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ABSTRACT

The graviresponse of the leaf-sheath pulvinus of oat (Avena
sativa) involves an asymmetric growth response accompanied by
several asymmetric processes, including degradation of starch
and cell wall synthesis. To understand further the cellular and
biochemical events associated with the graviresponse, changes
in cell walls and their constituents and the activities of related
enzymes were investigated in excised pulvini. Asymmetric in-
creases in dry weight with relatively symmetric increases in wall
weight accompanied the graviresponse. Starch degradation could
not account for increases in wall weight. However, a strong
asymmetry in invertase activity indicated that hydrolysis of ex-
ogenous sucrose could contribute significantly to the increases
in wall and dry weights. Most cell wall components increased
proportionately during the graviresponse. However, fl-D-glucan
did not increase symmetrically, but rather increased in proportion
in lower halves of gravistimulated pulvini. This change resulted
from an increase in glucan synthase activity in lower halves. The
asymmetry of ft-D-glucan content arose too slowly to account for
initiation of the graviresponse. A similar pattem in change in wall
extensibility was also observed. Since ,-D-glucan was the only
wall component to change, it is hypothesized that this change is
the basis for the change in wall extensibility. Since wall extensi-
bility changed too slowly to account for growth initiation, it is
postulated that asymmetric changes in osmotic solutes act as
the driving factor for growth promotion in the graviresponse, while
wall extensibility acts as a limiting factor during growth.

The graviresponse of the leaf-sheath pulvinus of oat is
initiated by the sedimentation of starch grains, which culmi-
nates in a hormone-mediated growth response (7, 22). During
the growth response, the starch grains are hydrolyzed in an
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asymmetric manner (28). The growth response involves not
only cell expansion but also the synthesis ofnew wall materials
(7, 14). Cell division is not involved (14).
During cell expansion in cereal grasses (such as oat), a

mixed linkage f3-D-glucan is synthesized (8). The basic struc-
ture is repeating units of cellotriosyl and cellotetraosyl units
connected by a single (l- 3)K3-D-glucosyl linkage (21, 29). f3-
D-Glucan of developing maize seedlings contains additional
substructure that permits hydrolysis by a specific endo-(3-D-
glucanohydrolase at regularly spaced sites about every 50
glucosyl residues (20). This endo-f3-D-glucanohydrolase and
an exo-f3-D-glucohydrolase, which specifically hydrolyze ,B-D-
glucan, have been partially purified from cell walls of maize
and were implicated in the turnover of glucan (19, 20).
Gibberellic acid markedly reduces the proportion of fl-D-
glucan in growth-stimulated leaves of dwarf maize and in-
creases endo-1-D-glucanohydrolase activity concomitantly
(10). Auxin accelerates the loss of f3-D-glucan from walls of
excised coleoptile tisues deprived ofexogenous sugar (24), but
there is no such decrease in glucan content in intact tissues
during maximal growth (8) or in excised tissues given sucrose
(13). Both auxin and gibberellins act in the graviresponse of
the oat pulvinus (4, 7, 14), indicating that hormone-induced
changes in f3-D-glucan content may accompany the gravires-
ponse.

In this study, we report changes in the cell wall that are
associated with the graviresponse of the leaf-sheath pulvinus
of oat (Avena sativa). We also report changes in the activities
of enzymes related to carbon utilization associated with wall
synthesis. Our specific interests include (a) the possible role
of starch as a source of substrate for wall materials, (b) those
changes in cell wall constituents that occur during the gravi-
response, and (c) those changes in wall constituents and
enzyme activities that may act specifically in growth regula-
tion.

