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We have characterized the gravitropic response of inflorescence 
stems in Arabidopsis thaliana. When the inflorescence stems were 
placed horizontally, they curved upward about 90" within 90 min in 
darkness at 23"C, exhibiting strong negative gravitropism. Decapi- 
tated stem segments (without all flowers, flower buds, and apical 
apices) also showed gravitropic responses when they included the 
elongation zone. This result indicates that the minimum elements 
needed for the gravitropic response exist in the decapitated inflo- 
rescence stem segments. At least the 3-min gravistimulation time 
was sufficient to induce the initial curvature at 23°C after a lag time 
of about 30  min. In the gravitropic response of inflorescence stems, 
(a) the gravity perception site exists through the elongating zone, 
(b) auxin is  involved in this response, (c) the gravitropic curvature 
was inhibited at 4°C but at least the gravity perception step could 
occur, and (d) two curvatures could be induced in sequence at 23°C 
by two opposite directional horizontal gravistimulations at 4°C. 

Gravitropism is the growth response whereby a plant 
orients with respect to the gravity vector. In higher 
plants shoots show negative gravitropism (upward cur- 
vature) and roots show positive gravitropism (down- 
ward curvature). The gravitropic response mechanism 
can be separated into three sequential steps: gravity 
perception, signal transduction, and asymmetric growth 
response by differential cell elongation (reviewed by 
Feldmann, 1985; Pickard, 1985; Roberts and Gilbert, 
1992; Poff et al., 1994; Kaufman et al., 1995). Many phys- 
iological and cytological studies of these three steps in 
both shoot and root gravitropism have been performed 
for more than 180 years, using many different plants. 
These studies have demonstrated that the amyloplast is 
involved in the gravity perception step (Iversen, 1969; 
Heathcote, 1981; Moore and Evans, 1986; reviewed by 
Sack, 1991) and that auxin (Gillespire and Thimann, 
1963; Iwami and Masuda, 1976; Bandurski et al., 1984; 
Hatfield and LaMotte, 1984; Harrison and Pickard, 
1989; Migliaccio and Rayle, 1989; Parker and Briggs, 1990; 
Young et al., 1990), calcium (Slocum and Roux, 1983; 
Poovaiah et al., 1987), calmodulin (Stinemetz et al., 1987), 
and protein phosphorylation (Friedmann and Poovaiah, 
1991) are involved in the gravitropic response pathway. 
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Especially the formation of an asymmetric auxin distribu- 
tion at sites of action is thought to be important for leading 
the asymmetric growth response, which causes the grav- 
itropic curvature (Gillespire and Thimann, 1963; Iwami 
and Masuda, 1976; Bandurski et al., 1984; Harrison and 
Pickard, 1989; Migliaccio and Rayle, 1989; Parker and 
Briggs, 1990; Young et al., 1990; reviewed by Evans, 1991). 
In addition, to understand the role of auxin in the grav- 
itropic response, the expression patterns of several auxin- 
regulated genes within gravistimulated organs have been 
studied in shoots of tobacco and A. fkaliana (Li et al., 1991; 
Wyatt et al., 1993; Hagen, 1995). 

Because the molecular mechanisms of the gravitropic 
responses are still unknown, we attempted to identify 
genes involved in gravitropism. Many root gravitropic 
mutants and some shoot gravitropic mutants have been 
isolated from several plants (for reviews, see Roberts and 
Gilbert, 1992; Okada and Shimura, 1994). In Arabidopsis  
tkal iana,  at least eight genetic loci involved in root grav- 
itropism have been identified ( a u x l ,  a x r l ,  axr2 ,  dwf, a g r l ,  
cop4, reviewed by Okada and Shimura, 1994; axr4 ,  Hob- 
bie and Estelle, 1995; e i r l ,  Roman et al., 1995; rgr l ,  Sim- 
mons et al., 1995). However, few genetic loci related to 
shoot gravitropism are known (unnamed, Bullen et al., 
1990; axr2 ,  Wilson et al., 1990; cop4, Hou et al., 1993; 
phyB, Liscum and Hangarter, 1993). In shoots of A. f ka l i -  
ana,  both inflorescence stems (flowering stalks) and hy- 
pocotyls show negative gravitropism. Although several 
genetic or physiological studies of hypocotyl gravitro- 
pism have been reported in this plant (Khurana et al., 
1989; Bullen et al., 1990; Liscum and Hangarter, 1993), to 
our knowledge no detailed physiological analysis of in- 
florescence stem gravitropism has been reported, except 
for the observation that the horizontally gravistimulated 
inflorescence stems of wild type (Columbia ecotype) 
achieved 60" curvature in 80 min (Caspar and Pickard, 
1989), and no trial to isolate mutants deficient in inflo- 
rescence stem gravitropism has been performed. 

