THESIS SUBMITTED BY GEORGE BOND FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY.

MARCH, 1930.

TITLE OF THE THESIS:-

"THE ENDODERMIS".

Part I. "THE OCCURRENCE OF CELL DIVISION IN THE

ENDODERMIS".
Part II,"THE STEM~ENDODERMIS IN THE GENUS BIPER".




ProQuest Number: 13905577

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13905577

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



Part I‘of Thesis:-

THE OCCURRENCE OF CELL DIVISION IN THE

ENDODERMIS.

CONTENTS.

THE NATURE OF THF DIVISIONS. p.1.
(A). DIVISIONS IN TERTIARY ENDODERMAL CELLS. p. 2.
(B). DIVISIONS IN PRIMARY ENDODERMAL CELLS. p.5.

THE SIGNIFICANCE OF THE DIVISIONS. p.10.

COMPARISON AND DISCUSSION. p.12.

SUMMARY. p.16.

BIBLIOGRAPHY.

LEGENDS TO FIGURES.

Note. This paper has been published in the Proceedings of the

Royal Society of Edinburgh, Vol.L; Part 1, No.4, 1930.




Y ’kww>u:T{quﬁ@‘ - nﬁ%ﬁijiuéfxthﬁ ..

THE OCCURRENCE OF CELL DIVISION} IN THE ENDODERMIS.

By George Bond, B.Sc., assistant in Botany,

Unlver81ty of Glasgow.
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So far as the author is aware, the ability dl%played

by endodermal cells to divide at a late stage in their
\/ hlgtory and differentiation has received little comparative

'ﬁreatment, but has merely'been the subject of passing

comment during the discussion of related subjects. In the
present paper it is proposed to present a brief survey of
thé different types of such divisions and a discussion of
points arising in the course of the survey. |

Previous records of sub—division of endodermal cells
conéern.the root almost exclusively, a fact which may’be
attributed to the relatively infrequent appearance of an
endodermis in the stem, and also to the greater attentlion
accorded to the endodermal relations of the root.

Nature of the Divisions.

Two types of ell division in the endodermis may be

‘distinguished.

1. Those taking place in endodermal cells

in the primary condition.

2. Those occurring with or after the inception

of the tertiary stage.

" Phis distinction depends on the characters of the parent

cells. The new walls themselves show further distinguishing




features, to which reference will be made below.

The great majority of previously described examples of
endodermal divisions fall into the second class, and this
better known type will be desdribed first.

A. Divisions in Tertiary Endodermal Cells.

The occurrence of these is recorded by Kroemer (1) in

the roots of Ricinus‘communis, Comarum palustre, Vincetaxicum
niger
spp., and Hellebm:ma,ge by Van Wisselingh (2) in roots of

(3 s 1 o 3
Taraxacum officinale, Gentiana lutea, Rose ferruginea,

Potentilla'Wilmotﬁég, and Rubus laciniatus, and by Scott (3)

in the roots of Salix fragilis and Vicia Faba.

The observations of the above mentioned writers show
that in these instaﬁces new walls are produced in endodermal
cells which have entered upon the so-called "tertiary" stage
of their development, a stage characterised by the deposition
of cellulose lamedtlae inside the suberin lamellaupf the
secondary endodermal cell. Kroemer (199.953.) considered
that the divisions may occur in endodermal celis in the
secondary stage, but Mylins (4) held that they belong to the
tertiary rather than the secondary stage:' According to the
obéervations of Mylius the new walls may appear simultaneously
with the first tertiary lamellael, but never before. My own
observations on the divisions in the endodermel cells of the

L
root of Alchemilla vulgarisnagree with those of Mylius.

The new walle dianlavy a radial arientstion in the main.

“UYnis confusion apoears to be due to a slightly different use of
* the terms "secondary" and "tertiary" stsges in endodermal devel~

opment. See ¥roemer(loc.cit.) p.S6 et seq., Ywlius(loc.cit) p.3€ et seq,
Y —— —_

|



. .writer has observed as many as seven new radial walls in

the case of Alchemilla vulgaris, but Van Wisselingh(loc.cit.)

cites and figures the extraordinary cese of Gentiana lutea,

where as many as 25 new walls may be produced in the one
original cell, indicating the occurrence of 25 successive
divisions. Mylius (loc. cit.) refers to unpublished observ-—

ations by Basecke on the root and rhizomeldf Viole. tricolor,

where 20 divisions may occur in the one original cell.
Simultaneously with the appearance of the divisions

in the endodermal cell an increase in its tangential dimension

occurs, often of a very conéiderable extent (Fig.,A+53. ),

According to the author's observations an increase of 400%

is common in the case of the root of Alchemdlla vulgeris,

while Van Wisselingh figures endodermal cells from the root
1,000 %

of Gentiane lutea where an increase of E59% must have eccurr-—

ed. As a result of this increased tangential dimension of
its celis, the cohtinuity of the endodermis is not affected
by the expansion of the vascular cylinder following the
formation of the secondary vascular tissues, or at least,

not for some time.

The new walkds are of cellulose, are massive, and show
neither Caspary strip ner suberin lamella (Mylius, loc.cit.,

» K3 . . !
P.38, and confirmed by author in Alchemglla vulgaris . fig. Lr2),

Mylius (AaeA¢iBiMhowever records the formation (in Comarum
palustre) of "suberinilike" material in the walls in the form

'Nste. The lamella labelled suberin lamella in fig.2 is actually the
"verkerkte mittlere Lamelle"of Kroemer, consisting of the clesely
fused lamellae of the primary and secendary endedermal cell, exmdwhichare
usually te be distinguished only after maceratien.




or cutinklike" substances on the new walls in the root of

Gentdana_lutea.' In general, however, the walls display none

of the features characteristic of endodermal walls.

| The suberin lamella of the stretched original endodermal cell
remains intact round the sub-divided cell, so that the original
cell is 8till clearly defined & recognisable. It will be seen that
here we have & mere sub-division of the original cells of the
endodermis, resulting in the production of what may be termed
"multicellular endodermal units} with no formation of new endodermal
celle in the real sense of the word.

Before passing on to consideration of division in
?rimary endodermai cells, mention must be made of a point
which arises in connection with the figures of Alchemalla
vulgaris ( Fig,AdB. ), Mylius(loé;cit.P;36) states that in

m ! .
certain cases (roots of Rosa M¥icrophylla, 'Rosa spinosissima,

Potentilla fruticosa, Rubus Idaeus) the suberin lemella of
the endodermal cell in the secondary stage does neot ferm &
complete lining to the cell, but fails to develop over the
Caspary strip. Thét is, the suberin lamella of each cell
consists of twe portions, an inner and an outer, with a narrow
- 81it separating them. C. van Wisselingh(loc.cit.) confims
this for the three zenera quotsd by Mylius.

My own observations indicated that a similar, incomplete,
suberin lamella is alse present in the root—endodermis eof

Alchemélla wvulzaris. A transverse section of this root, stain-

T‘ 3
ed with 3udanJ|§ shows that the suberin 3amella does not cover
completely the radial walls of the endodermal cells, but is
interrupted in the region of the Caspary strip, exactly ascﬁ?JJ\*B)

described by Mylius and Van Wisselingh in other rosaceous genera. A

¢ -




B. Divisions in Primary Endodermal cells.

vTheiothe%.type of division, that displayed in primary

‘ endodermal cells, appears to be much less common, no doubt
because the typical endodermal cell shews the primary condition
es a temporary and very early stage in its development. In-
stances of division in such typicel cells are, however, knowﬁ.

Kroemer(loc.cit.P.95) discovered divisions in endodermal

cells in the primary stage in the roots of Hellebarus niger,

Helienthus annuus, and Adonis vernalis. He figures a cell

from the former showing a single new radial wall, which hes
developed a Caspary strip; he states that the new =malls are
usually»radial} being associated with an increase in the
tangential dimension of the original endodermal cell, but
that tangential walls may also be formed, as for instance, in

Helleborus nizer and Helianthus annuus, and these tengential

walls do not develop a Caspary strip. Kroemer also refers

to an observation made by Van Tie;hem(1871) on a similar pro-—

duction of tangential walls in Tagetes erecta.

