DEVELOPMENT OF EMBRYO-SAC AND ENDOSPERM-HAUSTORIA IN
TETRANEMA MEXICANA BENTH. AND VERBASCUM
THAPSUS LINN.

By C. V. KrisuNA IVENGAR, M.Sc., Department of Botany, University of Mysore.
(Communicated by Dr. P. Maheshwari, D.Se., F.N.I.)
(Read January 1, 1942.)

In the course of my investigations on Scrophulariaceae (Krishna Iyengar,
1937, 1939q, 193956, 1939¢, 1940a, 19406, 1940c, 1941b and 1941c) several
interesting features were noticed during the pre- and post-fertilization stages
of the embryo-sac. In the second paper of this series (Krishna lyengar,
1939a) I described the formation of the chalazal nutritive tissue and endosperm
haustoria in Isoplexis canariensis and Celsia coromandeliona, and explained
how the integumentary tapetum plays a significant nutritional role in the
latter member. This has also been reported in the various species of Verbascum,
Digitalis and Celsia by previous investigators like Balicka Iwanowska (1899),
Hakansson (1926) and Schmid (1906). A paper on Telranema was read by me
(1941a) at the Indian Science Congress, 1941. On account of the endospermal
similarities existing between Tetranema and Verbascum both have been included
in the present paper. ‘

MATERIAL AND METHODS.

The material for this investigation was collected from the Government
Horticultural Gardens, Bangalore, and the Ayurvedic Gardens, Mysore, and
fixed in Bouin’s fluid. The sections were cut 8u thick for embryo-sac and
10u for endosperm development, and were stained in Heidenhain’s iron-alum
haematoxylin.

OvULE.

The ovules are anatropous, indefinite in number and arranged on a massive
placenta rich in starch. A well-defined hypostase with rich cell-contents is
present at the chalazal region. Even here there is a conspicuous deposition

of starch. A single thick integument and reduced nucellus are seenin both
members.

Tetranema Mexicana Benth,

Embryo-Sac.—The large hypodermal archesporial cell directly functions as
the megaspore mother cell (Fig. 1). A linear tetrad of megaspores is produced
as usual (Fig. 2), and the chalazal megaspore develops into the normal eight-
nucleate embryo-sac (Fig. 3). The micropylar part of the sac is dilated and
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Tetranema mexicana Benth.,

Fig. 1. Archesporial cell. X 480. Fig. 2. Linear tetrad. x 640. Fig. 3. Embryo-sac.
X 320. Fig. 4. A diagram showing the sequence of divisions in endosperm. Fig. 5. Em-
bryo-sac showing differentiation of haustoria and endosperm. x 320. Fig. 6. Formation of
endosperm and haustoria. x320. Fig. 7. Micropylar haustorium enlarged. x730.
Fig. 8. Chalazal haustorium enlarged. Bi-nucleate condition. x320. Fig. 9. Tri-
nucleate chalazal haustorium. x320. Fig. 10. Tetra-nucleate chalazal haustorium,
% 320. Fig. 11. Chalazal haustorium with nine nuclei. x480. Fig. 12. Long. Section
of an almost mature seed showing the embryo, endosperm haustoria and tapetum. X 92-5.
Fig. 13. Old micropylar haustoria with the darkly stained nuclei and rich deposition of
cellulose. x480. Fig. 14. Old chalazal haustorium. x480. Fig. 15. Tapetal cells
enlarged. X 160.
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contains the egg-apparatus with the large synergids, while the narrow chalazal
part includes the three small antipodal nuclei. The two polar nuclei situated
in the middle fuse just before fertilization. The cells of the nucellar jacket
go on degenerating till at last at the mature embryo-sac stage even their last
traces disappear. Thus the integumentary tapetum lines the sac directly.
Although originally surrounding the whole of the linear tetrad, the tapetum in
later stages sheathes only the non-dilated lower part of the sac. Accumulation
of nutritive material, however, is noticed in the integumentary tissue in the
neighbourhood of the dilated micropylar end of the sac.