To understand the molecular mechanisms of shoot grav- 
itropism, especially inflorescence stem gravitropism, we 
have begun genetic and physiological analyses using A. 
thaliana (Fukaki et al., 1996). Here, as a first step, we de- 
scribe the basic characteristics of the gravitropic responses 
of inflorescence stems. Our results indicate that the inflo- 
rescence stem of this organism has the common character- 
istics of the gravitropic responses as observed in other 
plant shoots and that it is a suitable material for studies of 
shoot gravitropism in higher plants. 
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MATERIALS A N D  M E T H O D S  

Fukaki  et al 

Plant Material  and Crowth  Conditions 

Arabidopsis tkaliana (L.) Heynh, Columbia ecotype, was 
used. A11 plants were grown in a 1:l mixture of perlite and 
vermiculite in vinyl pots at the density of one individual/4 
cm2 with Arabidopsis mineral nutrient before germination 
and with one-quarter-strength solution after germination, 
under constant white light at 23°C in air-conditioned 
rooms or incubators. The Arabidopsis mineral nutrient 
solution contained 5 mM KNO,, 2 mM MgSO,, 2 mM 
Ca(NO,),, 2.5 mM KPO,, adjusted to pH 5.5 by mixing with 
2.5 mM K,HPO, and 2.5 mM KH,PO,, 50 p~ Fe-EDTA, 70 
p~ H,BO,, 14 p~ MnCl,, 0.5 p~ CuSO,, 1 p~ ZnSO,, 0.2 
PM NaMoO,, 10 ~ L M  NaC1, and 0.01 p~ CoC1,. White light 
of 40 approximately 120 pmol m-'s-' from a 1:l mixture 
of white fluorescent tubes (FL20SS.D; Toshiba, Tokyo, Ja- 
pan) and fluorescent tubes for plant growth that are en- 
riched in PAR (FL20eSPG; National, Tokyo, Japan) was 
used for the plant growth. 

Measurement of Growth Profiles of lnflorescence Stems 

Points were marked in black ink on the distal 4-cm part 
of primary inflorescence stems (4-8 cm long) at 5 mm and 
the stem regions were designated 1 to 8 in descending 
order from the apical part to the basal part of inflorescence 
stems. The elongation'of each part during 24 h at 23°C in 
light was measured. 

Preparation of Stem segments for Gravitropic 
Response Assays 

Dista1 4-cm sections of primary inflorescence stems with 
total lengths between 4 and 8 cm were used for gravitropic 
response assays. As shown in Figure 1, the distal 4-cm parts 
were cut from the primary inflorescence stems and their 
basal ends were inserted into silicone tubes (1.0 or 1.5 mm 
i.d., 10 mm long) fixed on acrylic boards that were set in 
clear plastic boxes so that the stems stood in a vertical 
position. They were pre-incubated for 12 to 15 h in white 
light at 23°C with one-quarter-strength Arabidopsis min- 
eral nutrient solution. Three types of inflorescence stem 
segments were prepared from them (Fig. 1): undecapitated 
4-cm parts of primary inflorescence stems (type 1 stem 
segment); undecapitated 4-cm parts (type 2 stem segment), 
prepared from the type 1 stem segments by removing a11 of 
the lateral shoots; and decapitated 3.5-cm stem segments 
(type 3 stem segment), prepared from the type 2 stem 
segments by removing the apical 5-mm region (including 
a11 flowers, flower buds, and shoot apices). The basal5-mm 
parts of these stem segments were put into gellan gum 
blocks (8 X 8 X 8 mm, 1.0% [w/v] gellan gum [a special 
agar for plant culture, Wako Pure Chemical Industries, 
Ltd., Osaka, Japan] containing one-quarter-strength Arabi- 
dopsis mineral nutrient) that were fixed on one face of 
plastic plates (14.0 X 10.0 X 1.5 cm) so that the stem 
segments could be in the vertical position (five segments/ 
plate). To keep high humidity in the plates, a wet paper 
towel was attached in the plate (Fig. 1). 
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Figure 1. Diagram of preparation and treatment of stem segments for 
gravitropic response assay. The distal 4-cm sections of the primary 
inflorescence stems with total lengths between 4 and 8 cm were used 
for gravitropic response assay. Three types of inflorescence stem 
segments (types 1 ,  2, and 3)  were prepared from the distal 4-cm 
sections, and they were set in the plastic plates and gravistimulated 
horizontally as described in "Materials and Methods." 