Kroemer notes that the newly formed cells may proceed
later to a secondary condition in & normal fashion.

c3;11 divisions in the primary stage are also found in
endodermal cells which are abnormal in that they retain the
‘primary condition throusghout their history. The occurrence
of a permanently primary endodermis will be referred to in
more detail later, but at this point it should be noted that
Strasburger(5) recordéd/the presence of such en endodermls in

the root of Monstera deliclosa, and observed division in the



enﬁedermal cells. The new walls developed Caspary strips,
Joining up te that of the mother cell. Van Wisselingh(loc.

cit.), also, has recently described similar divisions in the root

0§@nécyclus pyrethrum, where again the endodermis is permanently
primary. At the cammencemen% of secondary growth‘in thickness
of the reot the endodermal cells show tangential growth and sub—
sequently div;de. The new walls are laid down in a radial |
direction, are thinner than the original walls, and develop a
Caspary strip which is ggée massive than that of the'd}iginal
wall.

The writer has recently discovered‘ﬁll division of the
second type in the endodermis of certain aerial stems, nemely,
vthose of species of Piper. The endoderﬁal relations of these
plants are under investigetion, and it appears that the study
will be productive of several 0bservatid§ of interest, the |
ma.jority of which, however, will receive detailed consideration
at a later date. For the present it may be stated that in most
of the species examined an endodermis is present in thé young
internodes and pergists throughout the later develeopment of tﬁe
internode. Considerable variation, however, is displeyed with
regard to the distribution of the endodermis. In some species
the endodermis forms a complete cylinder enclosing the vascular
system, and retains its continuity emen though secondary growth
in thickness of the stem proceeds to such an extent that the.
circumference of the stem (or of the endodermal cylinder) in-
creases by 700%. In others this normal arrangement is not

’

shown, for the endeodermis is discontinuous, and, as seen in



. transyerse section, has the form of a series of arcs, each

| capﬁingvaAbundle. In a third gréup of species the degree
A«of continuity of the*endodermis vafies during the development
of the sten. |
+ A further point germane to the present discussion is the
fact that the endodermis shows a persistent primary condition
throughout. In no case did the use of the appropriate
reagents reveal the presence of the suberin lamella character-
istic of the secondary stage. As stated above, other instances
of this are known, but they are few, and a persistent primary
endodermis is comparatively rare among Angiosperims. Mylius
(loc.cit.), from his extensive studies of the Rosaceae,
Oenotheraceae, Myrtaceae, and related orders, concluded that
in roots a tertiary stage is usually reached, although in
some cases a secondary condition may be persistent. 1In
rhizomes he always found a tertiary condition, while in aerial
stems the endodermis, when present, again attains in the main
a tertiary stage, although a secondary stage is occasionally
the final condition. Two cases of the occurrence of a persist-
ent primary endodermis have been cited. In addition Kroemer

(loc.cit.) found one in the roots of Acorus calamus, Hydrocharis

Mafﬁsm—aanae, Crinum species, and Arum italicihm and other plants.
el A Sl T

Tetley (6) finds a permanent primary endodermis in the roots of
several herbaceous Composites.
1. Owing to the anomalous behaviour of the secondary cambium in

the stem of Piper, at no stage do the primary bundles lose
their identity as separate vascular units.



V{n,th§ o1dér internodes of species of Piper a very
massive‘ba5§afy sfriﬁuis pfésent, and is peculiar in that
the surface view of the endodermis does not reveal the
undulatory form usually associated with the strip(ng 3.D ):.L.
As observed by Priestley and North (7) in the case of the

- stem encodermis of Potamogeton perfoliatus L., treatment of

surface sections of the endodermis with concentrated sulphuric
acid for three minutes, or warming them in concentréted
potash, results in the production of undulation in the
Caspary strip (Fig'4A. ). These undulations are presumably
produced as the result of differential expansion or contract—
ion of the cellulose wall and the Caspary strip present on it.
It was discovered that in older internodes there is an
abundant production of new walls inside the endodermal cells,
mainly in a radial direction, but also transversely. These
walls are always produced in cells of which the tangential
dimension has undergone, or is still andergoing, an appreciable
increase. Shortly after their formation the new cellulose
walls, both radial and transverse, de#elbp a Caspary strip
(Fid.3,A+3), and, as the surfece view of the endodermis indicates,
(Rg.3.D. ) these Caspary strips link up with thoée of the original
walls. The new walls are clearly to be distinguished from the
original ones by the general diqusition of the cells, and the
fact that the former are more delicate and bear a less prominent

Caspary strip than the latter(rig. =.C. ).

1. The material used was fixed and preserved in 60 % alcohol.



- - In addition to the above, new wall formation is occasion-

\

ally to be observed in a direction other than redial or trans-

verse. The new walls;may be lie tangentially with regard to

l the original erientation of the parent endodemal cell, as

indicated by the position of the Caspary strips, although, as

a result of‘adjustments of tissues and distortion of the endo-

dermal cells during secondary changes in the stem, these new

walls may be practicelly redial with regard to the stem as a

wholev(FWgﬁ4-B. )', They are, however, sharply distinguished

from true radial walls by the fact that they do not develop

a Caspary strip. Hence they fall into line with the tangential

divisions recorded by Kroemer and Van Tieghem, referred to above.

Hg:4<1‘shows another arrangement of new walls '

. and pericycle

occasionally encountered. The neighbouring cells of the cortex

shew a similar increase in size, accompanied by division(FﬂiE»C-),

but here of course Caspary strip formation is never to be

observed.

As far as my observations go this activity on the part

of the endodermal cells is most marked in Piper excelsum Forst,

ﬂe%‘ 3
(= Macropiper excelsum Ruiz—et—Pew«). As many as four radial

walls may be produced here in the one parent cell, each one
developing a Caspary strip, so that the surface view of such

a sub-divided endodermal shows a complex network of Caspary
strips. In this particular species the endodermis, while form=—
ing a complete ring in younger internodes, undergoe8 partial

rupture after the inception of the secondary growth in thick+

ness of the stem, and subsequent to this forms arcs capping
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, _ 1.
the phloem of the bundles, as seen in transverse section. It is

in the cells forming these arcs that the divisions are to be
observed.

- . . 3 3 n s 3 s
Cell division also occurs in Piper aygustifolium Ruiz et Pav.,

and in Piper decurrens C.DC., but less frequently than in Piper

excelsum and to a lesser extent in each cell. In Piper aﬁgust—

ifolium, in the stoutest internode available, rarely more than
one division occurs in each original cell. This is associated
with a less marked inc case in tangential dimension iﬁ the
endodermal cells of th?s species compared with that in”Piper
excelsum, where an increase of 500 % is common.

Here we have cell dividion in the endodermis resulting
in the production of what may be 1egitimateiy described as new
endodermal cells, the number of cells showing typical endoder-
mal features being increased. |

Significence of the Divisions.

It seems probable that in both types described this
activity on the part of the endodermal cell is to be cé}elated
with the increase in its tangential dimension‘occurriﬁg simul-
taneously. For the formation of new walls keeps pace with the
increase in size of the original cell, culminating in the pro-
duction'of a’very large npmber'of new walls, as mentioned above.v
Further, in Alchemi]%‘.g 3_%; passage cells of the endodermis
undergo but little increase in size and show no division.

&L
1. The cambium produces no phloem in the interfasc%}ar regions.,
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In Piper excelsum new walls are never observed in cells

' shoWing_no enlargement, and conversely,zdivision usually follows
any-éonsiderable increase in size of an endodermaj cell.

Two possibllities suggest themselves with regard to the
actual eelation between cell enlargement and division.

Kroemer (loc.cit.) considered that primary and tertiary
‘divisions have the same significance, actually effecting that
extension of the endodermal cells which is demanded by the in-
-creasing sizelof the stelar tissues following the initiation
of the vascular cambium. That is, eccording to Kroemer the
endodermal cell actively accommodates itself to the new dimens—
ions of the root or shoot.

| Mylius (loé.cit.), referring especially to the tertiary
divisions, took aﬁ%gﬁgggggg;;;; view of the matter as a result
of his observations, which showed to him that a considerable
increase in the tangential size of the endodermal cell might
occur without a corresponding production of new walls. Partic-
ularly was this the case in undergrounf stems, where, despite
a greater increase in the size of endodermal cells attendant
on more pronounced secondary growth in thickness of the'ofgan,
division in such cells is relatively rare. These observations
led Mylius to the conclusione that, rather than preceding and
rendering possible an active tengential growth of the endodermal
cells, the divisions followed a passive stretching of the

original cells. Presumably division occurs after a cell has

been stretched to a certain degree.

Mylius held it to be evident that the stout éellulose



walls fulfil a mechanical function in thatvthey’support and

hold apart the stretched tangential walls of the original

cell, preventing its collapse. For this reason he termed
them "tertillre stittzwande." The new walls produced in primary

cells in Piper and elsewhere may serve the same mechanical

‘function, although their comparative delicacy will render them

less effective in this direction than the massive "tertidvre
stltzwande. "

Comparison and Discussion.

