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ABSTRACT

The location and some morphological, anatomical, and functional aspects of the gravity-
sensitive pulvini of a selected number of grass shoots are examined. There are two distinct
gravity-sensitive regions near the nodal regions of Gramineae. One, the leaf sheath pulvinus,
is located at the base of the sheathing leaf bases, and is characteristic of the subfamily Festuco-
ideae. The other, the internodal pulvinus, is located at the base of the internode, a little above
the nodal joint. Most members of the Panicoideae possess internodal pulvini, in addition to
more or less developed leaf sheath pulvini. Three members of the Oryzoideae examined pos-
sess leaf sheath pulvini only, while Phragmites australis (Arundinoideae) possesses both leaf
sheath and internodal pulvini. Leaf sheath pulvini of some grasses develop hairs, cork-silica
cell pairs or stomatal apparatuses over the epidermis while many others are devoid of any such
idioblasts. Both the leaf sheath and internodal pulvini of all grasses examined preferentially
exclude, or accumulate very little silica, whereas the regions of the shoot immediately above
and below the pulvini in these same grasses accumulate large quantities of silica. Pulvini re-
main unsilicified or poorly silicified throughout their life and even after several days follow-
ing geotropic bending. Pulvini are also distinguished from the regions above and below them
by the lack of lignin in the bundle cap cells. Lignin is found only in the xylem vascular tissue,
and this consists of annular and helical vessel elements only. The bundle cap cells are rich in
pectin and are described as collenchymatous. All pulvini possess specialized zones of cells
containing starch statoliths. In response to horizontal displacement of the shoots, the lower
side of the pulvini grows by cell elongation only. The collenchymatous cells stretch in a man-

ner that results in alternately thin and thick regions of cell wall.

THE REGIONS immediately above the nodes of the
jointed flowering shoots of grasses respond to
gravitational stimulus by bending upwards when
the shoots are displaced from the usual vertical
position (Arslan and Bennet-Clark, 1960; Maeda,
1958; Bridges and Wilkins, 1973; Dayanandan,
Hebard, and Kaufman, 1976). This response
plays an important role in many cereal crops that
should counter the prostrating effects of lodging.
Modifications in the response of this region are
also responsible for the prostrate, inclined or erect
habits of lawn, turf and forage grasses. In spite of
several early and recent studies of the gravity-
sensitive regions of grass shoots, the structural
features of these regions are still poorly under-
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stood (Sachs, 1872; Elfving, 1883-1884; Mon-
temartini, 1900; Lehman, 1906; Brandes and
McGuire, 1951; Brown, Pratt, and Mobley 1959;
Osborne, 1974).

In a recent paper (Dayanandan et al., 1976),
we reported on some of the structural changes
that accompany the geotropic response of the
sheath pulvinus in Avena sativa and in a few
other festucoid grasses. Almost all members of
the subfamily Festucoideae (Pooideae), such as
barley, oats, rye, and wheat, possess a specialized
gravity-sensitive region located at the base of the
leaf sheath, immediately above the nodal plexus
(Fig. 1). This region is usually designated as the
leaf sheath pulvinus, or simply, pulvinus. When
a shoot is placed horizontally, that side of the pul-
vinus which is nearest to the surface of the ground
grows, resulting in an upward curvature of the
shoot (Fig. 1). This growth results in the elon-
gation of the epidermis, parenchyma, and the col-
lenchymatous cells. A similar response is also
elicited by the application of auxin to vertically
positioned pulvini. The collenchymatous cells
stretch in a novel manner that results in the alter-
nation of thick and thin regions in the originally
uniformly thick walls (Fig. 2—4).

Most members of the subfamilies Panicoideae,
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Eragrostoideae, Bambusoideae, and Arundinoi-
deae, on the other hand, possess a gravity-sensi-
tive region at the base of the internode, in ad-
dition to the more or less developed sheath
pulvinus. Millets, sugarcane, corn, and bamboos
belong to this category. Variously described as
growth ring (Artschwager, 1940, 1948), culm
pulvinus (Brown, Harris, and Graham, 1959),
and axial pulvinus (Arber, 1934), the structure
of this region in relation to the geotropic response
is not well understood. In this report we de-
scribe some general morphological and anatomical
features of the gravity-sensitive regions located at
the bases of the leaf sheaths and internodes of
selected grasses.