Gravitropic Response Assays 

After the stem segments were incubated in a vertical 
orientation for 3 h under white light at 23°C in the plates, 
gravistimulation was begun by rotating the plates through 
90" in darkness at 23°C as shown in Figure 1. In assays at 
low temperature, the stem segments were pre-incubated in 
the vertical position for 2 h under white light at 23°C and 
for 1 h in darkness at 4°C before gravistimulation. In the 
case of auxin addition, auxin was given to the apical ends 
of the decapitated type 3 stem segments by immersing the 
stem tip into l O P 5  M IAA solution for 30 s through a 
Pasteur pipette just before the gravistimulation. A11 of the 
responses were performed in darkness except when the 
photographs were taken under white light (about 10-s il- 
lumination of 10 pmol m-'s-' white light from the white 
fluorescent tubes). The curvature of stems (stem segments 
or intact inflorescence stems) was measured EIS follows. 
Angles of the growing directions of the free ends of stems 
between O min (when the horizontal gravistimulation was 
initiated) and subsequent times (usually every 15 min) 
were measured on the image of negatives enlarged by a 
projector. In assays at low temperature, angles of the grow- 
ing directions of stem segments were measured between 
the time when stems were shifted from 23 to 4°C (1 h before 
the gravistimulation) and each response time at 23°C. 
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RESULTS

Gravitropic Responses of Inflorescence
Stems of A. thaliana

Inflorescence stems of A. thaliana Columbia ecotype be-
gan to elongate upright after making the rosette leaves (3—4
weeks after germination) (Fig. 2A). When plants were
placed horizontally by rotating the pots (Fig. 2B), the in-
florescence stems curved about 90° upward in 90 min in
darkness at 23°C, exhibiting a strong negative gravitropic

Figure 2. Gravitropic responses of inflorescence stems. A, The inflo-
rescence stems of 4-week-old plants. B, The horizontally gravistimu-
lated inflorescence stems at the start of gravistimulation. C, The
horizontally gravistimulated inflorescence stems 90 min after B. The
gravistimulation was given in darkness at 23°C. The arrow indicates
the direction of gravity (g). Bar = 1 cm.

response (Fig. 2C). To characterize this response more
quantitatively and more easily, we developed an assay
system for the gravitropic response of inflorescence stems.
To obtain equivalent samples for the assay, the elongation
patterns of inflorescence stems of different lengths were
examined.

As shown in Figure 3A, when the total lengths of the
primary inflorescence stems were from 4 to 8 cm, the
elongation patterns of the distal 4-cm regions were al-
most the same under our experimental conditions. In this
stage, the inflorescence stem consists mainly of three
zones: an apical zone, an elongation zone, and a zone
that has completed elongation. The apical zone includes
the inflorescence meristem, the floral meristems, the
flower buds, and the opened flowers. Below the inflo-
rescence meristem, new cells were continuously pro-
duced by cell division and differentiated into several
tissues (epidermis, cortex, vascular bundle, etc.). This
zone was usually within region 1 (the apical 5-mm re-
gion; Fig. 3B). The elongation zone includes a part of
region 1 and regions 2 to 7, in which region 2 is the most
rapidly elongating region (Fig. 3A). The nonelongating
zone includes region 8 and the basal part below this
region. This zone did not participate in the gravitropic
curvature (see below). Furthermore, at this developmen-
tal stage, little variation was seen between individuals
with a few opened flowers, and there was little elonga-
tion of the lateral shoots. Thus, for the assays, we mainly
used the distal 4-cm parts of the primary inflorescence
stems with total lengths between 4 and 8 cm.

In our system, three kinds of stem segments (types 1,
2, and 3) prepared from inflorescence stems could be
incubated by inserting their basal sides into agar blocks
in plastic plates, and they could be gravistimulated by
rotating the plates through 90° ("Materials and Meth-
ods," Fig. 1). The gravitropic responses of three stem
segments and intact inflorescence stems attached to the
plant were examined. Figure 4 shows the time course for
the change in angle of these stem tips in response to the
horizontal gravistimulation. When they were placed hor-
izontally, all three kinds of stem segments showed basi-
cally similar gravitropic responses as the intact inflores-
cence stems (Fig. 4). First, all three segments as well as
the intact inflorescence stems began to curve upward
within 30 min. Second, even after the total curvature
reached 90°, it continued to increase and the stems ex-
hibited a "overshooting" shape (Fig. 4). Third, the tip of
the overshooting stems reversed its curvature, and fi-
nally the growing direction of the stem tip became nearly
90° at 6 h (Fig. 4).

