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ABSTRACT

The formation of the leaf traces in the grasses studied can be brought under two categories:
(1) Peripheral bundles compensating for the departures of the inner ring bundles as in Cenchrus,
(2) Small peripheral ring bundles (B; of Paspalum and C; of Pennisetum) branching and supplying
vascular and non-vascular portions to the sheath and the inner ring departures being replaced
by the bundles formed from the nodal meristems as in Paspalum, Panicum and Pennisetum.

In Paspalum, Panicum and Pennisetum the sheath structure is similar to each other and
is composed of three composite bundles and a small bundle. The sheath of Cenchrus consists
only of composite bundles.

From this study it is concluded that the peripheral vascular bundles are cauline in nature
while those of the inner ring are all leaf traces. Whatever might be their origin, each leaf trace
traverses through two successive internodes above the node of their origin and departs for the
sheath from the third node.

INTRODUCTION

The course of vascular bundles through the internodes, nodes and leaf
bases has rarely been studied in monocotyledons. Eames and MacDaniels
(1947) wrote that in monocotyledons many bundles form complex nodal
structure and that there is no clear information as to the basic plan in these
nodes. KEsau (1953) makes a general statement that the complex arrange-
ments of the vascular bundles in grasses are due to the variable orientations
of different traces of the same leaf. Majumdar and Saha (1956) reviewed
the earlier literature on this aspect and studied in detail the vascular system
and the nodal structure of Oryza sativa.

MATERIALS AND METHODS

The following grasses were taken for the investigation:

1. Paspalum sanguinale L. Syn. Digitaria sanguinalis Scop.
Panicum antidotale Retz. Syn. Panicum tenue Roxb.
Cenchrus biflorus Roxb. Syn. Cenchrus echinatus Wall.
*Pennisetum cenchroides Rich. Syn. Cenchrus ciliaris L.

L

* Now at Bose Research Institute, Calcutta.
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Materials were collected from the botanical garden and the neighbouring
areas of Vidya Vihar, Pilani. Small pieces with lower to upper internodes along
with the intervening nodes were fixed in formalin-acetic-alcohol. They
were treated with 50 per cent hydrofluoric acid to dissolve silica. Length
of treatment varied fqr different materials. Microtome sections were cut
at 10 to 15 micra and hand sections were also taken. Preparations were
stained with safranin and light green combination.

OBSERVATIONS
Paspalum sanguinale

Structure of internode: Just beneath the epidermis there are three to four
layers of sclerified tissue. The vascular bundles are arranged in two rings.
There are two types of vascular bundles in the outer ring, viz. (1) big round
bundles alternating with (2) small tangentially extended bundles. These
bundles are wholly or partially embedded in sclerenchyma. In the inner ring
also there are two types of bundles, round and oval, alternating with each other
(Fig. 1). Thus in this type of arrangement A of the inner ring comes just
opposite the B of the outer ring and the 4; and A, are placed opposite to B,
and B, respectively (Fig. 1). The internode is solid.

Changes taking place from the top of the lower internode to the base of the upper
internode through the interveming node: As we proceed from the internode to
the node the bundle 4, elongates excessively, the upper level of which reaches
the level of the outer ring (Fig. 2). By this time 4 and A, also start moving
toward the periphery, while the bundles B, B; and B, of the outer ring extend
laterally. The vascular portions of the bundles B and B, move towards
the margins leaving collenchymatous tissue in the centre. Thus these bundles
get themselves organized in three portions: B’, B”, B'”’, and.B,’, By", B,
(Fig. 2). The bundle B, also gets organized into three units: B,’, B,", and B;"",
all the three possessing vascular elements (Fig. 2). Dnring these changes
the bundle 4, starts moving up and gets attached to B;”. Later B,” divides
into three portions Bja”, B;b", Bic” of which the marginals B;a” and Bc"
have vascular elements and the central one is left with the mechanical tissue
(Fig. 3). The small marginal bundles B;a” and B;c” with vascular elements
go to the sheath first. The remaining B;b” which is non-vascular forms the
cap over the bundle 4; which departs next (Fig. 4).

