .previously (Schulz 1921, Kohji et al. 1979). This happens if
decapitation is done at stages 2"-3. If the stalk in stages 1-2 is decapitated, it dies
soon afterwards. Decapitation seems to not only remove the bud weight but also
some active principle(s) in the bud (Kohji et al. 1979). If a lanolin paste containing
auxin is applied to the cut end of the decapitated flower stalk at stages 2"-3, the stalk
does not straighten quickly (Kojhi et al. 1979). Auxin at the concentration applied
may prevent the stiffening of the cell wall at the basal region of the stalk which
otherwise becomes negatively geotropic after decapitation. If a lanolin paste con-
taining gibberellin is applied, the curvature is not retained and the stalk quickly
becomes straight. Thus, the flower bud appears to paly a dual role in the flower
stalk movement, causing nodding of the newly formed flower stalk with its weight
and supplying the stalk with growth substances which regulate growth and tropistic
movements of the flower stalk. Participation of the plant growth substances produc-
ed in the flower bud and transported to the stalk during the curvature and geotropic
straightening periods will be reported elsewhere.

We wish to express our thanks to Drs. S. Kamisaka, R. Yamamoto, S. Fujihara and N. Sakurai
of our laboratory for their fruitful criticisms and encouraging discussion throughout the study.

References

Dubois, K., K. A. Gilles, J. K. Hamilton, P. A. Rebers and F. Smith (1956) Colorimetric method for
determination of sugars and related substances. Anal. Chem. 28: 350-356.

Fitting, H. (1922) Uber den EinfluB des Lichtes und der Verdunkelung auf die Papaverschahe. Jb.
wiss. Bot. 61 : 1-23.

 at T
ohoku U

niversity on O
ctober 13, 2015

http://pcp.oxfordjournals.org/
D

ow
nloaded from

 

http://pcp.oxfordjournals.org/


422 J. Kohji, K. Nishitani and Y. Masuda

Frank, A. B. (1868) Beitrdge zur Pfianzenpbysiologie. Leipzig.
Funfstiick, M. (1883) Zur Frage nach der aktiven Kriimmung der Knospenstiele der Papaveraceen.

Ber. Dtsch. Bot. Ges. 1: 429-432.
Galambos, J. T. (1967) The reaction of carbazole with carbohydrates 1. Effect of borate and sul-

famate on the carbazole color of sugars. Anal. Biochem. 19: 119-132.
Heyn, A. N. J. and J. van Overbeek: Weiteres Versuchmaterial zur plastischen und elastischen

Dehnbarkeit der Zellmembran. Kon. Akad. Wet. Amsterdam 34: 1190-1195.
Kohji, J., H. Hagimoto and Y. Masuda (1979) Georeaction and elongation of the flower stalk in a

poppy, Papaver Rhoeas L. Plant & Cell Physiol. 20: 375-386.
Kawamura, H., S. Kamisaka and Y. Masuda (1976) Regulation of lettuce hypocotyl elongation by

gibberellic acid. Correlation between cell elongation, stress,-relaxation properties of the cell wall
and wall polysaccharide content. Plant & Cell Physiol. 17: 23-34.

Nishitani, K. and Y. Masuda (1979) Growth and cell wall changes in azuki bean epicotyls I. Chang-
es in wall polysaccharides during intact growth. Plant & Cell Physiol. 20: 463-472.

Nishitani, K. and Y. Masuda (1980) Modifications of cell wall polysaccharides during auxin-induced
growth in azuki bean epicotyl segments. Plant & Cell Physiol. 21: 169-181.

Sachs, J. (1874) Lehrbuch der Botanik. 4. Aufl., Leipzig.
Sakurai, N. and Y. Masuda (1977) Effect of indole-3-acetic acid on cell wall loosening: Changes in

mechanical properties and noncellulosic glucose content of Avena coleoptile cell wall. Plant & Cell
Physiol. 18: 587-594.

Scholz, M. (1892) Die Nutation der Blutenstiele der Papaver-Axitn und der Sprossenden von Am-
pleopsis quinquefolia. Cohns. Beitr. Biol. Pfianzen 5: 373-406.

Schulz, H. (1921) Uber Korrelationen zwischen den Bliitenstielen und den geotropischen Bewegung-
en der Bliitenschafte, nach Untersuchungen insbesondere an Praver. Jb. wiss. Bot. 60: 1-66.

Vochting, H. (1882) Die Bewegungen der Bluthen und Fruchte. Cohen u. Sohn, Bonn,
de Vries, H. (1872) Uber einige Ursachen der Richtung bilateral symmetrischer Pflanzenteile.

Arbeiten Bot. Inst. Wurzburg 1: 223-277.
Wiesner, J. (1902) Studien iiber den EinfluC der Schwerkraft auf die Richtung der Pflanzenorgane.

Sitzungsber. Kais. Akad. Wiss. Wien, math.-nat. Kl. I l l : 733-802 .

Wiesner , J . (1906) Anatomic und Physiologic der Pfianzen. 5. Aufl., Wien .

Zimmermann, W. (1931) Die Orientierung von Pflanze und Tier im Raume I. Botanischer Teil.
Biol. Zentralbl. 51: 21-36.

Zimmermann, W. (1932) Beitrage zur Kenntnis der Georeaktionen IV. Bliitenbewegungen und
andere Umstimmungsbewegungen. Jb. wiss. Bot. 77: 393-506.

(Received December 22, 1980; Accepted January 26, 1981)

 at T
ohoku U

niversity on O
ctober 13, 2015

http://pcp.oxfordjournals.org/
D

ow
nloaded from

 

http://pcp.oxfordjournals.org/