However, there were some quantitative differences
among their responses. First, all of the excised stem
segments showed a larger curvature than the intact in-
florescence stems. These differences may reflect some
effects of removal from the intact plants or the incuba-
tion in the plate. Second, both type 1 and type 2 stem
segments reached the maximum curvature earlier than
type 3 stem segments and the reversal of the overshoot-
ing by type 1 and type 2 stem segments was also faster
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than that of type 3 stem segments. These quantitative 
differences may reflect effects of remova1 of the apex 
and/or the lateral shoots. These results indicate that the 
gravitropic response of inflorescence stems does not re- 
quire their apical region (including inflorescence meris- 
tems and floral meristems, flowers, flower buds) or their 
lateral shoots, leaves, and roots. Hence, the minimum 
elements needed for the gravitropic response exist in the 
decapitated 3.5-cm type 3 stem segments. However, the 
apical region plays some role when present (Fig. 4), and 
the other organs may contribute to the gravitropic re- 
sponse. Nevertheless, the gravitropic response of decap- 
itated type 3 stem segments was fundamentally similar 
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Figure 3. Growth profiles of inflorescence stems. A, The elongation 
of each stem region. The distal 4-cm part of the primary inflorescence 
stems of different lengths were each marked with black ink at 5 mm 
and incubated at 23°C in white light; the lengths between each mark 
were measured 24 h later. Each box indicates the initial length of 
inflorescence stems. Means of measurements of more than four 
individuals in  each group are shown. B, The distal 4-cm part of the 
primary inflorescence stems (4-8 cm long). The stem region numbers 
(1-8) were given to each 5-mm region from the apical part to the 
basal part in the distal 4-cm parts of inflorescence stems. 
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Figure 4. Time course of the curvature of the intact inflorescence 
stems attached to the plants and the three kinds of stem segments. 
The intact primary inflorescence ste‘ms attached to the plants were 
horizontally gravistimulated as shown in Figure 2. Three types of 
stem segments were prepared and horizontally gravistimulated in 
darkness at 23°C as described in ”Materials and Methods.” The time 
courses for the change in angle of the tip of these stem or stem 
segments are shown. O, lntact inflorescence stems; O, undecapitated 
type 1 stem segments; M, undecapitated type 2 stem segments; and 
O, decapitated type 3 stem segments. The vertical error bars repre- 
sent the SE values. More than eight stems or segments were examined. 
The drawing below the graph shows the angle measured as the 
curvature of stems or segments. g, Cravity. 

to that of the other two stem segment types and intact 
stems. Thus, to analyze the response of the lstem seg- 
ments as simply as possible, the decapitated type 3 stem 
segments were mainly used for the subsequent assays. 

We examined the gravitropic response of type 3 stem 
segments in more detail. Figure 5 shows the representa- 
tive gravitropic response of type 3 stem segments, and 
Figure 6 shows the time course of curvature develop- 
ment for each stem region. When the stem segments 
were gravistimulated horizontally, they began to curve 
upward within 30 min at the most rapidly elongating 
regions (regions 2-4) of the inflorescence steni (Figs. 4, 
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Figure 6. Time course of change of curvatures of each stem region.
The decapitated type 3 stem segment was prepared and horizontally
gravistimulated in darkness at 23°C. Curvature of each stem region
was measured as described in Figure 4. •, Region 2; O, region 3; •,
region 4; D, region 5; A, region 6; A, regions 7 plus 8; X, total
(regions 2-8). One stem segment was examined.
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peared to be S shaped (Fig. 5G). Once again they curved
upward at 6 h (Fig. 5H). Finally, when the stem segments
stopped these oscillations, the growing direction of the
tips was nearly 90° and the curvature was limited to the
region that elongates slightly (Fig. 51).