Thus we have two well defined types of endodermeal
divisions. The condition of the endodermal cell at the
period qf its tangential étretching obviously decides which
type of division is to occur. In the great majority of
cages the initiation of the tertiary stage has occurred by
that time, so that division involving the production of
"tertilire stltzwande" is the more common.

We have seen that while in one case the new walls
develop a Caspary strip, this is not so in the other. What-
ever the particular physiological factors responsible for
this difference may be, it is what would be expected, assuming
current views on the function of the endodermis to be correct.

Recent work has resulted in considerable physiological

-importénce being attached to the primary endodermis on account

of the presence within it, and the peculiar properties, of the
Caspary network. This network is held to render very difficult

the radial passage of water or of solutes through the endodermis,

via the wall, as a result of the presence of derivatives of
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. fatty acids in the strip. It is considered (7) that the
passage of water and solutes through the endodermis is placed
under the control of the protoplast of the cells.. It is there-
fore significant that a Caspary strip develops on the hew
radial and transverse (but—seb—tangemtixl) walls in the div-
iding primary cell, so that the continuity of the Caspary
network is not interrupted. There is no direct communication

by an uninterrrupted cellulose wall between the inner and
e

F o Neither will such direct commnnication arise in conceruenca of

- - " . Fr .
*% the absence‘of & Caspary strio en any new tengentisl wall which
may develoxn.

— Cell DPOSSESSES (OB SUUBILIl ITaliCITO &Il CUdk Ukvli vo —varw ooy

. strip. Modérn workers consider that thé development of this
lamella cuts down the transference of water and sélutes through
the protoplast, rendering the secondary endodermal cell relative—
ly very impermeable to those substances(7). In view of the
presence of this lamella lining the whole of the celll', the
absence of the Caspary strip and suberin lamella, from the new
walls will not in this case interfere with the impermeability
of the endodermis.

Thus in both cases the stretched parent cell is endowed
with greater rigidity without the effectiveness of the endodermis
as a physiological barrier being impaired.

But a difficulty arises here. PFor the supposed imperm-

D eability of the suberin lamella will result in the secondary
endodermal cell being a "hermit cell", cut off from surrounding
tissues. But we find such cells carrying on extensive metabolisim
1. Except in the cases mentioned, where the suberin lamella is

interrupted over the Caspary strip. This will not affect the
impermeability of the endodermal cells conserned.
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.. fatty acids in the strip. It is considered (7) that the

passage of weter and solutes through the endodermis is placed
under the control of the protoplast of the cells.. It is there-
fore significant that a Caspary strip develops on the new
radial and transverse (but—pet—tsmzemdizl) walls in the diy-
iding primary cell, so that the continuity of the Caspary
network is not interrupted. There is no direct communication
by an uninterrrupted cellulose wall between the inner and

¥

cuter walls of the endodermis,

Turning to the other type of division, here the originel
cell possesses the suberin lamella in addition to the Caspary
strip. Modern workers consider that thé development of thks
lamella cuts down the transference of water and sélutes through
the protoplast, rendering the secondary endodermal cell relative—
ly very impermeable to those substances(7). In view of the
presence of this lamella lining the whole of the celllo, the
absence of the Caspary strip and suberin lamella, from the new
walls will not in this case interfere with the impermeability
of the endodermis.

Thus in both cases the stretched parent cell is endowed
with greater rigidity without the effectiveness of the endodermis
as a physiological barrier being impaired.

But a difficulty arises here. Mor the supposed imperm-
eability of the suberin lamella will result in the secondary
endodermal cell being a "hermit cell", cut off from surrounding

tissues. But we find such cells carrying on extensive metabolisim
1. Except in the cases mentioned, where the suberin lamella is

interrupted over the Caspary strip. This will not affect the
impermeability of the endodermal cells conserned.
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leading to the §foduction of massive cellulose walls. Accord—
ing to deeﬁer»(loc.cit. P.102) the endodermal ceﬁls of
Aagiosperinous roots seldom contain reserve foods, so that the
raw materials for this activity must be absorbed from without
the celi,Li.e.,the suberin lamella permits of an appreciable
transference of material. x

A further standpoint from which the subject should be
considered concerns the actual deposition of the Caspary strip.
What are the conditions leading to the formation of this
peculiar structural feature? Whatever these are, it may
obviously be stated that they are present in fhe young stem
or root and in the old, at least in such cases as Piper,
Anacyglus etc.,‘where we find development of Caspary strips
in both stages in the history of the stem or root. Previous
writers have been concerned only with strip formation just
behind the growing point of root or shoot, at the time when
general differentiation of tissues is occurring.

Priestley and North (loc.cit.) for instance, point out
that the Caspary strip appears just as phloem and #Xylem are
beginning to differentiate, and during the latter process,
organic solutes, of fatty acid nature in part, are, they suggest
liberated, and diffuse outwards to the incipiént endodermal
cylinder, as yet without Caspary strip. In the region of the
endodermis these diffusing solutes meet the air passing inwards
1. Although Kroemer's statement is no doubt correct for most

cases, the dividing tertiary cells of Alchemilla vulgaris
do contain a small amount of starch.
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from_the cortical intercellular spaces and are oxidised, the
products of oxidation being deposited on the radial and trans—
verse walls, in the form of the Caspary strip. A comparison
is @rawn between the conditions prevailing here and in those
resulting in the formation of suberin in the case of wounds,
discussed by Priestley and Woffenden (8), and it is suggested
that the two processes are similar. The association between
the Caspary strip and the differentiating phloem appears to
be of moreimportance thah that with the xylem, for in the case
of the root with its radially arranged vascular tissues, the
endodermis develops first outside the phloem. The development
of the endodermis from the innermost layer of the periblem is
therefore ascribest on this theory to the proximity of this
layer to the air spaces of the developing cortex. This theory
affords an ;xplanation of the fact that on any given wall, say
a radial wall, the two halves of the Caspﬁry strip are always
exactly opposite to each other, an arrangement which is essential
if the primary endodermis is to function as suggested above.
Upon preliminary consideration it would appear improbable
that a casualgaxidation and deposition could result in a véry
regular Casp;ry strip system, confined to a single row of ceils;
bkt it is the author's experience that irregularities in the
position of the strip are quite commonly found. In Piper
excelsum the occurrence of akr spaces immediately outside the
endodermis is very marked, and there is also a definite assoc-
iation between the developing Caspary strip and the vascular

tissues.



With regard to the’secondary formation of Caspary strips
it.should'be~noted that vascular tissues (now of secondary
nature) are still undergoing differentiation. It is signific-
ant that the original Caspary strips themselves show a

considerable enlargement during the ageing of the stenm.

Summary.

1. Endodermal cells fre@uently show considerable increase
in tangential dimension at a late stage in their existence, as
a result of which the continuity of the endodermis mey be.
maintained, despite the rapid expansion of the intra-endodermal
cylinder following secondary growth.

2. This tangential increase in size of the endodermal
cells is usgually accompanied by their division. The divisions
may actually cause the increase in size of the cells, that 1is,
there is active growth of the cells. Or they mey follow é
passive stretching. In either case the new walls fulfil a
mechanical function, lending added streﬁgth to the stretched
walls of the original cell.

3. Two types of division are distinguishable.

| (2). Those occurring in primery endodermal cells.
The new walls soon develop Caspary strips, linking up with
those of the parent cells.

(b). Divisions in tertiary endodermel cells. The
Aew walls here show neither Caspary strip, nor suberin lamella.

4, It is pointed out that in neither case does the

development of new walls interfere with the impermeability of

the endodermis.



5. The occurrence of the divisions is considered in
relation to the supposed impermeability of the suberin

lamella of the secondary endodermal cell, and to the conditions

resulting in the deposition of the Caspary strip.

In conclusion I wish to acknowledge the kindness shown
by the Reglus Keeper of the Bojal Botanic Gardens, Edinburgh,

in supplying material of Piper species, and to thank my

colleagues of the Botany Depf., University of Glasgow, and

Professor H. S. Holden, for their constant help.

Addendum.

It should be stated that in this paper the divisions
occurring within the endodermis have been considered only in so
far as they appear likely to affect the function and behaviour
- of the endodermis. From this point of view the nuclear processes

associated with the divisions are not of great importance.




BIBLTOCRAPHY,

- (1). KROFMFER. "Wurzelhaut,Hypodermis & Endodermis der Angiospermen-

wurzels Bibliotheca Botanica, Band XII, Heft 59, 1903.

(2). C.van Wisselingh, *RBeitrag zur Kenntnis der inneren Endodermis".
Planta, Band II, 1926.
‘(5). SCOTT,L.I. "The Delimitation of the Absorbing Zone in Roots".