Although the applicability of the term pulvinus
has been questioned (Arslan and Bennet-Clark,
1960), we refer to the two gravity-sensitive re-
gions of grass shoots as leaf sheath pulvinus and
internodal pulvinus.

MATERIALS AND METHODS—Grass seeds ob-
tained from several sources and maintained at the
University of Michigan Matthaei Botanical Gar-
dens were grown outdoors during the summer of
1976. Grasses were also collected from areas
around Ann Arbor. These include several species
of Panicum, Poa pratensis L., Digitaria sanguinalis
(L.) Scop., Phragmites australis (Cav.) Steudel,
Echinochloa crusgalli (L.) Beauv., Leersia oryz-
oides (L.) Swartz, Festuca rubra L., and Agro-
pyron repens (L.) Beauv. Table 1 lists some of
the grasses that were examined in detail to locate
the gravity-sensitive regions. Not included in this
list are several grasses that were examined for one
or more of the following features: silicon (Si)
distribution on the pulvinus, trichomes on the pul-
vinus, geotropic response, presence of collen-

€«

Fig. 1-4. Growth response due to geotropic stimula-
tion in Avena sativa. 1. Longitudinal section through
the hollow internode and leaf sheath pulvinus of a shoot
that had bent during 2 days of geotropic stimulation.
The lower side of the pulvinus has elongated while the
upper side has contracted. The inner epidermis of the
sheath is emphasized by the lines drawn over them. C,
collenchymatous bundle cap. X 10. 2. Collenchyma-
tous cells isolated from a control leaf sheath pulvinus
and viewed between crossed polarizers. The cells are
uniformly birefringent and the walls uniformly thick.
%X 98. 3. Isolated collenchymatous cells from a leaf
sheath pulvinus that had grown in response to 24 h geo-
tropic stimulation. As seen between crossed polarizers,
regions that have stretched appear thin and almost iso-
tropic, whereas the unstretched regions remain as thick
and birefringent as in control cells. X 98. 4. Isolated
collenchymatous cell from a control leaf sheath pulvinus
compared with one derived from a shoot that has been
geotropically stimulated for 2 days. Photographed be-
tween crossed polarizers. X 98. Figures 2 and 4 are the
same as in Dayanandan et al., 1976.
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chymatous cells, and starch statoliths. The grasses
examined (not included in Table 1) were: Beck-
mania sp., Distichlis spicata (L.) Green, Oryza
minuta Presl., Saccharum officinarum 1., and
Muhlenbergia schreberi Gmel.

Morphology and anatomy of the gravity-sensi-
tive regions were studied with light and scanning
electron microscopes (SEM). For light micros-
copy, thin sections were made with razor blades
from fresh material and fixed or stained immediate-
ly. Macerations were made with 1 N HCI at 80 C.
Fixations, when necessary, were done with FAA.
Fresh sections were stained in I,KI for the visual-
ization of starch grains, with phloroglucinol-HCl
or pararosanaline-HCl for staining lignin, with
ruthenium red or hydroxylamine-ferric-chloride
reagents for staining pectic materials and with
chlor-zinc-iodine or IKI followed by H»SO, for
cellulose (Jensen, 1962). Preparations were ex-
amined with a microscope equipped with crossed
polarizers and a 15t order Red Plate.