MATERIALS AND METHODS

Materials

Oat plants (Avena sativa L. cv Victory, from Svenska
Allmanna A.B., Svalof, Sweden) were raised from seed in a
greenhouse with supplemental lighting to maintain a
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light:dark ratio of 18:6 h (6). After 4 weeks, plants were
transferred to a growth chamber with the same light:dark
ratio with constant temperature at 25 ± 1°C until plants
were approximately 45 d old. For experimentation, plants
were selected for length of next-to-last (p-1 locus) internode
greater than 4 cm, at which stage the next-to-last (p-l) leaf-
sheath pulvinus was maximally competent to show a gravi-
response (6). Gravistimulation involved placing stem seg-
ments, cut 3 cm below and 5 cm above the pulvinus, horizon-
tally between paper towelling and glass plates, with 0.1 M
sucrose supplied to the segment bases through the towelling.
Similarly prepared segments left in a vertical orientation were
used for comparison.

Cell Wall Analysis

After treatment, the pulvini were excised from the remain-
ing internodal tissue and divided into upper and lower halves.
Pulvinus tissue was frozen on Dry Ice upon excision, stored
at -80°C until all treatments were completed, then lyophilized
and weighed before analysis. The dried tissues (50-200 mg)
were homogenized with a glass-glass homogenizer in 3 mL of
cold buffer, 50 mM Tes-KOH, pH 7.2, containing 30 mM
ascorbic acid, and the homogenizer was washed twice with 3
mL of buffer. The homogenates and each of the subsequent
washes (10 mL) were centrifuged for 10 min at 1000g. The
pellets were washed twice with 0.5 M KH2PO4 buffer (pH 7.0)
and twice in distilled water. Lipids were extracted once in
chloroform:methanol (1:2), and once in chloroform:methanol
(1:1). Each extraction was heated to 45 to 50°C for 30 min.
The pellets were washed once in methanol and twice in
distilled water. Starch was extracted from the pellets in 10 mL
of DMSO stirred for 24 h. The pellets were washed twice in
distilled water before freeze drying.

Starch from the DMSO extract was quantified according to
Carpita and Kanabus (9). Glucose released by digestion ofthe
starch with glucoamylase (1 ,4-a-D-glucohydrolase (EC
3.2.1.3) from Rhizopus niveus; Miles Laboratories) was meas-
ured by a coupled hexokinase and glucose-6-phosphate
dehydrogenase assay. The efficiency of the starch hydrolysis
was determined by digestion of amylopectin, and the glu-
cose analysis was quantified by comparison with D-glucose
standards.

Protein was assayed according to Bradford (3) (commercial
reagent from Pierce) with BSA as standard. Total sugars were
assayed by a phenol-sulfuric acid method (16) with glucose
and xylose as standards. Uronic acids were assayed by a
carbazole method (15), modified by addition of sulfamate to
reduce interference from neutral sugars (17), with glucuronic
and galacturonic acids as standards.

Hemicellulose materials were hydrolyzed in 1 mL of 2 M
TFA containing 1 umol myo-inositol (internal standard) for
90 min at 1220C, and the TFA was evaporated in a stream of
nitrogen gas. The distribution of neutral sugars was deter-
mined using gas-liquid chromatography after reduction with
NaBH4 and preparation of alditol acetates according to Blak-
eney et al. (2) as modified by Carpita and Shea (1 1).

Partially methylated alditol acetate derivatives were also
prepared using n-butyllithium anion and methyl iodide (23).

The per-O-methylated polymers were recovered with Sep-Pak
C18 cartridges (Waters; purchased from Millipore), as de-
scribed by Carpita and Shea (1 1). The polymers were hydro-
lyzed with TFA and the sugars were reduced with NaBH4 as
described above. GLC-electron impact MS ofthese derivatives
was performed as described by Carpita and Shea (1 1).