New Phytologist, Vol.27, 1928.

(4). MYLIUS. "Das Polyderm". Bibliotheca Botenica, Band XVIII, Heft

79, 1913.
(5). STRASBURCER. "Uber den Rau und die Verrichtungen der Leitungs-

bahnen in den Pflanzen! Jena, 1391.
(£). TETLFY. '"The Secretory System of the Roots of the Compositae,"

New Phytologist, Vol.24, 1925.

(7). PRIESTLEY % NORTH, “Physiological Studies in Plant Anatomy,III,’

New Phytologist, Vol. 21, 1922,

(8). PRIESTLEY & WOFFENDEN. “Physiological Studies in Plant Anatomy,V,”

New Phytologist, Vol. 21, 1922, ;



LEGENDS TO FIGURFS.

Fig.1.-Alchemilla vulgaris L. (A).Fndodermal cells as seen in transverse

section of root. The cells are in the tertiary condition, show
some increase in tangential dimension, & the formation of a radial
dividing wall in each cell. (B).Endodermal cell from transverse
section of older root, showing a very marked increase in tangential
dimension,% a chambered condition as a result of the occurrence
within it of four divisions. N |
§;}.,suberin lamella; QL}.,tertiary iamellae; n.w.,new wall;
QLQ.;wall of nrimary stage, of endodermal cell; g.,gep in.suberin
lamellé; qg;.,cbr%ex; gsft;pericycle. (x1170)

Big.2. Alchemilla vulgarisﬁ;. Endodermal cells as seen in tangential

. |
| s
section of root. Three'new radial walls sare pPQ§nt in each cell.

-

s.1l.,suberin lamella; t.1.,tertiary lamellae; n.w.,new wall;

v.c. ,passage cell. (x370. )

e

Fig.3. Piper excelsum Forst. (A). Fndodermal cell seen in transverse

~section of interngde showing considerable secondary thickening. The
cell shows greatly increased tangential dimehsion & one new radial
wall has been produced, as yet without Caspary strip.(x5CC) (B).End-
odermal cells from same secction. Sho&s & single dividing wall with
Caspary strip. (x530) (C). Endodermal cells from transverse section
of older internode. A very considersable tangential stretching of the
cell has occurred % three new radial walls are present, easch bearing
a Caspary strip.(x370) (D).Endodermal cells from tangential section
of a similar internocde. Walls bearing Caspary strip shown in thick
black. (x370)

c.s.,Caspary strip; n.w.,new wall; cor.,cortex.
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LEGENDS TO FIGULESZ, (contd.)

4.Piper excelsum Forst. (A).Bndodermal cells as seen in tangentisl

LA 20 na

section of stem, after treatment with conc. sulphuric acid for
three minutes.(x57oj (B).Cells from transverse section of stem,
showing a displaced endodermal cell containing a new wall which is
tangential With regard to the originsal orientation of the cell.
fhe arrow indicates radius of stem.(x560) (C). Endodermal cell

from transverse section stem, chowing peculisr arrangement of the

new walls. (x500) -

3

c.s. ,Caspary strip; n.w., neww wall; cor.,cortex.
L el e ee———
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1.

1. INTRODUGTION.

| The‘mbst sfriking feature presented by th@ stem of
species of the genus Piper is of course the abﬁbrmai-vascular
structure. Medullary bundles are present throughout the
genus, and there 1g also an anomaloug fype of éecondary thick-

ening. It was during an examination of these abnormalities

in the vascular system that unusual features in the endodermis

were detected, and brought to the notice of the author by
Professor Drummond. A preliminary examination of different
species of Piper suggested that a more detailed investigatien
would be of some value in the elucidation of the structure
and function of the endodermis in general}l, and further that
favourable material would,bé obtained for experimental work
on the primary endodermis. The aim of this paper is then to
present an account of the occurrence and the structure of the
endodermis in the shoot of selected giggg gpecles.

Reference to the literature showed that the few earlier
investigators of the genus had concerned themselves mainly
with the peculiarities of the vascular system. J.E.Weiss (1 )
made some general observations on the occurrence éf the endo-
dermis in the genus, but no mention of the genus is made in.
the comprehensive monographs by Kroemer (3 ) and by Myliugtgn
the endodermis, or in the writings of Van Visselingh. It
would appear thorefbre fhat no detailed investigation of the

endodermis in the genus has been carried out in the past.

The first part of the paper will be descriptive, dis-
cussion and theoretical considerations being reserved until

1étcr.
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2.

2. MATERIAL AND TECHNIQUE.

The material for this investigation was mainly obtained
from the Royal Botanic Gardens, Edinburgh, through the kind-
ness of the Regius Keeper, Professor Wright Smith. The
following species of Piper (in the wider sense) have boen
investigated: -

P. angustifolium Ruiz et Pav.

P. celtidifolium ?

P. Chaba Hunter.

P. decurrens. C. DC.

P. excelsun Forst.

P. nigrum ?
P. porphyrophyllum N.E.Br.

P. tilisefolium Schiecht.

Unfortunately the accuracy of these names 1s not gusrant-
eed by the authorities of the Edinburgh Botanic Gardens, but,
bearing in mind the confusion which exists in the nomenclature
of the 700 species included in the genus and the difficulty of
ldentification in the absence of flowering materlal, it was
adjudgegifb take the names as correct, and to keep permanent
herbarium specimens of each species. These will serve for
reference should any doubt arise as to the identity of specles

investigated in this work.
No authority for P. celtidifolium was gilven by the

Edinburgh asuthorities, but in view of the fact that this plant
was identical externally and internally with another plant
bearing the name P. unguiculatsum, it is very probable that
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the former plant was P.celtidifolium Desf.Cat.Hort.

) t
(= P.unguiculaEium Ruiz et Pav.)

The material of P.nigrim was obtained from Kew and
no authority was given for the name.

In these eight species we are dealing with only a
very small proportion of the total number of ppecies in
the genus Piper (in the wider sense), which is 700 accord-
ing to Willis. As, however, wil%éppear from the subsequent
part of this paper, it happems that the small group of
species here considered iIncludes quite a wide range of types ,
and 1is a representative selection.

For general morphological work materlal was fixed and
preserved in aqeous alcohol, 50-60%. In other cases chrom-
acotléwﬁgs used as fixative,

For the particular purposes of this invcétigation it
was usuallly essential that the successive lnternodes of a
shoot should be kept in strict order, and to ensure this,
series of small and numbered glass tubes were used, one
internode being fixed and preserved in each tubé.

With regard to the choice of Stain, one was required
which would give the best possible definition to the Caspary
Strip. Generally speaking the Caspary Strip gives positive
reactions with lignin stains. Those recommended by the
Mar¥burg school (see Kroemer and NMylius, loc.cit.) are:=-
~Phloroglucinol and Hydrochloric acid, Chlor-zinc-iodine,
and lMethylene Blue-glycerine, I have found Gentian-Violet-
glycerine as well to be very useful, but for nearly the whole
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of this work the stain used has been Ammoniacal Basic
Fuchsin, on the suggestion of Dr. S. Williams. This stain

is not mentioned by the principal investigators of the
endodermis, but appears to me to be a very ﬁaluable one

for the purpose. The reagent is made up by*aroppinéfalowljk

a 5% solution of Pasic Fuchsin (a Rosanilin dye) in 75%
alcohol into .88 Ammonia, until the originally colourless
liquid takes on a straw colour. There are two methods of
using the stain. The section may be lmmersed in a drop of
the reagent on the slide and allowed to stand. As the

ammonia evaporates off the ligniflied and suberised walls

take on & vivid red colour. The cellulose walls also stain

a light red, but this is washed out during the subsequent
washing and dehydration with absolute alcohol. The section

is cleared in clove o0il and mounted in balsam. In the case

of serial microtome sections, the slide is dipped into the
stain for a few seconds, then withfirawn and exposed to the
atmosphere for a further few seconds until the red colouration
develops, and then treated as above. This is the procedure
adoPted in the present investigation, but an alternative méthod
is to immerse the section in the stain, contained in a covered
receptacle, for about 10 minutes, and then rinse several times
in absolute alcohol, when the deep red colouration will develop
in lignified and suberised cell walls. This stailn has two
advantages; firstly the extreme rapidity with which it can

be usedf;'a well-stained balsam mount can be obtained within

5 minutes of cutting the section, and secondly, it is a
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permanent stain. It can be used either alone or in combination,
Light Green in clove o0ll being a sultable counter stain. 1In
case the Basic Fuchsin is used alone, as in the present work,
the degree to which the cellulose walls are stalned can be
accupately controlled by destaining with acetic-alcohol for a
few seconds. Unless otherwise stated, all the l1lllustrations in
this paper have been made from preparations stained with Basic
Fuchsin.