Embryo and Endosperm.—The antipodal nuclei degenerate immediately
after fertilization. The first division of the primary endosperm nucleus which
is transverse is succeeded by a wall and separates a chalazal haustorial chamber
from the micropylar one. Further divisions are restricted to the micropylar
chamber resulting in four rows of cells of which the terminal become haustorial
(Fig. 5). Fig. 4 is a diagram to indicate the sequence of divisions in the early
development, of the endosperm. The middle cells by further divisions form
the body of the endosperm (Fig. 6), which finally becomes differentiated into
the two terminal regions composed of smaller cells and the centrally placed
region with larger cells, the former probably serving to transport nufritive
material from the haustoria to the centre (Fig. 12). Only four of the endosperm
cells next to the micropylar haustoria assume a noteworthy size (Figs. 6, 7
and 12). Starch is abundantly deposited in the large endosperm cells.

Endosperm Haustoria.—The four cells towards the micropyle develop
into aggressive uni-nucleate haustoria. They show significant enlargement,
their contents are highly granulated and their nuclei also assume a larger
size (Fig. 7). Their ends eat their way into the integumentary tissue probably
with the help of their several short processes. Often the digestion of the
major part of the adjacent tissue has also been noticed. Older haustoria
show darkly staining amoeeboid nuclei which appear as dark bodies on account
of high chromatic concentration. A rich deposition of cellulose in the form
of rods has also been noticed in these haustoria (Fig. 13).

The chalazal chamber develops directly into a non-aggressive haustorium.
Its nucleus often divides resulting in a binucleate body (Fig. 8). At times four
nuclei are also seen (Fig. 10). In two cases three nuclei were noticed and one
case showed as many as nine nuclei of various sizes (Fig. 11). Thus all grades
from the uni-nucleate (Fig. 6) to a multi-nucleate condition are met with in
this plant. The size of the haustorial nuclei depends on their number, the
uni-nucleate haustorium having the largest nucleus. The occasional multi-
nucleate condition seen in this region reminds one of the basal apparatus of
some members of the families with Helobiales-type of endosperm.

Integumentary Tapetum.—The integumentary tapetum plays a significant
nutritional role. During pre-fertilization stages of the embryo-sac it acts as a
repository for food material and with the commencement of endosperm
formation it shows an enlargement of its cells (Figs. 12 and 15). Al the cells
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except those towards the two ends assume considerable size at the time of
senility of the haustoria. Their size, rich contents and thin-walled nature
‘and their proximity to the digested and absorbed cells of the integument
indicate their probable haustorial action to assist in the nutrition of the
developing endosperm and embryo.

Verbascum thapsus Linn,

Embryo-Sac.—Just as in the previous species a large hypodermal cell of
the nucellus directly functions as the megaspore mother cell and gives rise to a
linear tetrad of megaspores (Fig. 17). Of these the chalazal develops into the
normal eight-nucleate embryo-sac (Fig. 18), while the other three degenerate.
The degeneration of these starts from the interior so that the micropylar
megaspore degenerates last. The structure of the embryo-sac is similar to that
of Tetranema. The dilated micropylar end contains the large synergids and
the egg, while the slightly narrow chalazal part has three antipodal cells instead
of nuclei (Fig. 18). There is a constriction just below the dilated micropylar
end, and in its neighbourhood lie the two polar nuclei, which fuse to form the
secondary nucleus when the embryo-sac is mature. The embryo-sac and, as
already stated before, the tissue surrounding it is filled with starch grains.
The nucellar jacket gets absorbed and almost disappears, only a few cells
persisting at the base and forming a patch with darkly stained contents.

Endosperm and Embryo.—Although pollen tubes were frequently noticed,
stages in fertilization were not available. The post-fertilization stages can be
described as follows:—

The primary endosperm nucleus divides transversely resulting in the
formation of the chalazal and micropylar chambers as in Fig. 19. The next
two divisions which are longitudinal occur in both chambers (Figs. 20 and 21).
Thus there are four cells towards the chalaza, which directly become the
haustoria, and four cells towards the micropyle from which a subsequent
transverse division cuts off the four micropylar haustorial initials (Fig. 22).
The four cells forming the middle tier divide further, giving rise to the endosperm
tissue (Fig. 23), with two clearly defined regions. The region towards the two
ends is composed of cells with rich protoplasmic contents and perhaps with a
food conducting réle, while that towards the middle is composed of larger cells
with a rich deposition of starch and forming the body of the endosperm as in
Fig. 23.

