DEVELOPMENT OF SEED AND ITS NUTRITIONAL MECHANISM IN
SCROPHULARTACEAE.

Parr 1.

Rhamphicarpa longiflora Benth., Centranthera hispida Br., and Pedicularis
zeylanica Benth.

By C. V. KrisaNa IYENGAR, Department of Botany, University of Mysore,
Mysore.

(Communicated by Dr. P. Maheshwari, D.Se., F.A.Sc., F.N.A.Sc.,
FN.IL)

(Recetved January 19, 1942.)

The author has already studied the development of the embryo-sac and
endosperm haustoria in several members of Scrophulariaceae (Krishna Iyengar,
1937, 1939a—c, 1940a—c, 1941, and 1942a-b) of which two are parasitic. This
paper deals with three additional parasitic members of the family.

Several parasitic genera have been studied by various investigators from
time to time. Balicka Iwanowska’s (1899) is an early contribution of great
significance in this line. Schmid’s (1906) work happens to be of an outstanding
nature, and this includes several parasites like EBuphrasia, Lathraea, Melam-
pyrum, Pedicularis, Alectorolophus and Tozzia. Michell (1915) describes the
formation of the chalazal haustorium and basal cell haustorium in Striga lutea,
and GLigi¢ (1932) has given a very thorough account of Lathraea squamaria.
A point of special interest in his paper is the sequence of the early divisions
during endosperm formation. While Schmid (1906) mentions that the second
division is usually transverse, Gli§i¢ contends that this is often longitudinal.
A more recent paper by Glisié (1936-37) deals with the various types of endo-
sperm in Scrophulariaceae with a view to trace their relationships and evolu-
tionary tendencies.

MATERTALS AND METHODS.

Centranthera was collected from the marshes and neglected paddy fields,
and Rhamphicarpa from the grassy slopes round about Agumbe. Pedicularis
was collected from Doddabetta near Qotacamund. The first two materials
were fixed in chromo-acetic acid solution with some osmic acid and the last
in Bouin’s fluid. Sections were cut between 7 and 12 microns according to
the required stages and stained in Heidenhain’s iron-alum haematoxylin.

OvuLE,
The ovules are anatropous in Rhamphicarpa and Centranthera but campy-
lotropous in Pedicularis and arranged on the thick placenta, which in Rham-
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phicarpa shows a loose structure with large air spaces. The ovule is composed
of a reduced nucellus and a single thick integument characteristic of the
family in general. The integument comprises three regions, the two epidermal
layers with a thick tissue in the middle having stored food materials. Oil
globules are abundantly deposited in the outer epidermal layer when the
embryo-sac is mature, The inner epidermis develops into the tapetum which
lines the developing megaspore mother cell and the megaspores. The nucellus
is generally composed of a large archesporial cell and a single layer of jacket
cells.

Rhamphicarpa longiflora Benth.

Embryo-sac.—The Jarge hypodermal archesporial cell directly becomes the
megaspore mother cell and begins to enlarge significantly. At times two
archesporial cells have also been noticed, although the formation of two tetrads
in the same nucellus was not observed. In one or two instances the ovule was
binucellate and showed two tetrads asin Fig. 8. A few stages in the formation
of the tetrad have been noticed. Nine bivalents were noticed at the diakinesis
stage (Fig. 3). The second division takes place simultaneously in both the
dyad cells (Fig. 5) resulting in a linear tetrad of megaspores. The outer
three megaspores invariably degenerate while the innermost functions and gives
rise to a normal eight nucleate embryo-sac (Fig. 9). Starch grains are present.
The dilated micropylar part of the embryo-sac shows the egg-apparatus com-
posed of two large tapering synergids having a small nucleus and a large
vacuole. The egg, which is deeply placed, lies in the neighbourhood of the
secondary nucleus, and a large vacuole makes its appearance between the
antipodals and the secondary nucleus. During this period the cells of the
nucellar jacket lose their contents and show a significant reduction in size.
The integumentary tapetum which at first surrounded the entire nucellus is
now confined only to the non-dilated part of the embryo-sac.