Fresh specimens were used for the study of Si
distribution on the epidermal surfaces. Depend-
ing upon the size, entire or sections of the nodal
regions were mounted on aluminum stubs with
carbon paint and were examined immediately with
a SEM (JEOL model JSM-U3). At an accelerat-
ing voltage of 15 KeV, fresh specimens could be
examined for nearly 20 min without much damage
to them. X-ray microanalyses were done by
coupling the SEM to an X-ray detector and am-
plifier system (KEVEX) and a multichannel
analyser (Northern Scientific, Model 710). Se-
lected areas were first photographed in the sec-
ondary emission mode followed by X-ray map-
ping for Si. '

FAA-fixed material was also dehydrated in an
alcohol series and embedded in wax, following
conventional procedures. Wax-embedded ma-
terial was sectioned with a razor blade into 1-2-
mm pieces and the wax was removed with xylene.
Specimens were passed through an alcohol-xylene
series to 100% alcohol and then critical point
dried in liquid CQO,. Critical point dried mater-
ial was mounted on aluminum stubs and gold-
coated before examination with the SEM.

When the geotropic response of the pulvini was
to be studied, sections including this region were
placed horizontally on a filter paper saturated
with 0.1 M sucrose and were held down on the
proximal side so as to facilitate the other, distal
end, to bend. Details of these procedures were
presented in a previous paper (Dayanandan et al.,
1976).

OBSERVATIONS—Location of the gravity-sensi-
tive regions—A region is identified as being
gravity-sensitive pulvinus when it possesses the
following attributes: (1) a morphologically and
anatomically distinctive region that differs from
the neighboring regions; (2) the presence of un-
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TABLE 1. Species of grasses investigated and the loca-
tion of gravity-sensitive regions

Location of gravity-

Species sensitive regions®

FESTUCOIDEAE (POOIDEAE)®

Agropyron repens (L.) Beauv.
Avena fatua L.
A. sativa L.
_ A. strigosa Schreber
Festuca rubra L.
Hordeum distichon L.
H. jubatum L.
H. vulgare L.
Polypogon monspeliensis (1..) Desf.
Secale cereale L.
Triticum aestivum L.

PANICOIDEAE

Coix lacrima-jobi L .

Digitaria sanguinalis (L.) Scop.
Echinochloa crusgalli (L.) Beauv.
Panicum miliaceum L.

P. capillare L.

Setaria italica L.

Sorghum halepense (L.) Brot.
Zea mays L.

ARUNDINOIDEAE
Phragmites australis (Cav.) Steudel

ORYZOIDEAE

Leersja oryzoides (L.) Swartz L
Oryza glaberrima Steudel L
0. sativa L. L

alelelelalalalalolalie

el alelelelie
Re Ro Ro Ro @0 Ro R0 Ro
[ el ]
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* L, Leaf sheath pulvinus; I, Internodal pulvinus.
» Subfamilies, after Gould (1968).

lignified but pectin-rich collenchymatous cells;
(3) the presence of statoliths; (4) the ability to
bend in response to gravitational stimulation.
Grasses that showed all of these features are
listed in Table 1. All 11 festucoid species and
three oryzoid species possess only leaf sheath pul-
vini but no internodal pulvini (Table 1; Fig. 5—
11). Eight members of the Panicoideae and one
of Arundinoideae possess internodal pulvini in ad-
dition to leaf sheath pulvini (Table 1; Fig. 19, 25,
31). When the leaf sheath of a festucoid mem-
ber, Avena sativa, is removed so as to exclude the
sheath pulvinus and then placed horizontally, the
internode base does show a negative geotropic
bending response. Some statoliths in this inter-
node base also sediment towards the gravita-
tional field. However, such responses are shown
only in young internodes and rapidly disappear
with age. Also, the internode in the region that
bends does not possess any features that are dis-
tinctly different from the general features of the
rest of the internode.

Silicon distribution—Distribution of Si on the
outer epidermal surfaces of leaf sheath pulvini
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Fig. 5-12.