Even in the tissue towards the two ends there is considerable difference.
The conducting endosperm tissue towards the chalaza is composed of smaller
as well as larger cells; the latter lie in direct contact with the chalazal haustorial
cells, have richer contents and are almost as large as the haustoria (Fig. 25).
This is a peculiar feature not met with in any other Scrophulariaceae till now,
although many instances are known where a few cells towards the micropylar
end are as large as the haustoria, as for instance in Tetranema.
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Verbascum thapsus Linn.

X 320. Fig. 17. Formation of the linear tetrad. x 480.

Fig. 16. Dyad cells dividing.
Fig. 18. Bection showing embryo-sac, tapetum and hypostase,

division of the primary endosperm nucleus.

x 480. Fig. 19. First

X 480. Fig. 20. Second division of the same.

X 320. Fig. 22. Fourth division of the

X 480. Fig, 2]. Third division of the sams.
same and the organisation of haustoria and endosperm.

of an almost mature seed showing the various parts.

haustoria.

X 320. Fig. 23. Long. Section
X 92:6. Fig. 24. Old micropylar

x480. Fig. 25. Old chalazal haustoria with the conducting cells of the

X 320.

endosperm.
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Endosperm Haustoria.—The chalazal haustoria are formed earlier. They
are composed of four uni-nucleate tubular and non-aggressive cells which do
not enlarge. Starch grains are noticed in these cells from the commencement
till a late stage in their activity, the disappearance of these coinciding with the
gsenility of the haustoria. The haustoria neither show a high degree of
development nor appreciable haustorial activity (Figs. 21 and 25). The
compact nutritive tissue at the base of these cells may come in the way of
their free development or it might be that the presence of a well-defined
nutritive tissue makes the extra development of the haustoria unnecessary.
A similar feature is met with in Celsia (Krishna Iyengar, 1939a) and other
members. The degeneration of these haustoria sets in very early, long before
the endosperm and embryo are well developed.

The four micropylar haustoria are also non-aggressive and uni-nucleate.
Their outer ends enlarge and become bulbous, but compared with the size of
the endosperm the haustoria are rather small, leading one to suspect their
efficiency as adequate nutritive organs. They persist till a late stage in the
embryo and endosperm formation, and show large nuclei with rich chromatin
material and highly vacuolated dense protoplasm.

Integumentary Tapetum.—The tapetum is organized from the innermost
layer of the integument and its cells act as a reservoir of food material, while
the embryo-sac is developing. The two ends of the tapetal sheath are here
invariably composed of smaller cells, while the most pronounced development
of the cells is confined to the middle part (Fig. 23). Here the larger and
smaller cells alternate as in Verbascum montanum (Schmid, 1906). The
enlargement of alternate cells may be explained as due to the limited nature
of the available space. The structure of the tapetal cells during post-
fertilization stages indicates their importance as digesting and absorbing
organs. Since the tapetal cells towards the micropyle are somewhat thick-

" walled, the transportation of material takes place mainly through the chalaza.
While the closely adpressed nature of the endosperm tissue and the tapetum,
and the thin separating wall may as well indicate the possibility of a direct

. transportation of food materials, the presence of large conducting endosperm

cells next to the chalazal haustoria points towards a movement of the nutritional
stream through this part of the sac.

DisoussioN.

Just as in the other members of the family, the archesporial cell directly
becomes the megaspore mother ceM and gives rise to a linear tetrad
of megaspores. The embryo-sac develops quite normally from the chalazal
megaspore. The presence of the hypostase at the chalaza is a noteworthy
feature. This is also met with in Isoplexis and Celsia (Krishna Iyengar,
1939a) and its organization is associated with the limited development and
activity of the chalazal haustoria in these two members. -~
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There is much in common between Tetranema and Verbascum as regards
the number of the micropylar haustoria, their formation and sequence of
development. The chalazal haustoria are the earlier to appear as also the
first to degenerate, while the micropylar persist till a late stage in endosperm
formation.