By this time the bundles 4 and A, which had slightly moved towards
the periphery send their branches A’ and 4," and move towards the centre,
assuming their original shape (Figs. 3 and 4). The branches A’ and A4,’
join the collenchymatous portions B” and B," respectively to form composite
bundles (4’'+B") and (4,'+B,"), which go to the sheath. At this level the
sheath makes its appearance and separates from the node with its vascular
supply (Fig. 5).
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Thus in the sheath we get the following five types of vascular bundles
differing in origin and composition:
1, (4,+Bb"); 2, Bia’,; 3, Byc¢”, both similar in structure ; 4, (4"+
B’y and 5, (4,'+B,") (Fig. 5). -

The discontinuous vascular cylinders possessing marginal vascular elements
(B, B", By, B,, etc.) extend and join each other. These portions are also
joined by the transverse vascular tissue at the node forming a complete
cylinder which later breaks into large and small units to form the vascular
bundles in the peripheral ring. These changes take place at the base of the
upper internode. Thus, the peripheral ring of vascular bundles is repaired.

Half the number of vascular bundles of the inner ring of the upper inter-
node comes from the lower internode (4 and A4,) after giving out branches
to the sheath. The remaining half (replacing 4; which has departed for
the sheath) is formed from the vascular tissue appearing at the node. Each
new bundle thus formed takes the position of 4; in the next internode and
then departs for the alternate sheath.

Panicum antidotale

This species has the same type of the internode as that of Paspalum.
The changes taking place from the lower internode to the upper internode
are also similar to that of Paspalum.

Cenchrus biflorus

Structure of internode: The internodal structure and the arrangement
of vascular bundles here resemble that of Paspalum sanguinale, except that
here the internode is hollow (Fig. 6). The sector taken for the study shows
the following arrangement: Oval 4, comes opposite to B, and round 4 and 4,
come opposite to B and B, respectively (Fig. 6).

Changes taking place from the top of the lower internode to the base of upper
wnternode through the intervening node: As we proceed from the internode to
the node the bundle 4, gets excessively elongated (Fig. 7). In the meanwhile
B, of the outer ring extends laterally and breaks up into three portions B,’,
B;", and B;"", out of which only marginals contain vascular elements (Fig. 7).
While these three bundles are being formed B and B, get dilated and join
the marginal portions B, and B,"" respectively, now separated from B,;".
These joined portions elongate and show a tendency towards forming branches
(Fig. 8). Bundle 4, still moves towards B,", consisting of only collenchyma
which later on form a cap over 4; (Fig. 9).

Further up the bundles B and B, which had a tendency to form branches
give out distinct bundles B’ and B,' which start moving towards the centre



VASCULAR SYSTEM OF SOME MEMBERS OF THE GRAMINEAE 5

Fres, 7-12,



6 B. D. DESHPANDE & S. SARKAR: NODAL ANATOMY AND THE

(Fig. 9). The remaining portions of B and B, after giving out branches
assume their original shape. Moving up 4, joins B;” to form a composite
bundle. At this level the leaf sheath is seen to receive vascular supply (Fig.
10). As (4;+B;") moves up towards the sheath the branches B and B,’
travel still inwards and come near each other. By this time B and B, extend
laterally and show a tendency to form three units each. The fused bundles
(B'4+B,’) move to the inner ring forming one bundle and tend to occupy
the place of the earlier oval (Fig. 10). Further up the organization of the
bundles B and B, into three units each, Ba', Ba”, Ba''’ and B.a’, B.,a",
B.a', is complete. Out of these the marginals have vascular elements while
the central ones are left without them. Later on branches A’ and 4," move
up and organize themselves into distinct bundles which proceed to the mechan-
ical tissue portions Ba" and B.a" respectively to form the composite bundles
(4. +Ba") and (4'+Ba"). At this level the composite bundle (4;+4B;")
reaches the sheath and the fused (B’+B,’) bundle takes its position between
A and 4, (Fig. 11).