Scanning electron microscope
views and X-ray mapping for Si distribution in leaf

(SEM)

sheath pulvini in selected grasses. 5, 6. SEM view and
Si X-ray map of Festuca rubra. This shoot had under-
gone natural geotropic stimulation. The regions above
and below the pulvinus are highly silicified. The pul-
vinus itself shows no more than the background distribu-
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and the regions immediately above and below the
pulvini in several grasses are shown in Fig. 5-24.
Many grass sheath pulvini possess epidermises
that do not have cork-silica cell pairs, trichomes,
or stomatal apparatuses (Fig. 5, 9). Barley
(Hordeum), oats (Avena), wheat (Triticum),
and rice (Oryza) belong to this category. The
leaf sheath pulvinus epidermises of these plants
accumulate very little Si when compared with the
epidermises of the internode below and the leaf
sheath above the pulvini (Fig. 5, 6,9, 10). Semi-
quantitative measurements on equal-sized areas
reveal that in Avena sativa, there is three-fold
greater concentration of Si on the leaf sheath
above the pulvinus and a five-fold greater con-
centration of Si on the stem surface immediately
below the pulvinus. In barley, the leaf sheath and
stem possess three times and seven times greater
amounts of Si as that of the pulvinus. The differ-
ence is even greater in wheat—11 times more
Si in the leaf sheath and 13 times more Si in the
stem below the pulvinus. In Setaria italica, there
is seven times greater amount of Si in the leaf
sheath above the pulvinus, while the stem surface
below the pulvinus possesses 20 times more Si
than the pulvinus. The greater amount of Si in
the epidermis above and below the pulvinus is
due to the accumulation of Si in specialized cork-
silica cells as well as by the outer tangential and
radial walls of the long epidermal cells (Kaufman
et al., 1969).

The relative concentrations of Si in different
leaf sheath pulvini, from bottom to top, of a
single plant was examined in Avena sativa and
Festuca rubra with X-ray microanalysis. In both
the plants, there was no significant difference in
the amount of Si in the bottommost pulvini and
in the uppermost pulvini. Occasional increased
X-ray counts from the bottom pulvini were later
found to be due to soil contamination. Simi-
larly, X-ray microanalysis of the pulvini of Avena
sativa shoots that have bent in response to gravity-
stimulation indicated that the bent surfaces show
no increase in Si accumulation even after five
days of continuous gravity-stimulation.

Some leaf sheath pulvini possess epidermises

<«

tion of Si. X 27. 7, 8. Oryza minuta. The leaf sheath
pulvinus has numerous silica cells which accumulate Si.
Yet, there is less Si here than in the sheath above and in
the node below the pulvinus. X 27. 9, 10. Pulvinus
and the regions immediately above and below it in Pan-
icum sp. The pulvinus is devoid of idioblasts. Again,
the pulvinus has very little Si. X 42. 11. Pulvinus of
Polypogon monspeliensis, which is covered with numer-
ous epidermal hairs. The hairs and the rest of the pul-
vinus accumulate very little Si. X 23. 12. Magnified
view of the leaf sheath pulvinus in Zea mays. Stomatal
apparatuses (S) and bicellular hairs (H) are seen among
short epidermal cells over the pulvinus. X 88.
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that develop hairs, cork-silica cells, or stomatal
apparatuses (Fig. 7, 11-24). In Leersia ory-
zoides, the unicellular hairs present in the leaf
sheath pulvinus epidermis accumulate Si (Fig.
13-16). The ordinary epidermal cells, however,
do not accumulate significant quantities of Si (Fig.
13-16). This is also true of a Panicum sp. (Fig.
19, 20) and Phragmites australis. Polypogon
monspeliensis and Panicum capillare also develop

epidermal hairs on the pulvinus, but these hairs -

do not accumulate as much Si as those of L.
oryzoides (Fig. 11, 21-22). Agropyron repens
possesses several Si cells distributed among non-
silica accumulating, long epidermal cells (Fig. 17,
18). The entire pulvinus, in the case of Oryza
minuta, is covered with Si cells (Fig. 7). Yet,
these pulvinar silica cells accumulate less Si com-
pared with the cells above and below the pulvinus.
Oryza sativa and O. glaberrima only possess or-
dinary, long epidermal cells in the sheath pulvini.
The epidermal cells of the leaf sheath pulvinus of
Zea mays possess sparsely-distributed rows of
stomata and bicellular trichomes (Fig. 12).