Fertilization—The pollen tube enlarges very much in the embryo-sac and
destroys one of the synergids. Of the two sperm nuclei discharged into the
sac one approaches the egg and the other the secondary nuclems. Actual
fusion was not seen but may be inferred from the position of the male gametes
seen in Fig. 10. The antipodal cells degenerate shortly after fertilization.

" Endosperm —The first division of the primary endosperm nucleus is
followed by a transverse wall resulting in the separation of a chalazal chamber
from an outer one (Fig. 11). The second division, which is longitudinal, takes
place only in the micropylar chamber (Fig. 12). In the chalazal chamber
there is only a nuclear division resulting in a binucleate haustorial body. The
third division, which is transverse, separates the two micropylar haustorial
cells from the two middle cells (Fig. 13). A series of longitudinal and trans-
verse divisions takes place in the latter resulting in a well-developed endosperm
tissue. This is composed of smaller cells towards the two ends and larger

cells in the middle, the latter with a rich deposition of starch in them. The
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Rhamphicarpa longifiora Benth.

Fia. 1. Archesporial cell. x1095. Fig.2. Megaspore mother cell and integument.
x 480. Fi1e.3. Diakinesisin the megaspore mothercell. x1460. Fia.4. Formation of
the two dyads. x640. Fr1ge.5. Division of the dyads. x640. Fi1g6. 6. A linear tetrad
of megaspores. x640. Fi1a.7. Two nucleate stage of the embryo-sac. x640. Fia. 8.
Binucellate ovule with two tetrads. Xx640. Fia. 9. Mature embryo-sac. X 320.
F16.10. A stagein fertilization. x640. Fig.1l. First division of the primary endosperm
nucleus. x320. Fig. 12. Second division of the same. Xx320. Fia. 13. Differentia-
tion of the haustorial and endosperm cells. X320. Fie. 14. Diagram showing early
divisions in the primary endosperm nucleus. Fia. 15. Formation of (a) tetra-nucleate
micropylar and (b) binucleate chalazal haustoria. X 320. Fria.16. Formation of tetra-
nucleate mieropylar and a binucleate chalazal haustoria—slightly older stage. X160,
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F1a. 17. Micropylar haustorium. x320. Fre. 18. Chalazal haustorium. x320.
Fie. 19. Long. section of a young seed showing the various parts. X975. Fria. 20.
Chalazal and micropylar (part) haustoria enlarged. x320. Fia. 21. Transverse section of
a young seed to show the branches of micropylar haustorium, endosperm and other parts.
X 160. Fie. 22. Hypertrophied nuclei of micropylar haustorium. x730. Fia. 23.
Long. section of an almost mature seed. x65. Fia. 24. Tangential section of
epidermis. X 65.

Centranthera hispida Br.

Fia. 256. Formation of the ovule. XxX640. Fia. 26. Ovule with two archesporial
cells. x640. Fre. 27. Enlarging archesporial cell and integument. X640. Fia. 28.
First division of the megaspore mother cell. x1095. Fra. 29. Second division of the
megaspore mother cell. x 1095. Fra. 30. Diakinesis in the microspore mother cell.
x 1095,
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smaller cells have dense protoplasmic contents and are probably concerned
with the transportation of nutritive material from the haustoria to the more
deeply placed endosperm tissue. This peculiar function of the terminal
endosperm cells seems to be a common feature in several members of
Scrophulariaceae.

Embryo—The fertilized egg remains as a short tubular structure for a
long time. Its further development takes place only after the organisation
of a rich endosperm tissue. At this stage the pro-embryo clongates consi-
derably and makes its way through the tiers of endosperm cells. The stages
observed indicate that its development is of the Capsella-type.

Development of Haustoria.—The chalazal haustorium is the first to be
organised. As already reported there is only a nuclear division here resulting
in a single binucleate organ (Fig. 18). This begins to elongate into a tubular
body, and eats its way into the vascular traces of the integument. The terminal
part is slightly bent and enlarged with the two nuclei migrating into it. The
cells in its neighbourhood show all stages of disintegration, demonstrating the
aggressive nature of the haustorium (as in Fig. 20). This haustorium is the
first to commence its activity and also the first to degenerate.