Based on the proportions determined using glycosidic link-
age analysis from the per-O-methylated alditol acetate deriv-
atives and the quantitation of neutral sugars from the alditol
acetate derivatives, we estimated the proportions ofthe major
cell wall polysaccharides as described by Bacic et al. (1) and
Carpita (8). The principle noncellulosic polymers were f3-D-
glucan, arabinan, xyloglucan, and glucuronoarabinoxylan. f,-
D-Glucan was the sum of 3-linked glucosyl units and a pro-
portion of the 4-linked glucosyl units three times that of 3-
linked units, a factor based on the known fine structure of
the glucan (21, 29). Arabinan was the total amount of 5-
arabinose. Xyloglucan was the sum of t-xylosyl, 4,6-glucosyl,
and a proportion of the 4-glucosyl units one-half that of the
4,6-glucosyl units (1, 8). Glucuronoarabinoxylan was deter-
mined from the proportion of 4-, 2,4- and 3,4-xylosyl units,
and the t-arabinofuranosyl units corresponding to the xylosyl
branch residues (1, 8). The remaining 4-linked glucosyl units
and any unhydrolyzed cell wall material were considered to
be cellulose. No cell wall material remained after TFA hy-
drolysis of the per-O-methylated cell walls except for about
10% of the cell wall of the gravistimulated bottom half of the
pulvinus.

Alternatively, the amounts of mixed linkage fl-D-glucan
were estimated by enzymic digestion with an endo-f3-D-glu-
canohydrolase from Bacillus subtilis. The enzyme purifica-
tion and assay procedures were performed as described by
Carpita and Kanabus (10). Two to 5 mg of cell walls were
suspended in 2 mL of 0.05 M sodium phosphate-citrate buffer
(pH 6.0) and 50 1,L ofthe enzyme preparation (1.5 jg protein)
was added. Samples were incubated at 40°C with a drop of
toluene in each sample to inhibit bacterial growth. After 24
h, the suspensions were centrifuged to sediment unhydrolyzed
material and 200 jiL of the supernatant was withdrawn for
determination of reducing sugars (27). Because this enzyme
cleaves f3-D-glucan into about equal amounts of cellotriosyl-
and cellobiosyl-(1,3)-,3-D-glucose (21, 25, 29), the amounts of
,B-D-glucan were estimated from reducing equivalents x 3.5,
using D-glucose as a standard.

Invertase Assay

Pulvinus halves were homogenized in 1:5 ratio 10 mm
sodium phosphate buffer (pH 6.0) containing 1 mM DTT, 1
mM EDTA, 0.1 mM PMSF, and 1 mM benzamide in a mortar.
The homogenate was spun at 30,000g for 20 min and the
supernatant obtained was assayed for invertase activity. This
enzymatic reaction was carried out in a total volume of 0.5
mL containing 50 mm sodium acetate buffer (pH 5.5). The
reaction mixture was incubated for 30 min at 30°C and
terminated by the addition of Somogyi reagent (26). The
resulting reducing sugars were detected by Nelson reagent (26)
and quantitated by measurement ofA at 550 nm.
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Table I. Composition of Pulvinus Halves (Gross Components) by
Weight, with and without Gravistimulation

Treatments were for 48 h at 300C with segment bases in 0.1 M
sucrose. Values are average values using 50 pulvinus halves. Values
in parentheses are coefficients of variation.

Treatment Dry Cell Wall Wall Weight Starch
Weight Weight Dry Weight Weight

mg lu

Vertical 140 58.2 0.409 690 (29.7)
Horizontal, upper 190 80.7 0.425 653 (1.27)

half
Horizontal, lower half 262 85.3 0.326 393 (9.08)

Glucan Synthase Assay

Microsomes were extracted from homogenized tissue in a

buffer of 250 mm sucrose, 3 mM EDTA, 0.5% (w/v) PVP-40
and 70 mm Tris-HCl (pH 7.0). The extract was centrifuged at
l0,000g for 20 min and the supernatant was used for the
glucan synthase assays. Assays were conducted in a 100 ,uL
mixture containing 1 mM UDP-['4C] glucose (0.1 mCi/
mmol), 5 mM MgCl2, 5 mm cellobiose, and 50 mM Tris-HCl
(pH 7.0). The level of protein used was about 500 Ag per
assay. The mixture was incubated at 25°C for 10 min. Each
reaction mixture was spotted on a Whatman GF/A filter disk,
dried and placed in a culture tube, then washed successively
with 10 mL 66% (w/v) ethanol containing 0.85 mM EDTA,
10 mL 66% ethanol, and 10 mL 70% ethanol. The filter
papers were rinsed with acetone and were air-dried, and
radioactivity was measured by scintillation counter.