The gravity-sensitive region in the internodal
base of Phragmites australis also has less Si over
the epidermis compared with the epidermal re-
gions immediately above and below this locus
(Fig. 25, 26). In this plant, cork-silica cell pairs
occur immediately above the internodal pulvinus
(Fig. 27). Some cork-silica cell pairs are also
found on the internodal pulvinus but the “silica”
cell members are devoid of Si and the cells ap-
pear depressed (Fig. 27, 28). Figures 19 and 20
illustrate a young internode of Panicum sp. and
the Si distribution in its epidermis. . At this stage,
the entire internodal epidermis seems to be devoid
of Si; however, in mature internodes, there is Si
accumulation in the hairs above the internodal
pulvinus.

The distribution of Si in the internode of rice
(Oryza sativa) was also examined. (Rice does
not possess an internodal pulvinus.) The inter-
nodes have silica cells distributed among long epi-
dermal cells, hairs, and stomatal apparatuses.
The number of silica cells increases towards the
base of the internode, until, at the very bottom,
silica cells are the only cell type to be found.
These silica cells do accumulate Si.

Anatomy of the pulvini—At the bases of the
leaf sheaths and internodes, the gravity-sensitive

->

Fig. 13-20. SEM views and X-ray mapping for Si
in leaf sheath and internodal pulvini in selected grasses.
13, 14. Leersia oryzoides. The leaf sheath pulvinus de-
velops many hairs which accumulate Si. However, the
regions above and below the pulvinus have more Si.
X 22. 15, 16. Magnified view of leaf sheath pulvinus
of L. oryzoides. Si is seen to accumulate only in hairs
and not in the ordinary epidermal cells between them.
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X 110. 17, 18. Leaf sheath pulvinus of Agropyron re-
pens with silica-accumulating cells among silica-poor epi-
dermal cells. x 238. 19, 20. A young shoot of Pan-
icum sp. with leaf sheath partly removed to show the
internode. Leaf sheath is covered with hairs that ac-
cumulate Si. The sheath pulvinus is not clearly de-
lineated in this view. The internodal pulvinus is free
from hairs, whereas the region above it (not shown in
this figure) possesses hairs. These hairs accumulate Si
as the segments become older. X 22.
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pulvini show very low levels of lignification in all
plants examined. Figure 29 shows a longitudinal
section of Hordeum distichon treated with pararo-
saniline-HCl to localize lignin. As can be seen,
the pulvinus of the leaf sheath is free of lignin
except for the xylem. Only annular and helical
vessel elements are found in this region. In con-
trast, the xylem above and below the pulvinus
region consists also of reticulate and pitted vessel
elements. Prominent bundle caps are found in
both regions (Fig. 29). In the sheath pulvinus
region, the bundie cap cells (Fig. 2, 4) are com-
pletely unlignified, but they readily stain with
ruthenium red and show a positive reaction with
hydroxylamine-Fe chloride reagent. Because of
the presence of large quantities of pectin and
structural resemblance to collenchyma cells
(Dayanandan et al., 1976), we have called these
cells collenchymatous. Immediately above and
below the pulvinus region, the bundle cap cells
are lignified and appear as typical lignified fibers
(Fig. 29). Figure 30 shows the same section as
in Fig. 29 but viewed between crossed polarizers.
The collenchymatous bundle cap is strongly bi-
refringent, and the orientation of cellulose micro-
fibrils seems to be predominantly parallel to the
length of the cells (Dayanandan et al., 1976).
Panicoid grasses, such as corn (Zea mays), mil-
let (Panicum miliaceum), and barnyard grass
(Echinochloa crusgalli) possess both leaf sheath
pulvini and internodal pulvini (Fig. 31; Table 1).
In each of these cases, both the pulvini are com-
pletely devoid of lignification except for the xy-
lem elements (Fig. 32). Again, the xylem ele-
ments in these pulvinar regions are composed only
of annular and helical elements (Fig. 42). The
regions immediately above and below the pul-
vini have reticulate and pitted elements. Figures
33 and 34 represent two successive sections taken
through the leaf sheath pulvinus and the inter-
nodal pulvinus regions of Panicum capillare.
While the prominent bundle caps of the leaf
sheath pulvinar region are not lignified (Fig. 33),
the internodal bundle caps below the pulvinar re-
gion are lignified. The section shown in Fig. 34,
taken at a slightly higher level, is through the in-
ternodal pulvinus where the bundle cap cells are
unlignified. The bundle cap cells of the leaf
sheath, on the other hand, are heavily lignified
and assume a more peripheral position here. This
clearly indicates that the internodal pulvinus is
at a higher level than that of the leaf sheath pul-
vinus (Fig. 32). This is also the case in Zea
mays, Phragmites australis, and Echinochloa crus-
galli (Fig. 31).