To determine the location of the gravity perception site,
stem segments were divided into two stem segments and
the gravitropic responses of both segments were examined.
When the decapitated type 3 stem segments were cut be-
tween regions 3 and 4 or between regions 4 and 5, the
apical segments curved upward strongly and the basal

Figure 5. The gravitropic response of a representative decapitated
stem segment. The decapitated type 3 stem segment was prepared
from the undecapitated 4-cm section of the primary inflorescence
stem and it was horizontally gravistimulated in darkness at 23°C as
described in "Materials and Methods." Photographs of the same stem
segment throughout time are shown. The gravistimulation times are
shown beside the photographs. The arrow indicates the direction of
gravity. Bar = 1 cm.

5B, and 6). Total curvature reached 90° within 90 min
(Figs. 4 and 5D) and continued to increase until reaching
almost 150° at 2 h (Figs. 4 and 5E). On the other hand, the
more basal regions (regions 5 and 6), which were not
curving at 30 min, began to curve at 2 h (Figs. 5E and 6).
At 2.5 h, the tips of the stem segments began to reverse
their curvatures (Fig. 5F). After that, the apical parts
passed back through 90° and the stem segments ap-

Table I. Gravitropic responses of divided stem segments
Decapitated type 3 stem segments were cut between the stem

regions 3 and 4 or regions 4 and 5. The divided stem segments (apical
segment [regions 2 and 3, regions 2-4], basal segment [regions 4-8,
regions 4-8 treated with TO"1" M IAA, regions 5-8|) were horizon-
tally gravistimulated at 23°C in darkness. Curvatures at 90 min for
each stem segment and the curvature at 180 min for basal segments
(regions 5-8) were measured. Means ± SE are shown. Ten individuals
were examined in each treatment. The region numbers are as de-
scribed in Figure 3.

Region

Region 2 + 3
Region 4 + 5 + 6 + 7 + 8
Region 4 + 5 + 6 + 7 + 8 H
Region 2 + 3 + 4
Region 5 + 6 + 7 + 8

Curvature (degrees)

62.6 ± 3.4
22.9 ± 7.7

- 10~ r > M IAA 34.8 ± 7.1
104.2 ± 8.1
-0.4 ± 0.4

(6.6 ± 3.3 at 180 min)
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segments curved upward slightly (Table I). These results
indicate that the gravity perception site is not localized
exclusively to the apical part (regions 1 and 2) and suggest
that it exists throughout the entire elongation region of an
inflorescence stem.

Moreover, when 1CT5 M IAA was given to the basal stem
segments (regions 4-8) that were cut between regions 3 and
4 of decapitated type 3 stem segments, their curvatures
were greater (Table I). This result suggests that auxin is
involved in the gravitropic response of inflorescence stems
of Arabidopsis, as reported for many other plant shoots
(Iwami and Masuda, 1974; Hatfield and LaMotte, 1984;
Harrison and Pickard, 1989; Migliaccio and Rayle, 1989;
Evans, 1991).

As shown in Figure 7, the decapitated type 3 stem seg-
ments that were placed in the horizontal position for 1 min,
did not exhibit any curvatures after they were returned to
the vertical position, but the stem segments that were
placed in the horizontal position for 3 min showed the
gravitropic curvature at 30 min. Hence, under this experi-
ment condition, the minimum time required for the per-
ception of gravistimulation was less than 3 min and it took
about 30 min for the initial gravitropic curvature in the
type 3 stem segments.
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Time (min)
Figure 7. Time course of the gravitropic responses of decapitated
stem segments to short gravistimulations. The horizontal gravistimu-
lations were given to the stem segments for 0 min (•), 1 min (O), and
3 min (•) by rotating the plates 90°. After that, the stem segments
were replaced in the vertical position. The curvatures shown in the
vertical position were measured. The vertical error bars represent the
SE values. The horizontal axis represent the time after the start of the
gravistimulation. More than 10 stem segments were examined in
each treatment, g, Gravity.
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Figure 8. Gravitropic response of decapitated stem segments fixed at
the basal or apical ends. After the decapitated 2-cm stem segments
(including regions 2-5) were prepared and pre-incubated in the vertical
position (all segments were fixed with their basal ends) for 3 h, some of
these stem segments were turned upside down and their apical ends
were immobilized and these and remaining samples were horizontally
gravistimulated in darkness at 23°C. A, Representative gravitropic re-
sponse of the stem segments fixed at the apical or basal ends (uppermost
and lowermost), stem segments fixed at their basal ends (middle three
stems), and stem segments fixed at their apical ends. B, Time course for
the change in angle of the free ends in the gravitropic response of the
stem segments fixed at their apical or basal ends. •, Stem segments fixed
at their apical ends; O, stem segments fixed at their basal ends. The
vertical bars represent the SE values. Ten stem segments were examined
in each treatment, g, Gravity.