In the investigations of the Caspary strip and of other
features presented by the walls of endodermal cells, it 1is
very advantageous to remove cell-contents by means of a short
preliminary treatment with Eau de Javelle. ZEspecially is this
the case in the 1Investigation of the flrst appearance of the
Caspary strip, which, while very minute, is lliable to be con-
cealed by cell contents in close contact with the walls.

Some danger, however, attends the use of Eau de Javelle
in working with the Caspary strip, for the latter 1s liable to
be changed 1if exposed to the oxidising action of Eau de Javelle
over too long a period. According to Kroemer (loc.cit.),
lignified walls in general tend to lose their characteristic
properties on continued exposure to Eau de Javelle, and to
assune these of pure cellﬁlose. This, he says, constitutes a
valugble distinction between lignified and suberised walls,
the latter being unaffected after as long as fourteen days.
The Caspary strip, as will be expected since it in all probability
is lignified, is altered on relatively prolonged exposure to

Eau de Javelle. Thus in some case Kroemer found that after an
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exposure of an hour or more the sbrip no longer stained
with Chlor-zinc-Iodine, although it did with phloroglucinol.
Neither did the strip.take up Congo Red, or Naé}hylene Blue.
The strip, in its original condition, is of course character-
ised by insolubility in sulphuric acid of any strength, while
the cellulose portion of the endodermal wall does dissolve in
the concentrated acid. But Kroemer showed 1ln the root of

Haemanthus Lindeni after twelve hours treatment with Eau de

Javelle, the radial wall in the region of the Caspary strip
rapidly dissolved in 50% sulphuric acid, while the remaining
cellulose portion of the radial wall was not dissolved, but
merely showed swelling. Thus the action of Eau de Javelle
results in the Caspary strip becoming more soluble towards
sulphuric acid than is the unmodified cellulose wall in the
beginning.

Mylius (loc.cit.) also refers to this matter. He finds
in some cases a special sensitiveness on the part of the strip

to Eau de Javelle. In the Myrtaceae - roots of Myrtus communis,

elaleuca ericifolia, Leptospepmum laevigatum - after a

relatively short (but not actually stated) period of exposure
the strip appeared to lose its staining propertles with Phloro-
glucinol, Chlor-Zinc-Iodine, and Methylene Blue. He concluded
that the reagent removes certain constituents from the strip.
But all the authorlties are agreed that in general a
relatively short treatment of sections with Eau de Javelle has
no evident effect on the Caspary strip, and 1t has been In the

past a regular procedure to clear with this reagent in the
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investigation of the endodermis. To make sure that thé strip
of Piper species is not changed by the :use of Eau de Javelle,
the following experiments were carried out. Thin transverse
sections were cut from the second internode of a stem of

P .porphyrophyllum.,; Good~sized Caspary strips were present,

regularly deposited. The sections were imuersed in fresh Zau
de Javelle for varying periods, namely fifteen minutes, one
hour, twelve hours, and twenty-four hours respectively, and
then stained with basic fuchsin. The Caspary strip remained
to all éppearance unchanged in all cases, except for a slight
decrease in size after the longest period. The cellulose
walls showed increasing thin-ness with longer exposure.

Since in this investigation, the preliminary treatment

‘of sections with Eau de Javelle only extended over ten minutes

on the average, there 1s no reason to belleve the strip to be
in any way affected by the treatment.

Tﬁe use of Eau de Javelle and of Ammoniacal Basic Fuchsin
renders FIXATION by the use of the ordinary Albumen fixative
impossible, for the latter will not w%ﬁ&stanﬁ the strongly
alkaline ;eaction of wither reagent. Fﬁzzizf}xperiments were
made witn;éum Arabic and Dichromate fixative reommended by

Chamberlain (Methods in Plant HistologY), with Lepage Glue,
etc., but at last the writer came across the Colloedlion-clove
oil fixative used by lMiss Barratt ( R.) in her study of the
growing poilnt of_tbe stem of Hippuris, where clearing was also
desirable.

The actual‘fixative consists of a mixture of solid
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Collodion and clove oil, in rough proportions of 1;1. On
standing,a sticky jeliy ls obtained. The stretching of the
ribbons 1s effected not on the slide to which they are
ultimately to be fixed, but on a second slide lightly smear-
ed with glycerine to obtain an equal spread of water. VWith
a little experilence this task can be carried out with accuracy
and dispatch, especially 1f a sultable pair of broad-tipped
forceps is used. A slight emulsion forms between the moisture
on the ribbon and the clove oil, but 1s of no consequence.
The ribbons thus fixed are left to dry for at least twenty-
four hours, and the wax then dissolved in the usual way.l
The complete process used 1In the case pf serial sections was
therefore:-A

Streteh ribbons in water.

Transfer to slide smeared with Cellodion-clove
oll fixative.

Leave to dry for twenty-four hours.
Dissolve wax as usual and pass down to 25% alcohol.

Transfer to Eau de Javelle and clear for sultable
period. '

Wash iIn running water for thirty minutes.
Pass up to 75% alcohol.
Stain with Basic Puchsin.

Destain with Acetilec aicohol, if necessary, ten to
twenty seconds.

Absolute alcohol, twenty seconds.
Alcohol-xylol, 1:1, flve seconds.
Xylol.
Balsam.

1. By the use of this fixative permanent mounts of sections
stained with Sudan III can also be obtained.
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As regards the actual CUTTING, while the younger
internodes cut very satisfactorily on the microtome, the
older did not, owing to the presence of a high proportion
of lignified tissue. This latter 1s mainly confined to
the vascular core, and since for the study of the endodermis
a sectlon which includes the cortex and periphery of the
vascular tlssues 1s quite satisfactory, portions of peripheral
tissues were cut from the thicker stems, and these microtomed
relatively easily. In all cases it was found to be advantage-
ous to soak the blocks before cutting for as long as possible
’in water as 1ls recommended by Chamberlain. Hand sectlons
were also relied upon to a considerable extent in this invest-
igation, especially in dealing with the distribution of the

endodermis.

5. GENERAL AWATOMICAL FEATURES OF THE STEM.

The medullary bundles form a very conspicuous feature
of the stem throughout its development. A varying number of
them are arranged in one or more rings in the parenchymaWous

pith, one ring in P.porphyrephyllum (P1.I,Filg.3), P.excelsum

etc., two in P.chaba and P.tiliaefolium. Acéording to J. E.

Weiss (loc.cit.) in all species of Piper examined by him the
medullary bundles are follar in nature; reach leaf trace
extends through at least the first internode below its‘point
of entry to the stem as a member of the peripheral, normal,
vascular ring, then passes into the medullary bundle ring and
remains there for at least a further internode; finally it

fuses with the medullary bundles of lower internodes. The
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outer vascular ring includes larger and smaller foliar
bundles, and stlll smaller bundles of a cauline nature.
These latter are the only true cauline bundles present
in the sfem, and extend through the length of one inter-
node only, and at the node fluse with nearby foliar traces
or with other cauline bundles of the adjacent internode.

Pl;gglFig.Bz.v(re-drawn from J.E.Welss) shows the
course of the vascular strands through a lower node in the

stem of Chavica Roxburghii (= P.longum L.). The small

cauline bundles are omitted from this diagram and presumably
the vascular connections to the axillary bud were undeveloped.
In the lower internode four of these cauline bundles were
present in the outer ring, in addition to the ten follar
bundles. The diagram indicates how all the latter strands
pass out into the leaf base at the node, and the outer

ring of bundles of the upper internode is reconstructed by

the passage outwards of bundles occupying a medullary position
in the lower internode. Prior, however, to this outward
movement of the medullary bundles, aéfébtomoses pccur between

them and the medullary strands of the upper Internode.
Tty s

A diversion may be made at this point to consider the
effect of this peculiar arrangement of the bundles on the
physiology of the plant. As we have seen, the peripheral
bundles are chiefly continuations of leaf traces, extend
through one to two internodes only, and do not anastomose
at the nodes with the peripheral bundles of other internodes.