Still further up, the bundles A’ and 4,’ join with the mechanical portions
Ba" and Baa” respectively and start moving to the sheath.

Thus in the sheath the bundles are all composite, i.e. (4;+B;") being
the largest and (4’ +Ba") and (4'+ B.a”) being next in size and similar to
each other (Fig. 12).

Just at the upper region of the node and after the departure of (4’4 Ba”)
and (4.4 Bya") the marginals extend and join the corresponding marginals
which in turn are joined by the nodal meristem and the outer ring is repaired.
Half the number of vascular bundles of the inner ring of the upper internode
comes from the lower internode and the other half (replacing A4,) is made
up by the branches (B’+4B,’) which fuse and take the place of 4;. These
newly formed ones after traversing through two successive internodes depart
for the third node from the node of their origin while for the next or the
immediate upper node 4 and 4, take the oval form.

Pennisetum cenchroides

Structure of internode: Vascular bundles in the internode though
appear scattered could be arranged roughly in three rings. First ring has
two types of vascular bundles, small and big, alternating with each other.
The inner ring has round and oval bundles alternating with each other, while
the vascular bundles in the middle ring are more or less round and are of
uniform size. The internode is solid as in Paspalum (Fig. 13).

The sector taken for the study shows the following arrangement:

The bundle 4, comes opposite to C; of the outer ring; bundles 4 and A,
come opposite to B and B; and the latter in their turn are placed opposite
to ¢ and C; respectively, Thus the number of bundles in the middle ring
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is always one less than the number in the inner ring and the outer ring in
a particular sector (Fig. 13).

Changes taking place from the top of the lower internode to the base of the upper
internode through the intervening node: As we proceed from the internode the
first change we notice is in the bundle 4; which gets elongated. The side
arms of the bundle 4, start moving out (indicated by arrows, Fig. 14), and get
completely cut off from the parent bundle 4; at an upper level where they
get organized into two small bundles 4;" and A4,". Proceeding further A4,
moves up along with its branches A," and 4,”. In the meanwhile the bundles
B and B; expand laterally and show a tendency towards getting organized
into three units each, which later appear quite clear (Fig. 15). These units
are B’, B", B"' (of the bundle B) and B;’, B,”, B,"” (of the bundle B;). Out
of these only the marginals possess vascular elements while the centrals are
left without them. Later bundles A4 and A4, also appear extended laterally
(Fig. 15). While these changes are taking place, the bundle C'; gets extended
and divides into three portions: C;’, C,” and C,"’. All these portions possess
vascular elements. In the meanwhile 4," and A4,” travel still up to join B’
and B, respectively and the whole structure moves up to the sclerified region
(Fig. 16). While these changes are going on C,” gets separated from C,’ and
Cy"" which come down slightly. The bundle A4, is still on its march towards
(" which again extends laterally and gets divided into three portions—C,a”,
C1b", C1¢”, of which Cja” and C1¢” possess vascular elements and start moving
to the sheath (Fig. 17). At this level 4;" and A;” join the mechanical tissue
portions B” and B," respectively to form composite bundles (Fig. 17). In
the meanwhile the bundles A4 and A, give off branches A’ and 4.’ respectively
and tend to assume their original shape (Figs. 16 and 17). These start moving
towards ;" and C,""’ respectively (Fig. 17).

Thus the sheath structure obtained here is like Paspalum but the sequence
of changes and the mode of departures are different. Their arrangement in
the sheath is in the following order: composite bundle (4, -~B") followed by
Ca” which alternates with (4;+C,b") and is followed by Cc” which alternates
with (4,"+B;") (Fig. 18).

The bundles C and C, do not appear to have taken any part in the sheath
supply. The departures in the peripheral ring are repaired (for C;) by the
nodal meristem. The middle ring is made up by joining of A’ with ¢y’ and
A4, with C;"”". The place of the ovals in the inner ring is taken by newly
formed bundles from the nodal meristem. Here also as in other cases half
the number of bundles of the upper internode comes from the lower internode.