It is well known that there is a polarity in a stem related
to a gradient in age from the younger apical part to the
older basal part. As mentioned above, when the basal ends
of stem segments were fixed and the stem segments were
placed horizontally, the apical part of stem segments
curved upward. If shoot gravitropism is the phenomenon
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that the younger apical part grows upward, the direction of 
the apical-basal polarity of the inflorescence stems may be 
strongly related to the direction of gravity in the grav- 
itropic response of inflorescence stems. To examine this, 
the apical ends of decapitated stem segments were fixed 
and placed in a horizontal orientation, and the change in 
angle of free basal ends of the stem segments was observed. 
The result is shown in Figure 8. The free basal side oriented 
upward as rapidly and as much as the control, free apical 
end (Fig. 8A). The tip of the basal end curved more than 
90", reversed its curvature in the same way as the tip of the 
control segment, and finally stood upright (Fig. 8). This 
result indicates that the direction of apical-basal polarity of 
the stem need not be identical with the direction of the 
gravity vector. 

Responses to Gravistimulations at Low Temperature 

To examine whether inflorescence stems showed grav- 
itropic responses at low temperature, the decapitated 
type 3 stem segments were gravistimulated at 4°C. As 
shown in Figure 9A, the gravistimulation for 3 h at 4°C 
did not cause any curvature. However, when the stem 
segments were subsequently placed in the vertical posi- 
tion at 23OC, they curved soon after the temperature 
shift, depending on the horizontal gravistimulation at 
4°C. After that, the tip of the stem segment began to 
reverse after 240 min (Fig. 9A). Significant curvature at 
23°C was induced by 5 min of gravistimulation at 4°C 
and the curvatures became larger, depending on the 
gravistimulation time at 4°C (Fig. 9B). These results in- 
dicate that the gravity perception step can occur at 4°C 
but that a part of the gravitropic response is sensitive to 
low temperature. In other words, the consequence of 
gravistimulation that was perceived at 4°C remained 
stored in the inflorescence stems. 

To examine how long the memory of gravistimulation 
remained in inflorescence stems at 4"C, the decapitated 
type 3 stem segments were gravistimulated horizontally 
for 30 min at 4"C, additionally incubated in the vertical 
position at 4°C for different times, and then returned to the 
vertical position at 23°C. As shown in Figure 10, the stem 
segments incubated for 30 or 60 min in the vertical position 
at 4"C, following gravistimulation at 4"C, also curved soon 
after the temperature shift to 23°C. This result indicates 
that the gravistimulation perceived at 4°C was stored at 
that temperature for at least 60 min. However, both the 
curvature at 23°C and the total time needed to achieve 
the maximum response became smaller, depending on 
the incubation time in the vertical position at 4°C. These 
results suggest that the treatment of the vertical position 
at 4°C either might be also perceived as a new gravistimu- 
lation or might reflect loss of a stored signal. In either 
case, it might decrease the curvature caused by horizontal 
gravistimulation. 

To examine the response of the stem segments to two 
independent gravistimulations at 4"C, two opposite direc- 
tional horizontal gravistimulations were given successively 
for 30 min each at 4°C. The type 3 stem segments showed 
unexpected but very interesting responses after the tem- 
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Figure 9. Gravitropic response of decapitated stem segments to gra- 
vistimulation at 4°C. Decapitated type 3 stem segments prepared as 
described in Figure 4 were pre-incubated for 1 h in darkness at 4"C, 
and then horizontal gravistimulation was given in darkness at 4°C. 
After each gravistimulation, the stem segments were shifted to 23°C 
in darkness and were returned to the vertical position. A, Response to 
3 h of gravistimulation at 4°C. B, Responses to severa1 gravistimula- 
tions at 4°C. The transverse axis represents the time after the stems 
were reoriented vertically at 23°C. The gravistimulation times were O 
min (O), 5 min (O), 10 min (W), 20 min (O), 60 min (A), and 90 min 
(A). The vertical bars represent the SE values. Nine or 10 individuals 
were examined in each treatment. g, Cravity. 
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Figure 10. Effect of the vertical gravistimulation at 4°C after the 
horizontal gravistimulation at 4°C. Decapitated type 3 stem segments 
were prepared and handled as described in Figure 9.  The  stem 
segments were horizontally gravistimulated for 30 min at 4°C and 
were then incubated in a vertical position at 4OC for O min (O), 30 
min (O), and 60 min (H) before the temperature shift to 23°C. The 
transverse axis represents the time after the temperature shift. The 
vertical bars represent the SE values. Ten individuals were examined 
in each treatment. g, Gravity. 