Therefore the peripheral bundles provide no qontinuous
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vascular system up the stem. This exists only in the pith,
and we are left with the conclusion that the main stemam of
translocation must flow through the medullary bundles, and
not through the peripheral bundles. The latter appear to
be of more significance in the mechanical arrangements of
the stem,

This conclusion is supported by other facts. In certain

seml-prostrate specles - P.porphyrophyllum, P.nigrum - where

great mechanical efficiency is not required, there is practic-
ally no secondary thickening or increase in size of the
bundles of the outer ring in the lower internodes. Contrasted,
however, with thié‘rélatively poor development of the outer
bundles, the medullary bundles continue to increase in size
as the result of the activity of the primary cambium present
in the bundle, until they attain a relatively very massive
size in older internodes, with well developed vessels and
phloem(Pl.I.Fig.6., P1.I.Fig.3.). It seems very obvious that
in these examples the medullary bundles are of chief import-
ance in translocation. 1In erect species the outer vascular
ring is much more extensive, especially after continued
secondary thickening, but the secondary vascular ring contains
a relatively small proportion of typical conducting elements.
For, as will be described below, a large proportion of the ring
conslists of living medullary ray tissue, while the bundles
themselves consist mainly of fibres, with relatively fow
vessels (Pl;I.Fig.zq.

It should be possible to test the matter in a simple
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fashion,n by ringing off the peripheral vascular system from
a zone 1n a basal Internode of a shoot, and observing the
effect of this on the water content of the leaves above. This
experiment will be carried out when suitable plants are
available,

To return to the anatomy of the stem. The anomalous
type of secondary thickening is important in a consideration
of the endodermal relations. The cambial ring becomes complet-
ed in a normal fashion by the development of strips of cambium

across the primary medullary rays., In the young stem the

walled cells, originally pro-cambial, lying between the
medullary fibrous ring (see later) and the endodermis, in
examples where the latter is present. In some specles., e.g.

P.excelsum (P1.III. Fig.ll), the zone typically comprises a

single layer of cells; while in others - P.angustifolium - a

double layer may be present. The occurrence of repeated
tangential divisions in these cells leads to the productlon

of a deep cambium (PL.VI.Fig.24.). The cambium of the bundles
behaves more or less normally, producing phloem on its outer
side, and xylem, comprising vessels and fibres, on its inner
surface. No medullary (vascular) rays are produced by the
bundle-cambium in the species examined here (P1l.IV. Fig./t.).
The cambium over the rays produces 6ﬁ‘its inner side a tissue
composed of cells which are square in transverse section,
several times as long as they are wide, and bear small circular

plts on all walls. These cells become lignified very early,
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but contain abundant starch grains and therefore are living.
This tissue forms plates lying between the vascular bundles
(pl.1.7ig.2, P1l.I.Fig.4, P1.IV.Fig.l4.), and for them the
term "primary medullary ray" is usually retained, since they
resemble true primary medullary rays in position.

The Interfascicular cambium displays no active tlssue
formation on its outer surface, and merely produées a few
cells of parenchymatous nature, similar in size to the cells
of the primary rays and arranged along the same radii(P1l.II.
Fig.9., Pl.%%i.Fig.lS.).

As the result of this abnormal behaviour of the inter-
fasclcular cambium, the very characteristic secondary structure
of the stem arises, in which the original bundles of the
primary stem do not lose their identity in a common vascular
ring, as is the case in the normal stem, but are easlily
distinguishable throughout as vascular units, separated by
the primary medullary rays (Pl.I. Fig.2).

| The medullary bundles show some subsequent inceease I1n
size, as a result of the activity of the cambium of the bundles.

There remain a few other structural features worthy of
npte. Very beautiful arrangements of the mechanical tissues
are presented by the different species. The bundles of the
peripheral ring are, in the primary stem, embedded in an
undulating zone of sclerenchyma, which is medullary in nature
and is usually continuous (P1.IV. Fig.i3.). This fibrous
ring may become ruptured as a result of subsequent dimensional
changes in the stem during secondary growth, e.z. P.chaba,

P .excelsum.




14.
In the young stem the cortex is largely collenchymatous,
the collenchyma forming either a complete ring in transverse

section, as in P.excelsum (usually) and P.tiliaefolium, or

separate strands, as 1n P.chaba, P.celtidifolium. If a complete

ring is present it usually undergoes rupture as the stem ages
and increases in diameter. Although in some species the ceallen-
chyma betains its distinctive characters throughout, in the
majority a convertion of some or all of its cells into scleren-
chyma is to be observed.

Pericyclic fibres may also be present capping the bundles,
and may develop in the primary stem. Thls 1ls the case in
P.celtidifolium, and P.chaba, and in the latter the two %ﬁg%:of

the cap are often fused with the medullary fibrous ring, so

that the phloem is completely cut off from the cortex. In other
cases the pericyclic fibres are not fully differentiated until
after the inception of secondary growth, e.g. P.excelsum,

P.angustifolium.

The above description applies mainly to the internodal
region of the stem. Ve have at the node, as already noted, a
considerable re-arrangement of vascular strands, and to facil-
itate this we find that at the node the medullafy fibrous sheath
becomes interrupted by parenchyma, and that there 1s no linking
up of the cambium of the wvascular bundles by interfascicular
cambium. Thus the pifh and cortex are connected by thin-walled
cells. The endodermls also becomes interrupted during the
outward passage of the leaf traces into the petiole.

llention should also be made of the occurrence of Secretory

cells in the stems of all the specles I examined. 3Solereder

(Syst. Anat. Dicots., translr. 1908. P.691), describes
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these as approxirately spherical cells, with clear or brown
or yellow contents and suberised walls, and as occurring in
plth, cortex, and phloem. Those in the species considered
Lere were similar in structure and distribution, but in
addition they occurred in the endodermis (see later). The
nature of the contents of these cells was not definitely
determined, but were not of a tannin or protein nature, and
gave a positive reaction with Sudan III. Suberisation of
the wall was detected in those occurring ir the phloem, but
not in those found elsewhere.

In addition to these secretory cells, other cells
possess characteristic inclusions. Thus Calcium oxalate

crystals are present in P.excelsum and P.tiligefolium. And

in P.excelsum and P.chaba a red pigment, presumsbly of

anthoeyanin nature, is present in the soiﬁtion in cells of
the cortex, plth, and even of the parenchyma associated with
the vessels of the primary xylem. The cells containing this
pigment do not otherwise differ in appearance from normal
cells, except perhaps in the posse{}on of fewer chloﬁ%lasts
in those occurring in the cortex.

- There remains one further poiﬁt of interest, namely the
distribution of stomata in the epidermis of these stems. 1In

P.excelsum, P.angustifolium, P.chaba and P.tiliaefolium no

stomata were to be seen in the epidermis of the stem. In
P.excelsum a careful examination of serial transverme sections
of the first and second internodes of a shoot, and surface

sections of the epidermis of stems of all ages showed that no
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stomata were present. In this species cork formation was
not obvious even in the stoutest internodes, but lenticels
wére produced, necessarily independent of stomata, a process
which of course 1s normal in roots and in some stems. 1In

the reméining species stomata were present in the stem

epidermis.



”

4. TEE EXDODEFNIS.

A+ OCCURRENCE AND DISTRIBUTION.

J.E.Veiss (loc.cit.) pald some attention to the stem-
endodermis in the genus, especilally to 1ts distribution, in
which he found remarkable variation in the different species
he examined. The medullary bundles were devoid of endodermis
throughout. VWith regard to the occurrence and distributien
of the endodermis assecilated with the peripheral vascular
system, he distinguished three types:-

1. In which the endodermis formed a complete ring

round the vascular cylinder, e.g. P.Bredemeyeri Jaqu,P.genic-

ulatum Sw., P.bullatum Pth.

2. In which the endodermis was only present as a cap
to the phloem or to the pericyclic fibres, e.g. P.carpunya R
et Pav.

3. In which the endodermis was completely absent, e.g.

P.rivinoides Eth.

He also failed to detect endodermis in the petiole and
lamina.

It may at once be stated that the specles examined in
this investigation resembled those dealt with by Veilss in that
the medullary bundles were always devold of endodermis. As
regards the appearance of endodermis in association with the
outer ring of bundles, a broad distinction can be made between
species in which typical endodermal cells are present, and
those in which they are entirely absent. Of the eight species

examined only one, P.celtidifoliws, was of the latter type,

" and will be considered first.
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In this species, a transverse section of the first
internodé of a shoot showed the vascular tissues moderately
differentiated, but already a cap of relatively very large
cells was present over each bundle, limiting the cortex
internally, with no conspicuous cell contents and not possess-
ing starch. These features are retained by the sheathing
layer of cells throughout the later development of the stem
(F1.II. Fig.8.), and Caspary strips are never found.

Turning te the remaining species where endodermis 1s
developed, a very considerab1§ degree of variation in the
distributien of the endedermis is encountered, between differ-
dnt species, and even between different shoots of the same
plant.