The two micropylar cells become binucleate (Fig. 13) and fuse at a very
early stage by the dissolution of their separating wall. This haustorial body
is tetra-nucleate and grows towards the chalaza, along the vascular traces of the
hilum, digesting and disorganising the tissue coming against it and finally finding
its way into the bend formed by the chalazal haustorium and enlarging distally
(Figs. 19 and 20). The micropylar haustorium is thus a highly aggressive
tubular body. One or two nuclei are seen in this tube. At times the two
haustoria (micropylar and chalazal) are so close and the disorganisation so
thorough that they almost communicate with each other—a remarkable
feature of this plant. It is also noticed that at times two haustorial tubes
develop instead of one (Fig. 21). A similar situation is met with in Melam-
pyrum. The micropylar haustorium is several times the size of the chalazal
and its nuclei are also much larger. '

Older micropylar haustoria show amoeboid and hypertrophied nuclei
as represented in Fig. 22. A few outgrowths are seen all round the nucleolus.
The contents of the haustorium are denser and stain deeply. Cellulose network
is also present, a portion of which lying in the terminal part of the haustorium
is represented in Fig. 20.

Integument and seed coat.—The tapetal wall remains unaltered for a long
time, except for a thickening of the cuticle inside. While the endosperm and
embryo are maturing the tapetal layer gets more and more reduced in size
until at last it is almost obliterated. The middle layer of the integumentary
tissue is also absorbed by the haustorial activity and at the mature embryo
stage very little of it is left intact. The epidermis of the testa becomes thick
walled (Figs. 23 and 24) and assumes a protective réle.
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Centranthera hispida Br.

A study of the pollen development was undertaken to count the chro-
mosomes. The diakinesis stage shows 16 bivalents (Fig. 30).

Development of Embryo-sac.—A large hypodermal archesporial cell directly
becomes the megaspore mother cell. Occasionally two such cells are noticed
(Fig. 26). The formation of a linear tetrad, the invariable degeneration of
three megaspores and the development of the innermost megaspore into a
normal eight nucleate embryo-sac take place as usual. The synergids are
large and the egg is deeply placed. The two polar nuclei fuse at an early stage
giving rise to the large secondary nucleus (Fig. 32). The antipodal cells are
small and confined to the tapering chalazal end. While the embryo-sac is
developing, the nucellar jacket cells lose their contents and disappear so that
the embryo-sac comes in contact with the tapetum. The tapetal cells which
line the non-dilated part of the sac are large and rich in protoplasmic contents.

Fertilization.—Pollen tubes have been observed in the embryo-sac and the
destruction of one of the synergids was also noticed. The antipodals persist
for some time after fertilization, but degenerate and disappear during early
stages in endosperm formation.

Endosperm formation and embryo.—The sequence of early divisions of
the primary endosperm nucleus leading to the differentiation of the endosperm
cells and haustoria (Figs. 33-35) and the formation of endosperm tissue and
embryo are identical with those in Rhamphicarpa.

Endosperm Haustoria.—The binucleate chalazal cell is the first hausto-
rium to be organised. This does not develop appreciably but remains small
even in late stages of seed formation. Its poor cell-contents, reduced nuclei
and non-aggressive nature even during older stages indicate that the cells
have only a minor haustorial action.

The two micropylar cells show only nuclear division and become binu-
cleate. An early dissolution of the separating wall between the two cells
results in a tetra-nucleate body, but this also is only weakly haustorial (Fig.
40).