Cell Wall Extensibility Analysis

The cell wall extensibility of isolated pulvini was analyzed
by the Instron method (12). Briefly, at intervals after gravis-
timulation, pulvini halves were isolated from stem segments
and boiled in methanol for 5 min. After rehydration in water,
samples were subjected to stress/strain analysis using an In-
stron extensometer and an applied load of 100 g. Presented
values are for total cell wall extensibility and are considered
to approximate the plastic extensibility component, as the
elastic extensibility was found to be negligible (data not pre-
sented).

Statistical Analysis

Statistical significance was evaluated using the Student's t
test, using a level of confidence of 0.05.

RESULTS

During gravistimulation, the oat pulvinus increased signif-
icantly in dry weight, in both upper and lower halves (Table
I). This response was asymmetric, with the greatest change
being in the lower halves. The cell wall weight also greatly
increased following gravistimulation, indicating synthesis of
new wall material. This change was not strongly asymmetric.
The proportion of the dry weight attributable to cell wall

weight in upper halves of gravistimulated pulvini was com-

parable to that in vertical pulvini. However, this proportion
was significantly reduced in lower halves, indicating that
much of the increase in dry weight was through synthesis of
non-wall materials. Starch was asymmetrically degraded, with
the greatest loss being in the lower halves. However, the total
weight of degraded starch was much less than the increase in
cell wall weight following gravistimulation. This indicated
that starch could be only a minor source of carbon for wall
synthesis.

Sucrose was provided as an exogenous carbon source in all
experiments. Invertase, which hydrolyzes sucrose to produce
D-glucose and D-fructose, displayed a statistically significant
asymmetry of activity within 3 h after gravistimulation (Table
II). This asymmetry increased by 6 h and persisted through
48 h after gravistimulation. This indicated that sucrose was
hydrolyzed in an asymmetric pattern in gravistimulated pul-
vini. The changes in invertase activity resulted from large
increases from pretreatment levels: by 24 h, the invertase
activity in lower halves had increased 28-fold over initial
levels; in upper halves, the increase was 7-fold (data not
shown).

It was assumed that a significant amount of the carbon
from sucrose would be used to contribute to the observed
increase in cell wall material during the graviresponse. What
changes in cell wall materials were associated with the gravi-
response? Analysis of constituents of cell walls from vertical
pulvini indicated that arabinoxylan and cellulose were the
major components, comprising over 70% of all materials by
weight (Fig. 1). Additional constituents of the ungravistimu-
lated pulvinus wall included xyloglucan (12%), uronic acid
(7%), arabinan (4%), protein (4%), and fl-D-glucan (2%).
Following gravistimulation, all components increased propor-
tionately (data not shown), except l-D-glucan (Fig. 2). By two
separate analytical techniques, f3-D-glucan was found to in-
crease significantly in lower halves ofgravistimulated pulvini.
No statistically significant change was observed in upper

halves, relative to ungravistimulated pulvini. The ratio of f3-

D-glucan content, lower halves to upper halves, was on the
order of 3:2. By the f3-D-glucanase technique, the asymmetry
of fl-D-glucan was detectable only after 6 h (Fig. 3). The
asymmetry increased as the graviresponse continued and per-
sisted through 48 h.
Glucan synthase activity, measured as incorporation of

label from UDP-['4C] glucose, was found to increase signifi-
cantly in crude membrane fractions isolated from lower halves

Table II. Comparative Distribution of Extractable Invertase Activity
in Upper versus Lower Halves of Gravistimulated Oat Pulvini