Non-lignified, but pectin-rich collenchymatous
cells comprising the bundle cap were found in all
the leaf sheath pulvini of the more than 20 grasses
examined. They were also found in every one of
the nine grasses examined which possess inter-
nodal pulvini (Table 1). The pattern of distri-
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bution of the bundle caps and the associated vas-
cular tissues in leaf sheath pulvini and internodal
pulvini are shown in Fig. 35-42. About 30% of
the volume of leaf sheath pulvini in all grasses
examined is occupied by pectin-rich collenchy-
matous cells. In cross sections of leaf sheath pul-
vini, the vascular bundles are distributed in a ring
(Fig. 35, 37, 39). In Avena sativa and Zea

_mays, as in most other grasses, smaller bundles

alternate with larger ones (Fig. 35, 37). Alto-
gether, there are about 30 vascular bundles in
Avena sativa, 40 in Panicum capillare, and 130
in Zea mays.

The distribution of vascular bundles in the in-
ternodal pulvini of Zea mays and Panicum capil-
lare is illustrated in Fig. 36, 38, and 40. While
the distribution in Zea mays seems to be scattered
(Fig. 36), P. capillare shows 3—4 rings of vascu-
lar bundles (Fig. 33, 34, 38). The outermost
ring of vascular bundles is embedded in a band
of collenchymatous cells; the band is 200 to 250
pm in width and consists of 15-20 cell layers
(Fig. 40). Such a broad band of collenchyma-
tous cells is lacking in Zea mays (Fig. 36). Un-
like Zea mays, the central portions of the P.
capillare internodal pulvini are devoid of vascular
bundles (Fig. 33, 34).

Statoliths and statocytes—Both the leaf sheath
pulvini and internodal pulvini of all grasses ex-
amined possess starch statoliths. The distribution
of starch statoliths after gravity stimulation, and
the general pattern of statocyte distribution in
Avena sativa, Zea mays, and Panicum capillare is
shown in Fig. 35-43. In the leaf sheath pulvini,
the statocytes are distributed adjacent to the vas-
cular bundles, but they never completely encircle
the entire bundle cap (Fig. 35, 39).

Most of the starch statolith-containing cells and
some of the neighboring cells in the leaf sheath
pulvinus of Avena sativa and Triticum aestivum
also possess crystals of calcium oxalate, one per
cell. These crystals were also found to sediment
toward the gravitational field, just like the starch
statoliths. Similar bodies were described by
Prankerd (1920) as crystal statoliths in wheat.

Response to gravitational stimulation—While
we have observed the geotropic bending response
to gravitational stimulation in shoots of all of the
grasses listed in Table 1, we have studied this re-
sponse in greatest detail in Avena sativa. When
a shoot of Avena (contains only a sheath pul-
vinus) is held down horizontally by the stem re-
gion, a negative geotropic response occurs within
30-50 min. The bending occurs during the first
24 h at a rate of 2° h-'. Thereafter, the rate is
slowed down and the segment continues to bend
until it reaches 90°. The initiation of the bending
reaction is preceded by the sedimentation of
starch statoliths, which complete their descent
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within 10-15 min after horizontal placement.
The lower side of the pulvinus grows only by cell
elongation. By reversing the segments after this
response has occurred, the previously unstimu-
lated upper side can be made to respond and
elongate (Dayanandan et al., 1976). Along with
the parenchyma and epidermal cells, the collen-
chymatous cells and the annular and helical ves-
sel elements also elongate. The difference in
length and structure between unelongated and
elongated collenchymatous cells is shown in Fig.
2-4. Elongated cells become thinner in certain
regions and assume a characteristic shape as seen
between crossed polarizers (Fig. 2—4). Such a
pattern of elongation was observed in the leaf
sheath pulvini and in the internodal pulvini of
more than 15 grasses examined.