In three species, however, namely, P.angustifolium,

P .porphyrophyllum and Y .nigrum, the endodermis shows a pretty

uniform and constant dilstribution. In these three species,
in material collected in the early part of the year (January,
February, March) Caspary strip formation was obvious a little
distance behind the apical bud, in the first or second inter-
nede, and took place over the bundle initially, so that at am
early stage a discontinuous endodermis was present, having
the form of a series of "caps" to the phloem of the bundles.
But very soon strip deveiopment occurred over the primary
medullary rays too, linking up the separate caps, and perfect
continuity of the endodermis was established. In P.nigrum

and P.porphyrophyllur this latter condition was sometimes

found én the lower paet'of the first internode (Pl1.II.Fig.lC),

but not until the second or third in F.angustifolium. Vaterial




of the latter collected in July showed a similar development.
A continuous endodermis was maintaived throughout all later
developrents of the internodes in theselspecies, so that a
continuous endodermis is still presént in oldest internodes
despite the great increase in the dimensions of the stem
which may occur as a result of continued secondary thickening.

This increase 1s most marked inthe case of F.angustifolilum,

an erect, shrubby species (Fl.I. Fig.4). The other two are
mofe or less prostrate or climbing specieé and show little
secondary growth in thickness (Pl1.I. Pig.3). The above des-
cription is based on the examination of three different shoots

of P.angustifolium all from one plant, two of P.porphyrophyllum,

also from one plant, and a single shoot of P.nigrum.

It is in the remaining four species that variation in
the distribution of the endodermis is most marked, and a
description of each species individually will indicate the
range and mature of the variation.

P.excelsum will be consigered first. The material of

this species was obtained from two sourcesg, namely, from a
well grown plant in the Royal Botanic Gardens, Edinburgh,
forming a bush six feet high, and from a cutting taken from
this former plant, but grown (ove? in the Glasgow Rotanic
Gardens. <The results of ke investigation of the former
material will be dealt with first.

The first material from Edinburgh was taken in February
1928. The bush had been pruned recently and thils made it
impossible to obtaln shoots showing more than a small number

of truly comnsecutive internodes - i.e. internodes produced by

e e
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the eontinued growth of one apical bud. Only young inter-
nodes and relatively old ones were to be obtained.

Some variation in the distribution of the endodermis
in the young internodes was found. The deposition of Caspary
strip over the bundles, so that each bundle possessed an
endodermal cap, was a very constant feature in the develop-
ment of the primary stem, and was generaily completed in the
second internode (PL.IV. Fig.13). In the lower internodes a
definite tendency towards the completion of the continuity
of the endodsrmls was exhibited, as the result of deposit&on
of Caspary strip over the primary medullary rays. This |
deposition of Caspary strip started from the ends of the
bundle caps and spread tangentially across the rays. Some
éuch deposition was generaliy to be seen towards the base of
the second internode, and by the time of initiation of
secondary vasecular cambium a good proportion of rays were
spanned. In two shoots, slightly before the first divisions
of the cambium-mother cells, 7/17 rays were crossed, and
others partly so. In a third shoot, a sectlon showing the
first cambial divisions also showed 8/16 rays spanned, and
in the next lower internode, where there was naturally a
more advanced cambial activity, the number of rays crossed
had increased to 10/15. In a fourth shoot, a transverse
section through the middle of the third internode, where a
four to six cell-deep cambiwm was present, 3/26 rafgtgpanned,
cqllected in a group to one side of the stem. Finally in
another shoot, a transverse section at a rather later stage

showed considerable secondary growbth and an endedermis con-



-tinuous except for gaps over two rays.
To sum up; while the production of an endodermal arc
to each vascular bundle occurred with great regularity, there
was some variation in the subsequent deposition of Caspary
strip over the interfascicular rays, and the endodermis was
in a semi-continuous condition in the young secondary stem.
To turn now‘to the older stem material collected at
tﬁe same time. TIere a definitely discontinuous endodermis
was found, especially 1n the’'very stoutest internodes, show-
ing one annual ring. The diameter of these internodes had
been more than doubled as a result of secondary growth in
thickness. 1In such internodes the endodermis was practically
limited to the vascular bundles, forming a cap arching over
the phloem of each bundle (F1.II. FPig.9., P1.IV. Pig.14.).

P.excelsun was the first species to be gtudied in

detail, and it was assumed that the endodermis would show
similar developmental stages in the different internodes of
one ghoot, and in @ifferent shoots of one plant. On this
assurrption, the definitely discontinuous distribution of the
endodermis in old internodes must be derived from the more

or less continuous phase found in young internodes. It seemed
very probasble that the endodermis failed to accommodate itself
to the constantly increasing diameter of the endodermal
cylinder, and underwent rupture over the medullary rays, and
that the initially small gaps continued to increase in
magnitude until fianlly the endodermis was limited to the
vascular bundles.

A great deal of time was spent looking for "stages" in
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this supposed partial disintegration of the endodermis, and
quite a falr case was made out. Thus in moderately thick
internodes entire discontinuity was not found in the endodermss;
some of the rays were dpanned and intermediate stages between
this and wlde gaps extending right across the ray were present
in the same section. Vhen a small gap was present ir the ray,
the outermost cells of the radially arranged columns of cells
cut off on the outer surface of the cambium were protruding
into the cortex, in a manner suggesting that these cells,partly
perhaps by their own expansion, and partly as a result of the
increasing bulk of the tissues enclosed within the endodermsal
cylinder, had pushed their way through the origiﬁally complete
endodermis, and had displaced some of the inunermest cortical
cells (Pl.V.Fig.1l5). That the activity of the cambium will
impose a strain on the endodermis is of course obvious,

especlally since we have Inside the cambium the ring of fibres

forming as it were a rigid base upon which the cambium builds

1ts tissues, pushing the endodermis outwards. Soon after the
initiation of cambilal activity 1t becomes evident that this is
the case. Cells of the endodermis over the rays became dis-
placed outwards, and there was a partial splitting of the

radial walls of the endodermal cells along the middle lamella,
both doubtless as a result of camblal pressure (Pl.V. Fig.l6.,
Pl.Vv. Fig.19). At first it seemed very probable that ultimate-
ly a radial wall underwent complete splitting, and that the
small gap so made increased in width as the stem thickened until
finally the gap extended right across the ray. This last

process is however difficult to visualise, and further a long
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search failed to reveal a stage in which & cemplete splitting
of the radial wall had obviously occurred. In fact, the
experience gained in the investigation of other species leads

me t0 the conclusion that in P.excelsum we are up against a

~different development of the endodermis in different shoots,
and possibly in different internodes, of the same plant. The
0ld Internodes, with discontinuous endodermis, had possessed
such an endodermis throughout their earlier history; while
those rather younger Iinternodes, with partial coniiaulty, had
also displayed such partial continuity throughout the whole
of their development. |

A further collection of P.excelsum material was made

from Edinburgh in January 1930. In a first sheot, of nine
internodes, the endodermis was confined to the bundles through-
out. In a second, the endodermis was again confined to the
bundles, but its formation did not occur outside every bundle,
ag was practically the case in the first shoot. Thus in the
middle of the third internode, where cambium initiation was
proceéding, endodermal cells were present over one third of

the bundles only. In the fifth lnternode about half the
bundles were capped, but many of the caps were scantily de-
veloped. A section through the centre of the seventh internode
showed only & quarter of the total number of bundles to have
any endodermaf?;h assoclation with them. 1In the eigth inter-
node considerably more endodermal cells were differmtiated,

and in the lowermost internode, the ninth, every bundle was
capped.

In a third shoot, there was again complete discontinuity
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throughout, all the bundles in the lower internodes being
capped, but in the fourth internode a group of four were
without, and in the third a group of six, directly under
the insertion of the leaf at the node above in each case.
This shoot bore four lateral axillary shoots, and the dis-
tribution of the endodermis in these was followed. In these
shoots, unlike the main shoot, there was appreciable formation
of Caspary strips bver the medullary rays, the vascular caps
showlng lateral extensions. This tendency was especially
well marked in the lowest but one axillary shoot, where, in
tﬁe third internode, several of the rays were practically
crossed, and many caps showed lateral extensions.

In a fourth shoot the bundles were capped, %ﬁ% these
caps showed some lateral extension, but this tendency te
continuity was not wé&ll marked.