The chalazal haustorium of Tetranema is likely to shed some light on the
evolutionary tendencies of the organ. The frequent occurrence of a uni- or
bi-nucleate haustorium indicates its affinity to Vandellie (Krishna Iyengar,
1940a), while the occurrence of a tetra-nucleate body indicates its transitional
position between Verbascum with four uni-hucleate haustoria and the other
members with a single bi- or uni-nucleate haustorium.

The tetra-nucleate stage of T'etranema is the result of free nuclear divisions
of the nucleus in the chalazal chamber, while the accompanying wall-formation
results in the Verbascum-type. At times there is no division of the nucleus,
while at other times there are one or more divisions, thus resulting in all stages
from the uni-nucleate to the multi-nucleate condition. The general condition
being the uni- or bi-nucleate one, it appears that there is a tendency towards
reduction in the number of divisions without wall-formation at any stage
(see the chart below). The former feature is very clearly seen in the bi-nucleate
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Teiranema Tetranema Tetranema Tetranema and
Vandellia

Chart to illustrate the affinities between Tetranema and other allied members,

condition where one of the two nuclei resulting from the first division does not
divide, its larger size bearing testimony to this assumption. Thus the largest
nucleus is seen in the uni-nucleate haustorium, while an increase in number is
accompanied by 2 proportionate diminution in size. A similar feature is met
with in Vandellia, but this has either two haustorial cells which coalesce to

5



66 C. V. K. IYENGAR : DEVELOPMENT OF EMBRYO-SAC & ENDOSPERM-BAUSTORIA

form a bi-nucleate body or a uni- or bi-nucleate body is formed from the
commencement. Here also the trend seems to be in favour of omission of
wall-formation, or its dissolution when this is formed. Thus the absence of
wall-formation in the antipodals and haustorium forms a noteworthy feature
of Tetranema. A similar feature, i.e. absence of wall-formation in the anti-
podals is partially noticed in Alectorolophus (Schmid, 1906), where there are
only two antipodals, one being bi-nucleate.

The presence of several free endosperm nuclei in the chalazal haustorium
reminds one of the ‘basal apparatus’ met with in members with Helobiales-
type of endosperm. Both are ‘structures formed during post-fertilization
stages and have a significant réle in the nutritional physiology of the endosperm
and embryo.

Integumentary Tapetum.—An integumentary tapetufn is a common feature
of sympetalous families, and its nutritional value during post-fertilization
stages is well known. During the development of the embryo-sac, this sheathes
only the lower part of the sac, the micropylar being generally free. It is
suggested that the compact cuticularised sheath lining the chalazal part of the
sac prevents its free enlargement and consequently affects the size and arrange-
ment of the antipodal cells. The dilated nature of the micropylar part of the
sac is attributed to the absence of the sheath towards this part and the con-
sequent freedom for this end to expand. As opposed to this view there is the
fact that the tapetum develops by intercalary growth during post-fertilization
stages providing adequate space for the enlargement of the endosperm. This
introduces the possibility of spacial consideration and not cuticular resistance
as responsible for this shape of the embryo-sac.

Although the tapetum is generally the repository for food material and
can absorb nutrition from the integumentary tissue, the direct transfer of food
materials from this layer to the embryo-sac seems to be difficult in view of the
presence of a cuticle of varying thickness. Thus the food current can mostly
pass only through the chalaza and partly through the dilated micropylar part
of the sac.