Discussion

Stover (1951) distinguished three types of grass stems based upon the
internodal structures. According to him the first type which is exemplified
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by the tribes Festuceae and Hordeae has one ring of vascular bundles; the
second type where the vascular bundles are arranged in two rings is seen in
Agrostideae and Paniceae; and the third type shows scattered and irregular
arrangement of the vascular bundles as found in Andropogoneae and Maydeae.
Esau (1953), on the other hand, recognizes only two basic patterns in the
distribution of vascular bundles—(1) in the hollow internodes the vascular
bundles are arranged in two rings, the smaller occurring near the periphery and
the larger occurring deep in the ground tissue as in Oryza and T'riticum, and (2)
golid internodes with scattered vascular bundles as in Zea, Sorghum and
Bambusa. While- the present study represents the tribe Paniceae, except
Pennisetum cenchroides, where there occur three rings, all the species show
two ringed arrangement irrespective of the fact whether the internode is
solid or hollow. In all these species it has been seen that the vascular bundles
in the peripheral ring are smaller than the bundles in the inner ring.

The species studied here show different types of courses of the vascular
bundles to the sheath. In Cenchrus biflorus the peripheral bundles send
their branches which fuse and take the position of the oval bundles in the
inner ring. While in the case of Paspalum sanguinale, Pennisetum cench-
roides and Pantcum antidotale alternate bundles (B; in the internode) con-
tribute both vascular elements and mechanical tissue which forms a cap over
the inner ring bundle proceeding to the sheath (B,b"” appearing as cap over
the bundle A4, as in Paspalum). Thus here again the peripheral ring supplies
branches to the sheath in addition to bundles from the inner ring.

The leaf traces, thus, can be brought under two categories, based upon
the role played by the peripheral bundles: (1) bundle of the peripheral ring
replacing the departed bundles of the inner ring as in Cenchrus, and (2) the
peripheral bundles branching and supplying vascular and non-vascular
portions to the sheath and the inner ring departures being made good by
the nodal meristems as in Paspalum, Panicum and Pennisetum.

The fact that the peripheral bundles directly or indirectly contribute
to the sheath, poses a question whether the peripheral bundles are the leaf
traces or the cauline bundles. As they do not terminate themselves as leaf
traces, they may be called ‘cauline bundles’. Majumdar and Saha (1956)
also are of the same view. In addition we would like to point out that the
portion which is contributed to the sheath is made good by the nodal meristem.
Thus it may be argued that at each node the peripheral bundles undergo
only the rearrangements while the portion contributed by the nodal meristem
1s left for the sheath.

Whatever might be their mode of origin (whether formed from the nodal
meristem as in Paspalum or contributed by the peripheral bundles as in
Cenchrus), it is certain that all the vascular bundles in the inner ring are the
leaf traces. Each of them passes upwards through two successive internodes,
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and the intervening node (occurring above the node of their origin) and depart
from the leaf from the third node. '

While the formation of leaf traces is mainly of two types the sheath
structure obtained here shows remarkable difference and could be put under
the following types: (1) In Paspalum, Panicum and Pennisetum the sheath
structure is similar to each other, being composed of three composite bundles
and a small bundle (in a sector). (2) In Cenchrus biflorus the sheath consists
only of composite bundles.

Eames and MacDaniels (1947) describe the nodal structure of grass stems
as complex and confused. Arber (1934) stated that in the internode of grass
haulms the course of vascular bundles is vertical but, at the level of the node,
horizontal strands are seen which connect the vertical strands. Esau (1953,
p- 400) and Bugnon (1920) mention that the complicated structure of the
node is due to the variable orientation of the different traces of the same leaf.
Majumdar and Saha (1956) elucidated the nature of the nodal structure for
the first time. According to their observations, supported by the present
investigation, the exact nodal plexus is not merely composed of different
traces of the same leaf, but in addition, it consists of transverse vascular
tissue arising at the node joining with the leaf traces (which are in a state of
rearrangement and departure) of the leaf at a given node and the traces of
the leaf of the coming node, along with the peripheral bundles. All these
form a network and ultimately the node becomes a multistranded system
which is related to the leaf.