perature shift to 23°C (Fig. 11A). At first, they curved 
slightly in response to the first gravistimulation, then 
they reversed the curvature back toward a vertical ori- 
entation, and then they curved in response to the second 
gravistimulation (toward the opposite direction). This 
two-step response suggested that the inflorescence stems 
did not respond once to a sum of two gravistimulations 
but they could show two independent responses in turn 
to two gravistimulations. However, because the stem 
segments were placed in the vertical position at 23"C, the 
possibility could not be excluded that the second curva- 
ture was merely the response to the new gravistimula- 
tion that was induced by the first curvature. To test this 
possibility, the stem segments were placed in the upside 
down vertical position after the temperature shift to 
23OC. In this incubation condition, stem segments that 
were gravistimulated once at 4°C never induced the 
reverse bending at 23°C (Fig. 11B). The stem segments 

that perceived two gravistimulations at 4°C showed the 
second curvature following the first curvature at 23OC 
(Fig. 11B). In addition, almost the same stern regions 
were involved in both curvatures (data not shown). 
These results indicate that the same regions of inflores- 
cence stems could exhibit two successive curvatures in 
response to two oppositely oriented horizontal gravis- 
timulations given sequentially, and suggest that the in- 
florescence stems could perceive and translduce two 
gravistimulations independently and respond to them in 
turn. 

DlSCUSSlON 

Characteristics of the Gravitropic Response of 
lnflorescence Stems in A. tbaliana 

We have described the basic physiological character- 
istics of the gravitropic response of inflorescence stems 
of A. thaliana, which exhibited rapid and strong negative 
gravitropic responses. By using the decapitated stem 
segments, we have shown that the minimum elements 
needed for the gravitropic response exist in the decapi- 
tated inflorescence stem segments, although the apex is 
also involved (Figs. 4-6). This characteristic i,, c common 
in other plant shoots (Iwami and Masuda, 1974; Hart and 
MacDonald, 1984; Hatfield and LaMotte, 1984). The time 
course for the gravitropic response of inflorescence 
stems (Figs. 4-6) and the experimental results using two 
separated stem segments (Table I) indicate that the grav- 
ity perception site is not localized in a specific region of 
a stem and suggest that it exists throughout the elonga- 
tion zone of the inflorescence stems in A .  thnliann. This 
confirms the hypothesis that the probable sites of gravity 
sensing in negative gravitropic organs, such as stems, are 
more spread out along the axis than in roots (Sack, 1991). 

The gravistimulated stem segments initiated curvature 
in the actively elongating regions (regions 2 4 ) ,  and the 
basal regions (regions 5 and 6) began curving slightly later 
(Fig. 6), a consequence of which is that the apical parts 
overshot the vertical (Figs. 4 and 5). Thereafter, the apical 
parts reversed the curvature to orient upright but again 
passed through the vertical. After the tip direction changed 
severa1 times across 90", the apical end came to rest (Figs. 
4 and 5). Similar movements to reverse of curvature are 
frequently observed in other plant organs, e.g. hypocotyls 
of cucumber seedlings (Cosgrove, 1990), coleoptiles of 
maize seedlings (Bandurski et al., 1984), and roots of maize 
(Ishikawa et al., 1991). 

The stem segments of the basal part (regions 4-8) 
curved more weakly than the full stem segments (re- 
gions 1-8) but its curvature was increased when auxin 
was applied (Table I). We also found that the gravitropic 
curvature of stem segments was inhibited by auxin 
transport inhibitors, N-(1-naphthy1)phthalamic acid or 
9-hydroxyfluorene-9-carboxylic acid (data not shown). 
These results indicate that auxin is involved in the grav- 
itropism of inflorescence stems in Arabidopsis as re- 
ported in other plant shoots (Iwami and Masuda, 1976; 
Hatfield and LaMotte, 1984; Harrison and Pickard, 1989; 
Migliaccio and Rayle, 1989; Evans, 1991). 
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In the development of stems, new cells are added to 
pre-existing cells at the shoot apex and therefore there is 
a polarity of cells from the apical to the basal part, 
depending on their age. It is well known that auxin is 
transported from the apical part toward the basal part 
following this polarity (Goldsmith, 1977). Whether stem 
segments were attached at their basal or apical ends 
prior to being placed horizontally, their free ends curved 
upward (Fig. 8). Similar responses to this were observed 
in other plant shoots (Hart and MacDonald, 1984; Kauf- 
man and Dayanandan, 1984). When the basal ends were 
fixed, the direction of the polarity of stems became the 
same as the direction of gravity. On the other hand, 
when the apical ends were fixed, the direction of the 
polarity of stem became opposite to the direction of 
gravity (Fig. 8). These results indicate that the direction- 
of the polarity of inflorescence stems need not be iden- 
tical with the direction of the gravity vector in the grav- 
itropic response. 