There are various grades in the development of the integumentary tapetum
in the family as a whole. In several members the tapetum loses its contents
as the endosperm and embryo are being formed, and may be completely
obliterated. In some members although reduced in size this will show itself
by the formation of a thick cuticle. Alonsoa (Krishna Iyengar, 1937) and
Isoplexis (Krishna Iyengar, 1939a) and others are instances of this kind. In
other cases the tapetal cells attain significant development and play a pro-
minent réle in the nutrition of the endosperm and embryo. The accom-
panying diagrams indicate the different types of tapetum met with during
my investigations on several members of Scrophularineae. The first condition
happens to be the one most commonly met with. In this case the chalazal
and micropylar ends of the tapetal sheath are generally composed of smaller
cells, while the larger cells are confined to the middle of the sheath. Torenia

58
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(Krishna Tyengar, 1941) shows alternating rows of larger and of smaller cells.
In Tetranema all the cells in the middle are large, while in Verbascum the
larger and smaller cells regularly alternate, the smaller cells being single as
in' V. thapsus and V. montanum or in pairs as in the latter (Schmid, 1906).
In Celsia (Krishna Iyengar, 1939a) this regularity is wanting. The inter-
calation of smaller cells may or may not be found and when these are present
they may be either solitary or in pairs., The last figure in the series is that of
Centranthera (Krishna Iyengar, 1939¢) with the highest degree of specialization.
The largest cells of the row are towards the chalazal end in the neighbourhood
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Diagrammatic representation of the Integumentary Tapetum in some members
of Scrophularineae.

(a) Micropylar end. (b) Chalazal end.

of the chalazal haustorium, which is here the least efficient as g haustorinm.
Next to these are smaller cells which develop a thick cuticle and protect the
developing endosperm. Towards the micropyle are some large cells which are
rich in cell-contents and which are often pierced by the secondary endosperm
haustoria, thus appearing to have a réle in the stimulation of haustorial forma-
tion. Thus the tapetum undergoes several structural changes, especially
during the post-fertilization stages to fulfil its functions of digestion, absorption,
storage and protection.
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SUMMARY.

1. In Tetranema mexicana Benth. and Verbascum thapsus Linn. the
hypodermal archesporial cell directly forms the megaspore mother cell and
gives rise to a linear tetrad of megaspores. The chalazal megaspore develops
into the normal eight-nucleate embryo-sac.

2. A well-developed nutritive tissue composed of compactly arranged
radiating cells is present at the chalaza.

3. The chalazal part of the embryo-sac is narrow and is sheathed by the
integumentary tapetum composed of cells with rich contents.

4. The first division of the primary endosperm nucleus is transverse and
this results in the formation of the chalazal and micropylar chambers. The
next two divisions are longitudinal and may be confined only to the micropylar
chamber as in Tetranema or occur in both the chambers as in Verbascum.
The fourth division is confined to the micropylar chamber only, resulting in
the separation of a micropylar tier which forms the four uni-nucleate haustoria.

6. The micropylar haustoria become bulbous and aggressive and show
short processes in Tetranema, while in Verbascum these are non-aggressive and
differentiated into the long and tubular inner part and the bulbous outer part.
Cellulose rods are met with in the older haustoria of Tetranema.

7. The chalazal chamber in Tetranema develops directly into a haustorium
with one to four nuclei. In Verbascum there are four non-aggressive, tubular
and uni-nucleate chalazal haustoria. In both cases the chalazal haustoria
degenerate very early.

8. The endosperm tissue shows smaller cells towards the two ends, but
some of the cells towards the chalaza are appreciably large in Verbascum.

9. The tapetal cells enlarge while the endosperm is developing and take
an important part in the nutritional mechanism of endosperm and embryo.

10. The alternation of larger and smaller cells in the tapetum forms a
distinctive feature of Verbascum.

The author expresses his indebtedness to Dr. M. A. Sampathkumaran,
M.A,, Ph.D.,, 8.M,, Professor of Botany, Central College, Bangalore, for
facilities and encouragement, and to Dr. P, Maheshwari, D.Sc., F.N.I., F.A.Sc.,
of Dacca University for his kind perusal of the manuscript and invaluable
suggestions. Sincere thanks are due to the authorities of the Government
Horticultural Gardens, Bangalore City, and the Ayurvedic Gardens, Mysore,
for enabling the author to collect the material for investigation.
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