Some of the endosperm cells which are smaller become active at a very
early stage and develop lateral haustorial tubes which eat their way into the
tapetum (Fig. 38) and begin to digest the integumentary tissue (Fig. 37).
These tubes are simple, unbranched, uninucleate and highly aggressive, ending
just below the epidermis. Their growth seems to be lateral and then towards
the chalaza. Even in the most advanced stages of seed formation a little
tissue with poor cell-contents is persistent in the neighbourhood of the micro-
pylar haustoria (Fig. 43). The term ‘Secondary Haustoria’ (Author, 1939¢.
was previously applied to such cells, but it seems that ‘Lateral Haustoria’
is more expressive. At times the ends of the haustoria coalesce as represented
in Fig. 39, although these vermiform structures take a parallel course and present
a rosette-like appearance in the fully formed seed. It is also noticed that all



¥F16. 31. Linear tetrad of megaspores. x640. Frg.32. Mature embryo-sac. X 480.
Fie. 33. First division of the primary endosperm nucleus. x320. Fra. 34. Second
division of the primary endosperm nucleus. X480. Fig. 35. Differentiation of the
haustoria and endosperm. X480, Fia. 36. Diagram to show the sequence of divisions in
the primary endosperm nucleus. Fie. 37. Long. section of young seed showing the
endosperm and haustoria. x320. Fre. 38, Formation of secondary haustoria. X 320.
Fia. 39. Slightly older stage of Fig. 37. x160. Fie. 40. Almost non-functional
micropylar haustorium. X365. Fie. 41. Non-functional chalazal haustorium. Xx730.
Fia. 42. Degenerating chalazal haustorium and enlarged tapetal cell. x320. Fia. 43.
Long. section of an almost mature seed. Xx97:5.



Pedicularis zeylanica Benth,

Fi1e. 44. Embryo.sac. x160. Fia. 44a. Primary endosperm nucleus. X320,
Fie. 45. First and second divisions of the primary endosperm nucleus. X 160. Fia. 46,
Diagrammatic representation of the primary endosperm nucleus and its early divisions.
Fia. 47. Long. section showing the various parts. x97-5. Fiag. 48. Micropylar
haustorium. %320, Fig.49. Chalazal haustorium. X320. Fie. 50. Long. section of
& young seed. X65. Fia. 51. Micropylar haustorium enlarged. Xx160. Fra. 52.

Chalazal haustorium enlarged. x160. Fie. 53. Nuclei of micropylar (a) and chalazal
(b) haustoria. X 640.
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these haustoria do not traverse the entire length of the ovule. Thus the
chalazal part of the ovule is never attacked by the haustoria. Older haustoria
show hypertrophied amoeboid nuclei with rich chromatin material.

Tapetum.—While the endosperm is developing the tapetum shows some
differentiation in its size and structure. The cells in the vicinity of the pros-
pective secondary endosperm haustoria become larger than those lining the
endosperm tissue and also show richer contents (Fig. 37). The largest cells
are however seen near the non-functional chalazal haustorium. These are
six in number, broader towards the endosperm tissue and tapering towards
the chalaza. They assume an enormous size—at times each of them becomes
as large as the chalazal haustorium, and their nuclei are larger than those of
the chalazal haustorium (Fig. 42). By their proximity to the richly staining
chalazal tissue and by their rich contents, thin cell-wall and other features,
it is reasonable to infer a probable haustorial function of these cells. It is
thus a rare instance of a parasite where the tapetum shows such a high organi-
sation and differentiation in its structure and functions. Thus the tapetum
not only acts as a repository for food material but also assumes a digestive
and absorptive as well as a partially protective réle. ’

Seed Coat.—During the formation of the seed coat most of the integu-
mentary tissue is digested and absorbed and the protective function is performed
mostly by the thick-walled outer epidermis of the integument and partly by
the thick cuticle of the tapetum.

Pedicularis zeylanica Benth.

Embryo-sac.—As in the preceding species, the nucellus is extremely
reduced and the embryo-sac is of the normal eight-nucleate type (Fig. 44).
The enlarged micropylar part of the sac is very much elongated and the chalazal
is short and narrow. The integumentary tapetum, which is composed of
large cells, lines only the narrow chalazal part, the persistent nucellar sheath
being interposed between. Starch grains are abundantly deposited not only
in the integument but also in the embryo-sac. Three small antipodal cells
-are present at the chalazal end of the sac, and the nucellar tissue in this region
is rich in protoplasm. The two polar nuclei fuse to form the secondary nucleus.
The egg-apparatus which is composed of two small synergids and an egg is
surrounded by protoplasm with innumerable starch grains scattered in it.
The integumentary tissue bordering the micropyle is specially rich in starch.