Gravitropic Responses to Gravistimulation at 4°C 

The gravitropic response of the stem segments was in- 
hibited at 4"C, but the stem segments gravistimulated at 
4°C curved after they were subsequently placed vertically 
at 23°C (Fig. 9). This result indicates that there is at least 
one step in the gravitropic response pathway that is inhib- 
ited at 4"C, but the gravistimulation is nevertheless per- 
ceived at 4°C. The stem segments were not elongated at 4°C 
(data not shown). Thus, the stem elongation step could be 
one step of the gravitropic response pathway inhibited at 
4°C. Of course, it is also possible that some signal trans- 
duction step or steps are sensitive to low temperature. 
Brauner and Hager (1958) showed that hypocotyls of sun- 
flower (Heliuntkus unnuus) failed to develop curvature to a 
prolonged gravistimulation at 4"C, whereas they devel- 
oped marked curvature after they were subsequently 
placed vertically at 25°C. 

Our data suggest that the perceived signal is stored in 
stems at 4°C for some time. When the stem segments that 
were gravistimulated horizontally at 4°C were incubated 
in the vertical position at the same temperature, they 
showed reduced curvature after the temperature shift to 
23°C (Fig. 10). It is probable that this reduction is the 

Figure 11. Gravitropic responses to two gravistimulations at 4°C. 
Decapitated type 3 stem segments were gravistimulated for 30 min 
in the horizontal position at 4°C (first gravistimulation). Thereaf- 
ter, some of these stem segments were incubated at 23°C in the 
vertical position or in an upside down vertical position; the others 
were additionally incubated for 30 min  in the horizontal position 
oriented opposite from the first gravistimulation at 4°C (second 
gravistimulation) and then incubated at 23OC in  the vertical posi- 
tion or in the upside down vertical position. A, Response in the 
vertical position at 23°C. B, Response in upside down vertical 
position at 23°C. Curvatures in  response to the first gravistimula- 
tion are indicated as positive values. O, Response to one gravis- 
timulation; O, response to two gravistimulations. The transverse 
axis represents the time after the temperature shift. The vertical 
error bars represent the SE values. Ten  individuals were examined 
in each treatment. g, Gravity. 
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response to a sum of both the horizontal gravistimulation 
and the vertical gravistimulation at 4°C. However, the stem 
segments exhibited two successive curvatures in  turn in  
response to two opposite directional horizontal gravis- 
timulations given a t  4°C (Fig. 11). This result indicates that 
stems do not respond to a simple sum of t w o  independent 
signals received a t  4°C and that these two signals are stored 
independently a t  4°C. When the temperature w a s  shifted to  
23"C, the first signal presumably induced the first curva- 
ture  a n d  soon thereafter the second signal presumably 
induced the second curvature. This result suggests that the 
inflorescence stems can perceive more than one gravis- 
timulation in  succession and can transduce each signal 
sequentially. The hypocotyls of sunflower could exhibit 
two successive curvatures in response to t w o  horizontal 

,gravistimulations given a t  4°C (Brauner and Hager, 1958). 
Although the mechanism of the response to the double 
gravistimulations is not  known, this response could be a 
useful phenotype to  s tudy  the adaptation of inflorescence 
stems to  the changes of strength and direction of the 
gravistimulation. 

Our data  indicate that inflorescence stems of A.  thalianu 
exhibit rapid a n d  strong negative gravitropic responses 
a n d  they have some characteristics of the gravitropic re- 
sponse i n  common with other plant  shoots. The inflores- 
cence s tem will be  one of the suitable materials for physi- 
ological a n d  genetic studies of shoot gravitropism i n  higher 
plants, especially in combination with the use of the auxin- 
regulated genes (Li e t  al., 1991; Wyatt e t  al., 1993; Hagen, 
1995) and the mutants  with defects i n  inflorescence s tem 
gravitropism (Fukaki e t  al., 1996). 
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