As pointed out by Majumdar and Saha (1956) for Oryze, anatomically
the nodal structure of the grasses studied can be distinguished into three
regions—the lower, middle and the upper. In the lower region the transverse
vascular tissue starts appearing and the leaf trace bundles (ovals) leave the
inner ring. In the middle region the nodal plexus is completely formed and
the leaf sheath supply is distinctly established and is on its way to the sheath
usually tearing through the hypodermal sclerenchyma. In the upper region
of the node the sheath gets separated from the main axis, the peripheral
ring is repaired and the new leaf trace bundles, which get organized in the
middle region of the node, take their position in the inner ring, occupying the
place of the ovals.

A conspicuous feature of the grass stems is the presence of transverse
vascular tissue at the nodal region. The meristem from which this tissue
takes its origin arises de novo at each node to which its activity is confined.
This appears as horizontal strands which interconnect the leaf traces of the
main shoot. There is a view that these strands are associated with supply
of axillary buds, but Bugnon (1920) and Majumdar and Saha (1956) observed
that the transverse vascular tissue is independent of the supply of the axillary
buds,
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EXPLANATION OF FIGURES
Puaspalumn sanguinale

1. T.S. of internode showing the arrangement of vascular bundles in two rings. 4, A;, and A,
of the inner ring are opposite to B, B;, and By of the outer ring, respectively.

At an upper level showing formation of B; into three units (B, By”, B1”’). B and B, appear
extended laterally, tending to form three units—B into B’, B”, B/, and B; into By", By",
By'"’. Bundle 4; has moved to the periphery. §c¢ = sclerenchyma.

3. B,” divides into three units (Bja’, Byb”, Bic”). Bya” and Bjc” move to the sheath. By’

and B;"” join with B’ and By’ respectively. A and A, form branches.
. Composite bundles (4 -+ B”), (41-+B1b") and (4,"+ B,") move to the sheath.

5. Transverse meristem repairing the peripheral and the inner ring traces, at the baso of the

upper internode.

L

Cenchrus biflorus

6. T.S. of the internode showing two ringed arrangement of the vascular bundles. A4, 4, and
A, lying opposite to B, B; and B, respectively in a sector.

7. A, elongates and moves higher up. B extends laterally and divides into three (By’, By”
and By"’).

8. Band By tend to form branches.

9. Branches from B and B, (B, and By’) respectively coming down to the inner ring—indicated
by arrows.

10. B and By dividing into three portions—B into Ba’, Bu”, Ba”” and B, into Bya', Bau”, Baut””’
B’ and By’ join with each other. A and A, give off A’ and 4, respectively. Sc = sclel
enchyma. Sh = sheath.

11, A’and Ay’ forming composite bundles Ba” and Bya” respectively move to the sheath. Com-
posxte bundle (4, -+ B;") has already moved into the sheath.

12.  Sheathing base of the leaf separating from the node.

Pennisetum cenchroides

13. T.S. of the internode showing the arrangement of the vascular bundles. A sector taken
for the study shows 4, B and C lying in one vertical line, 4; opposite C; and A, B, and
Cj in one line.

14, Bundles B and B, extend laterally. 4, along with the branches 4,” and A4” moves higher
up.
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17.
18.
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B and B, divide into three units—B’, B”, B’ and B,’, B,”, B,’” respectively.

A," and 4,” join with B” and B;” respectively.
move up.

(" extends and branches into three—Cja”, /107, C1¢”.

Composite bundles (4,"+B"), (4;+C1b”) and (4,”+ B,”) alternated by C,a” and C,¢”
take their positions in the sheath. Departures getting repaired by the transverse meristem.
Sc = sclerenchyma. Sh = sheath.

'y and Cy’”’ come down and 4; and 4’