Embryo and Endosperm.—Just as in the other members of this family
the fertilised egg becomes tubular and its further development takes place
only after the organisation of the endosperm tissue. Some of the stages in
the development of the embryo have been studied and these are similar to those
in other members of the family already observed and reported by me.

The primary endosperm nucleus assumes a significant size (Fig. 44a) and
undergoes two divisions followed by transversely placed walls resulting in a
row of three cells, the micropylar, the middle and the chalazal (Fig. 45). The
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third division which is longitudinal is confined to the middle chamber, while
only nuclear divisions take place in the other two chambers which later develop
into the haustoria. Fig. 46 gives a disgrammatic representation of the sequence
of divisions. Subsequent divisions in the two middle cells form the endosperm
tissue, which is differentiated into smaller cells towards the two ends (Fig. 50)
and the centrally placed large celis.

Endosperm  haustoria.—The nucleus of the micropylar chamber under-
goes two divisions resulting in a tetra-nucleate aggressive haustorium. Al-
though no separating wall is generally seen there are a few cases where an
incomplete partition is noticed indicating thereby the probable two-celled
ancestry of this haustorium (Fig. 48). Just above the level of the tapetum
a tubular outgrowth begins to develop (Figs. 48 and 51) into the integumentary
tissue and all the four nuclei gradually migrate into this. This becomes a
conspicuous tubular unbranched body which is highly aggressive and shows
a tendency to grow towards the chalaza (Fig. 51)—although not to the same
extent as the ‘Lateral Haustorium’ of Rhamphicarpa. Older lateral haustoria
are characterised by having large hypertrophied amoeboid nuclei and the
deposition of cellulose, a feature met with in the other species of Pedicularts
(Schmid, 1906).

The chalazal haustorium is a binucleate body forming a short aggressive
tube growing into the tissue of chalaza and the vascular bundle of the hilum.
It has rich protoplasmic contents and its amoeboid nuclei are larger than those
of the micropylar haustorium (Fig. 53¢ and b). Degeneration of the chalazal
haustorium takes place earlier.

DISCUSSION.

The affinities of Rhamphicarpa, Centranthera and Pedicularis to the other
parasitic members of Scrophulariaceae can be summed up as follows:—

Embryo-sac.—In several parasitic members like Alectorolophus, Pedi-
cularis (Schmid, 1906) and others more than one archesporial cell is often
noticed, but the occasional occurrence of a binucellate ovule seems to be
restricted only to Rhamphicarpa. The archesporial cell directly gives rise
to the linear tetrad of megaspores of which the innermost develops into the
normal eight-nucleate embryo-sac. Although the synergids are generally
small, these are fairly large in Rhamphicarpa and Centranthera.

Integumentary tapetum.~—The tapetum plays a prominent part in the
nourishment of the embryo-sac during pre- and post-fertilization stages. In
almost all members it is a layer with rich protoplasmic, starchy or fatty contents.
Although this often lines the non-dilated part of the embryo-sac it is still
capable of keeping pace with the enlarging embryo-sac by its intercalary
growth during the post-fertilization stages. While in many parasitic members
the development of cuticle seems to be the only change in the tapetum during
seed formation, it is noticed that in many non-parasitic members like Celsia
(Krishna Iyengar, 1939a), Vandellia (Krishna Iyengar, 1940a) and others
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this layer appears to have the réles of digestion, absorption, storage and pro-
tection. Centranthera is unique among the parasites since this shows the most
highly specialised tapetum with not only the above mentioned functions but
also the stimulation of the secondary haustorial formation.