Time after Invertase Activity
Gravistimulation Upper half Lower half

h %

Initial 55.6 44.4
3 33.5 66.5
6 19.0 81.0

12 25.0 75.0
48 24.8 74.2
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12% Xyloglucan

_ 4% Arabinan

7% Uronic Acid

- 2% 13-D-Glucan

4% Protein

39% Arabinoxylan

Figure 1. Composition of the cell wall of an ungravistimulated oat
pulvinus.

of pulvini that had been gravistimulated (Fig. 4). The glucan
synthase activity was also found to increase in upper halves
over this interval, but this change was not statistically signifi-
cant at the 0.05 level of confidence. The increase in glucan
synthase activity in lower halves did not occur before 6 h
(data not presented). In preliminary tests using the membrane
fractionation protocol ofGibeaut and Carpita (18), the change
in glucan synthase activity was identified as being limited to
the plasmalemma (data not presented).
Only modest changes in major noncellulosic sugars were

found during the graviresponse (Fig. 5). The mol% of arabi-
nose increased slightly in both upper and lower halves with a
proportional decrease in the proportions ofxylose. In contrast,
the content of noncellulosic glucose in the walls of the lower
halves rose slowly from about 10 to 12 mol%, whereas the
mol fraction of glucose in the upper halves decreased slightly.
This produced a very modest asymmetry of glucose as the
graviresponse proceeded.
The overall cell wall extensibility of isolated pulvinus

halves, as measured by the Instron technique, also changed
slowly over time (Fig. 6). The first statistically significant
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Figure 2. Distribution of f,-D-glucan in pulvinus halves, with or without
gravistimulation. The ,B-D-glucan content was determined by two
separate techniques: a methylation method and a ,-D-glucanase
method. Results are presented as the percent of total wall weight.
Bars indicate SE.

change did not occur until after 2 h. There was a clear
asymmetry in this change, with the greatest increase in plastic
extensibility occurring in lower halves. This increase in exten-
sibility of lower halves continued over 24 h and persisted
through 48 h. Interestingly, the total extensibility of upper
halves of gravistimulated pulvini also increased.

DISCUSSION

The graviresponse of the leaf-sheath pulvinus of oat is a
hormone-mediated growth response, with growth being pro-
moted increasingly from uppermost point to lowermost (cf.
6, 7). As documented here, there is a significant amount of
synthesis of wall material associated with this response (Table
I). Starch grains, which apparently play a pivotal role in
graviperception (5, 28), are also degraded during the ensuing
growth (28). Their contribution to wall synthesis, however,
must be minor, considering the magnitude of cell wall syn-
thesis. Exogenous sucrose, in contrast, apparently contributes
significantly to the growth response. This is reflected in both
the difference in magnitude of gravitropic response observed
without sucrose (14, 22) and the strong asymmetry in inver-
tase activity (Table II). It should be noted that additional wall-
bound isozymes of invertase occur in the oat pulvinus and
that these appear to increase in activity in lower halves follow-
ing gravistimulation (N. Karuppiah, P. B. Kaufman, unpub-
lished results).

It is striking that the increase in cell wall dry weight in
upper halves is close to that in lower halves (Table I). It is
also remarkable that changes in most major wall constituents
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Figure 4. Changes in glucan synthase activity associated with the
graviresponse. Glucan synthase activity was assayed as the incor-
poration of UDP-[14C]glucose into crude membrane fractions from
pulvinus tissue. Assays were performed on tissue from upper and
lower halves of pulvini gravistimulated for 24 h, or from pulvinus
halves of untreated tissue. Bars indicate SE.
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Figure 5. Comparison of changes in composition of the major cell
wall noncellulosic sugars during the gravitropic growth response of
the oat pulvinus. Excised pulvini were oriented horizontally and
incubated for up to 48 h. Cell walls were hydrolyzed in 2 M TFA and
alditol acetate derivatives prepared and separated by GLC. Open
symbols are sugars from lower halves of pulvini; closed symbols are
from upper halves. Values are mol% after calculation of response
factors compared to a myo-inositol internal standard.