In Avena sativa, Hordeum vulgare, Triticum
aestivum, Secale cereale, and Phragmites australis,
the growth of the lower side of the leaf sheath
pulvini is solely due to cell elongation. Brandes
and McGuire (1951) found that in three species
of Saccharum and in one variety of Sorghum, the
internodal pulvini responded to gravitational stim-
ulation through cell elongation only. However,
they also found, at least in one variety of sugar-
cane, that cell division did contribute to geotropic
bending. Whether cell division activity in the
gravity-sensitive regions is age-dependent and
how many grasses show mitoses during geotropic
bending is not known,

Discussion—Hackel (1890) described all
grasses except Molinia as possessing leaf sheath
pulvini. Brown, Pratt, and Mobley (1959) in-
vestigated a total of 136 grasses and concluded
that the members of the subfamily Festucoideae,
on the one hand, possessed no internodal pulvini
but did have highly specialized leaf sheath pul-
vini. Members of the Panicoideae, on the other
hand, were said to possess fairly well-developed
internodal pulvini but poorly-developed or no
leaf sheath pulvini. We find this to be generally
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true in our detailed investigation of the 23 species
listed in Table 1. However, caution is necessary
in accepting the data of Brown et al. (1959) re-
garding individual plants. For example, they
state [following the description of Arber (1934)]
that Phragmites australis does not possess a leaf
sheath pulvinus. We find that it not only pos-
sesses a leaf sheath pulvinus, but also, that it ex-
hibits the typical attributes of one, such as unlig-
nified collenchymatous cells that elongate and
functional statoliths. In the future, the presence
of a gravity-sensitive region should be identified
with the help of the following criteria: anatomical
and morphological specialization, presence of
statoliths, and cells that elongate in response to a
gravitational stimulus.

Based on our limited study of about 25 differ-
ent species of grasses, the following generaliza-
tions can be made about the gravity sensitive re-
gions. They preferentially exclude Si from most
of their epidermal cells during development, at
maturity, and even after geotropic bending. They
are characterized by the lack of lignified cells (ex-
cept the vascular tissue) and the possession of
annular or helical xylem elements. Pectin-rich
collenchymatous cells are found in the bundle
caps, and they elongate by a unique stretching
pattern as seen between crossed polarizers. Low
levels of silica and lignin and the presence of an-
nular or helical xylem elements all have adaptive
significance—they make the pulvini less rigid and
allow them to elongate readily. All gravity-
sensitive regions also possess starch grains that
act as statoliths. Whether calcium oxalate crystals
that are found in Avena sativa and Triticum
aestivum also act as statoliths, and if such crystals
are found in other grasses, is not known.

We have found (Dayanandan et al., 1976) that
the pulvini are sensitive to auxin and that the geo-
tropic response is completely suppressed by auxin
transport inhibitors. We have also found that
symmetrically applied *C-IAA preferentially ac-
cumulates on the lower side of leaf sheath pulvini