Endosperm and endosperm haustoria.—Just as in the other members,
the first division of the primary endosperm nucleus is followed by a transverse
wall resulting in the chalazal and micropylar chambers. The second division
which is often restricted to the micropylar chamber is either transverse as in
Sopubia (Krishna Iyengar, 1937, 1940¢) and others or longitudinal as in Rham-
phicarpa and Centranthera. Subsequent divisions will result in the separation
of a middle tier from the micropylar, the former giving rise to the endosperm
tissue, while the latter develops into the micropylar haustorium.

The chalazal chamber undergoes a nuclear or cell division and gives rise
to the chalazal haustorium which is composed of two uninucleate cells or a
binucleate body. In almost all the parasites this is an aggressive body,
although in Centranthera this is almost non-functional. Older haustorium in
all the parasites is binucleate.

In almost all the parasitic members of Scrophulariaceae the micropylar
haustorium is a tetra-nucleate body either from the commencement or when
fully formed. This may start as four uninucleate cells as in Sopubia del-
phinifolia (Krishna Iyengar, 1937) or as two binucleate cells as in Sopubia
trifida (Krishna Iyengar, 1940c), Rhamphicarpa, Centranthera and others.
Except in Centranthera and Striga (Michell, 1915) in all other members the
micropylar haustorium is an aggressive body.

The occurrence of secondary endosperm haustoria seems to be an excep-
tional feature of Centranthera.

SUMMARY.

The development of the ovule, embryo-sae, endosperm and seed of three
species, Rhamphicarpa longiflora, Centranthera hispida and Pedicularis zeylanica,
is described in this paper.

The presence of more than one archesporial cell is occasionally noticed.
One instance of a binucellate ovule has been noticed in Rhamphicarpa.

Chromosome counts have been made in Rhamphicarpa longiflora and
Centranthera hispida, the haploid numbers being 9 and 16 respectively.

The hypodermal archesporial cell directly forms the megaspore mother
cell and gives rise to a linear tetrad of megaspores in all the members. A normal
eight-nucleate embryo-sac develops from the chalazal megaspore. The
synergids are significantly large in Rhamphicarpa and Centranthera. The two
polar nuclei fuse just before fertilization and the three small antipodal cells
begin to degenerate soon after fertilization.

The first division of the primary endosperm nuclei is transverse in all
the three members, separating a chalazal chamber from the micropylar one.
The second division in Rhamphicarpa and Centranthera is longitudinal and the



260 C. V. KRISHNA IYENGAR : DEVELOPMENT OF SEED AND

third transverse and these divisions are confined to the micropylar chamber.
In Pedicularis the second division is transverse and the third longitudinal,
and both take place in the chalazal chamber. The three divisions, however,
result in every case in the separation of a middle tier of two cells which gives
rise to the endosperm tissue.

The chalazal haustorium is a binucleate tubular body which is aggressive
in Pedicularis and Rhamphicarpa, but almost non-functional in Centranthera.

The micropylar haustorium is composed of two binucleate haustorial cells
in Rhamphicarpa and Centranthera, these fusing very early to form a tetra-
nucleate body. In Pedicularis this haustorium is tetra-nucleate from the very
beginning.

In Rhamphicarpa and Pedicularis the micropylar haustorium is an aggres-
sive body and shows lateral outgrowth developing into the integument and
growing towards the chalaza, while in Centranthera even this seems to be almost
non-functional.

In Centranthera aggressive secondary haustorial filaments develop from
the primarily endosperm cells towards the micropylar end.

The tapetum in Centranthera shows enlarged and presumably haustorial
cells towards the chalaza, protective cells towards the middle and cells probably
with capacity to stimulate secondary haustorial formation towards the micro-
pyle.

The epidermis of testa becomes lignified and functions as a protective
layer in all the members.

I have very great pleasure in thanking Dr. M. A. Sampathkumaran, M.A.,
Ph.D., S.M. (Chicago), Professor of Botany, Central College, Bangalore, for
giving the necessary facilities for this investigation and Dr. P. Maheshwari,
D.Sc., F.A.Sc., F.N.A.Sc., F.N.I., of Dacea University for his kind perusal of
the manuscript and helpful suggestions. My sincere thanks are due to Dr. L.
Glisié of Belgrade for the literature he was kind enough to spare.
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