are approximately parallel in upper and lower halves. These
points are particularly of interest when it is noted that there
is a striking asymmetry in pulvinus dry weight. This indicates
that there must be a significant asymmetry in non-wall ma-
terials, such as lipids, proteins and soluble carbohydrates.
Considering the asymmetry in invertase activity, it is possible
that much of the dry weight increase reflects accumulation of
soluble carbohydrates. Such an accumulation could drive
growth through depression of intracellular osmotic potential.
The asymmetry in glucose may simply reflect the asymmetry
in invertase activity.
The only major asymmetric change in a wall component

was in f-D-glucan. Still, this asymmetry was relatively small.
Furthermore, it appeared to be too slow to be associated with
growth initiation; the graviresponse typically begins in less
than an hour (14), whereas no significant asymmetry in #-D-
glucan was observed by 2 h (Fig. 3). Alternatively, the assay
may have been too insensitive to measure the earliest changes.
Consistent with this possibility is the correlation between
glucan content and graviresponse; ,B-D-glucan content contin-
ued to climb over 48 h in lower pulvinus halves, and the
graviresponse will continue to occur well past that time point
(5). That is, the pattern of change in f-D-glucan content
roughly parallels the pattern of change in angle in the gravi-
responding pulvinus. The change in fl-D-glucan content ap-
pears to result, at least in part, from increased glucan synthase
activity.

Minor, slow changes in non-cellulosic sugars are associated
with the graviresponse. The assay of ,B-D-glucan content by
specific hydrolysis via the B. subtilis glucanase (Fig. 2) indi-
cated that the small increases in noncellulosic glucose (Fig. 5)
were a result of the increase in ,B-D-glucan in the lower halves.
The glucanase releases mostly tri- and tetrasaccharides from
oat bran O-D-glucan, but only about 70% of the glucan is
hydrolyzed and the remaining unhydrolyzed material precip-
itates from solution (data not shown). Nevins and colleagues
(18, 19) showed that, in other regions of the seedling, O-D-
glucan contains larger stretches of (1--4)0-D-glucosyl linkages
that are resistant to hydrolysis by the B. subtilis enzyme.
Hence, values for O-D-glucan determined enzymically will be
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underestimated slightly. Nevertheless, the differences in con-
tent between upper and lower halves are not a result of
accessibility to the fl-D-glucan by the enzyme in whole-wall
preparations. Noncellulosic glucose is increased in acid hy-
drolysates and preextraction of the hemicelluloses with KOH
did not alter values obtained by enzymatic digestion.
The asymmetric change in cell wall extensibility (Fig. 6)

indicates a role for changing wall properties in the gravires-
ponse. However, as was the case for gl-D-glucan, the kinetics
of change are too slow to indicate a crucial role in response
initiation. Like ,B-D-glucan, total extensibility of lower halves
increased with time, and the asymmetry persisted through 48
h. Since ,B-D-glucan was the only cell wall constituent found
to change significantly during the graviresponse, it seems
likely that f,-D-glucan plays an important role in determining
wall extensibility.
The graviresponse of the oat pulvinus is a growth response,

which includes not only cell elongation but also a 60% in-
crease in total pulvinus dry weight and a 40% increase in total
pulvinus wall weight over 48 h (Table I). This indicates that
cell elongation and wall loosening are accompanied by wall
synthesis and solute accumulation. Given the relatively large
increases and asymmetry in invertase activity, and the appar-
ent large accumulation of solutes, we hypothesize that, in the
leaf-sheath pulvinus, an osmotic potential gradient acts as the
driving factor for growth. In contrast, given the relatively slow
and small changes in cell wall components and wall extensi-
bility, we hypothesize that wall extensibility is the limiting
factor in pulvinus growth.
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