<«

Fig. 29-34. Anatomical features of leaf sheath and internodal pulvini in Hordeum distichon, Echinochloa crus-
galli, and Panicum capillare. 29. Longitudinal section of H. distichon treated with pararosaniline-HCI for lignin
and counter-stained with fast green. The collenchymatous (C) bundle caps are free from lignin except for the xy-
lem. The internode does not possess a pulvinus. X 23. 30. Same section as in Fig. 29, but viewed between crossed
polarizers. The long axis of the bundle cap was placed at 45° to the axis of the polarizer. X 23. 31. Geotropically
stimulated shoots of E. crusgalli showing the left sheath pulvinus at left, and the internodal pulvinus in a shoot
whose leaf sheath has been removed. S, leaf sheath; I, internode. The internodal pulvinus is at a higher level com-
pared with the leaf sheath pulvinus; but both pulvini respond to gravitational stimulation. X 15. 32. A longitudinal
section (not quite median) of a shoot of P. capillare treated with pararosaniline-HCl and fast green. Leaf sheath
pulvinus (SP) and internodal pulvinus (IP) are free from lignin except in the vascular tissue. X 11. 33, 34. Cross
sections of P. capillare through two different levels at the base of the internode. At a lower level (Fig. 33), the col-
lenchymatous bundle caps of the leaf sheath pulvinus are prominent and are free from lignin. The internode at this
level is heavily lignified. Axillary bud is also seen in this cross section. At a higher level (Fig. 34), the bundle
caps of the leaf sheath assume a peripheral position and are lignified. The section here passes through the inter-
nodal pulvinus which shows lignification only in the vascular tissue. Both sections were treated with pararosaniline-
HCI and counter-stained with fast green. Both X 11.
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in horizontally placed shoots. Further investiga-
tion of the geotropic response of the sheath in-
ternodal pulvini is necessary to understand and to
be able to regulate this response in economically
important grasses.

Several interesting questions emanate from the
present study of gravity-sensitive regions in grass
shoots: Why in some grasses are there two dif-

ferent locations for the geotropic response in the.

shoot, one in the leaf sheath and one in the in-
ternode? What taxonomic relationship, if any,
does their distribution have to the different sub-
families of grasses? How is the internodal pul-
vinar region related to the basal internode inter-
calary meristem in its developmental history?
How is Si, which has to pass through this region
to higher levels, excluded from the epidermal
system? What prevents the deposition of lignin
and the accumulation of pectin in the collenchy-
matous cells of the bundle caps? And what con-
trols the peculiar pattern of cell elongation ob-
served in the collenchymatous cells?
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Fig. 35-43.

Anatomical features of leaf sheath and internodal pulvini of selected grasses as seen in cross sections.

All preparations are from the lower halves of pulvini that have been geotropically stimulated for 1 h. C, collenchy-
matous bundle cap; V, vascular tissue; S, statocytes. 35. Leaf sheath pulvinus surrounding the internode in Avena
sativa. The statoliths have sedimented towards the gravitational field due to geotropic stimulation. A few stato-
cytes are also seen in the internode. Free-hand section stained with LKI. X 100. 36. Internodal pulvinus of Zea
mays. Vascular bundles are completely surrounded by collenchymatous cells, which in turn, are partially or com-
pletely surrounded by 1-2 layers of statocytes. Collenchymatous cells are also found in the hypodermis. Free-hand
section stained with I.KI. X 50. 37. Vascular bundles, collenchymatous cells, and statocytes of a leaf sheath pul-
vinus of Zea mays. X 36. 38. Free-hand section of an internodal pulvinus of Panicum capillare stained with LKI.
X 28. 39. Leaf sheath pulvinus of P. capillare. Outer epidermis of the pulvinus has epidermal hairs. X 28. 40.
An enlarged view of a portion of the pulvinus in Fig. 38. Statocytes of 1-2 layers surround the collenchymatous
bundle cap. Outermost bundle caps have coalesced to form a continuous band of collenchymatous cells. There is
no hypodermal collenchymatous tissue in this plant. X 58. 41, 42. SEM views of leaf sheath pulvinus of Zea mays.
Fig. 41. X 60. Fig. 42. X 200. 43. SEM view of a single statocyte from the internodal pulvinus of Zea mays.
Statoliths, that have sedimented towards the graviational field are amyloplasts, each with 4—6 grains. Precipitation
of the protoplasm by FAA-fixation has resulted in the presence of many strands. X 1,550.