The ladt shoot to be examined presented very peculiar
features. Down to the base of the seventh internode the
endodermis was practically entirely limited to the vascular
bundles. But then in the eiéﬁh.internode a very different
state of affalrs was discovered. A complete tramsverse section
through this internode (diameter 5 millimetres) showed twenty
five primary medullary rays to be present, and of these seven
were completely spanned by endodermis, and in six others only
very small gaps lnterrupted the continuity. In some of the
latter the columns of parenchymatous cells produced on the
outer side of the cambium were protruding through the gaps as
in the 1928 material. i:arked stretching of the endodermal
cells over bundles and rays had eccurred, acéompanied by sub-

division.
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This shoot also bore lateral choots, arnd the 7o
lowest and largest were examined. In the second internode
of the lower of the two, a marked approach to endederral
continuity was indicated, for 8/22 rays were completely
spanned by endodermis, and others were all but cressed.

In the third internode of this shoot the centinuity was
less marked. The upper of the two axillary shoots showed
very little Caspary strip formation other than over the
bundles. |

In this material of P.excelsum, all obtained from one
plant, we have then a very great variation displayed in the
development and distribution of the endodermis, both in
different shoots and in different internodes of one shoot.
iie¢ can say that in perhaps the typical case the endodermis
develops only in relation to the bundles of the outer ring.
Yet in other cases there is a distinet approach to continuity,
while at the other extreme, we have an internode in which
barely half the bundles have‘any endodermis over them.

Cuttings from this plant were struck in Edinburgh and
brought over and reared in Glasgow. Two shoots from one of
these cuttings were exarined when of suitable size, and here
the tendency towards continuity of endodermal was very well
marked, for a continuous endodermis was developed in young
internodes and rerained continuous throughout the later
development of the internodes, even when the diameter of the
latter had been doubled. In view of the éreat variation in
the distribution of the endodermis in the original plant, 1t

is difficult to decide whether tuhis development of & contin-
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-uous endodermis 1s to be related to different conditiens

of growth over in Glasgow, or whether it 1s just an extreme
condition which could be found on the parent plant itself
were a sufficient number of shoots examined. That the

latter is probably the case is suggested by the fact that

in the lateral shoots present on the two main sheots frem

the cuttings, enly a partially continuous endedermis was
present. Thus in one of these axillary shoots, in the centre
of the fourth internode, 9/18 of the rays were spanned, while
in the fifth iﬁternode a sectiorn through the central point
shOWed 8/16 rays to be crossed.

So much for F.excelsum. F.chaba will now be censidered.

The first material of this species was collected in February
1928 frem Edinburgh Botanid Gardens. The first formation of
Caspary strip was observed shortly before cambium initiation,
and at the time of the latter most of the smaller vascular
bundles possessed a small endodermal cap. In slightly elder
internodes some strips were also present in relation to the
larger vaschlar bundles, and some of the medullary rays were
spanned. In the case of the larger bundles Caspary strip
deposition appeared to cormence at the sides of the phioem
and proceed upwards over the bundle, but in the thickest
internodes of this shoot complete caps over the larger bundles
were never present, and a very incompletely developed endoder-
ﬁis was thus present here.

4 second shooﬁ was taken from a cutting of the Edinburgh
plant. This shoot was characterised externally by the possess-

ion of relatively short internodes, each about five centimetres
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long only, so that the development and differentiation of
the shoot as a whole was cramped. In the first internode
the tissues generally were-incompletely differentiated, and
no Caspary strips were present. There was & very sharp
transition from this to the second internode, in which sec-
ondary thickening was in progress even at the top. A4
curious asymmetrical development of the stem had occurred
in this aﬁd subsequent internodes, directly related to leaf
arrangement. Other examples of this will be described
later. To one side of the stem the vascular bundles were
small and crowded and practically all these bundles were
capped by endodermis, some of the caps being linked up. On
the other side of the stem, directly under the insertion of
the leaf at the node above, the bundles were much larger
and there was scarcely any deposition of Casgpary strips in
relétien to these bundles. These larger bundles represent

the continvations of the larger midrib bundles of the

petiole and leaf of the node above. Thils asymmetry was

still more in evidence in lower internodes because second-
ary thickening had occurred more rapidly in the region of
the small bundles. Thus in the'middle of the third inter-
node considerable secondary gfewth had occurred in connection
with the smaller bundles, but practically none on the other
side, and correlated with this, in the region of secondary
activity the endﬁdermis was practically continuous, while it
was present over the bundles only on the other side.

In the lower internodes of this shoot formation of

Caspary strips had evidently proceeded on a smaller scale.
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In the middle of the fourth internode Caspary strips were
present over 20/50 bundles, especially over the smaller ones,
while in the fifth, Caspary strips were present outside four
bundles only, and a similarly scanty development had occurred
in the sixth and lowermost internode.

It must be concluded that the factors controlling
Cagpary strip deposition have varied during the development
of this shoot, for in the first formed internodes Caspary
strlps were few and far between, while they were quite
abundant in the second and third internodes.

In the third shoot of this specieg, from the original
plant in Edinburgh, a rather different state of affairs was
found. The internodes were longer here than above, the
average length being eight centimetres, and coupled with
this increased growth in length was a more gradual increase
in differentiation as sections were taken at successively
lower points down the shoot. No Caspary strips were present
in the first internode. 1In the upper part of the second,
the first divisions of the cambial mother cells were proceed-
ing to one side of the stem, bpt there were still no Caspary
strips presenf. At the base of this internode, however,
Caspary strips had been formed outside five bundles, in a
loese group. But in the third internode no Caspary strips
whatever were observed, neither in the fourth. In the fifth
internode, the lowermost, in a sample transverse section,
only two cells were present with Caspary strips.

On the basis of this examination of three shoote of

P.chaba the following conclusions may be drawn, namely, that
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the degree to which the endodermis 1s developed varies greatly
in different shoots, and in different Internodes of one shoot,
although all these internodes have arisen from the same apical
meristem. In some cases the endodermis 1s absent altogether,
in others is not far removed from completc continuity.

P.tillaefolium will be condidered next. This again

presents puzzling features. The first material to be examined
consisted of the four uppermost internodes of a shoot, and
Caspary strip depositien first appeared in the third internode.
4 fransverse sectlon through the centre of this internode
showed each vascular bundle of the outer circle to be capped
by endodermis. At the base of this internode some of these
caps had becpme linked as a result of the development of
Caspary strips over some of the narrower primary rays. 1In

the fourth internode there was a definite approach te contin-
uity, a good proportion of the rays being spanned. Fruning
had upset the sequence belew this point, but 1In all older
material collected at the same time a definitely dlscontinuous
condition of the endodermis was evident.

In a gsecond shoot the formation of endedermis was limited
more strictly to the vascular bundles, although in the lower
internodes there was some lateral extension of these endodermal
caps.

In a third shoet, from a cutting grown from the above
plant, here again some attempt at continuity of the endoedermis
was shown. rFor in the fourth internode 9/38 rays were crossed,
although over most of the others there was no strip formation

whatever. This shoot was a lateral shoot springing from a
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stouter shoot base, the upper portion of the latter having
been pruned off. OSectioning was continued in the internede
below the point of junction of the shoot with the "stock",
and again strip formation had occurred rover the rays, lead-
ing to complete crossing of the rays in a few cases and
incomplete crossing in others.

In a final shoot, the endeodermis was confined through-
out to the vascular bundles.

A1l this seems to suggest that in P.tiliaefolium we

have a specles which 1s essentlally characterided by the
possessien of & discontinuous endodermis threugheut - 1i.e.
the endodermis is developed only cutside the bundles -~ but
yet the species displaye a marked leaning towards endodermal
continuity.

Finally we have P.decurrens. This species shows slow

growth in length and the "differentiation gradient" is
éerrcspondingly steep. The internodes throughout are often
relatively verystout, chiefly owing to a bulky pith, and as

a result of this the diasmeter of the stem, and therefore of
the endedermal cylinder, undergoes relatively little increase,
even afber prolonged activity of the secendary cambium.

There were seven internodes in the first sheoot examined,
and though slight variation showed itself, generally speaking
a peculiar partially-centinuous endedermis was present, each
bundle being capped, and some of the caps linked up. In the
lowest internode 11/3¢ rays were cressed, especlally the
smaller ones, and others were all but crossed. The degree

of continuity was rather less in the younger internodes. A
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similar partially continuous endodermis was found in a
second shoot of this épecies. In the stoutest internode
of this shoot 22/36 rays were crossed.

The above description relates only to the distribution
of the endedermls through the internodes of the stem. To
complete the picture some account must be given of its dis-
tribution in the nedes. These are generally swellen, due
to enlarged cortex and pith. J.E.welgs found the endodermis

to be absent from the node in P.genidulatum and P.carpunya,

and in additien the medullary fibrous ring and the cambium
ring (in older stems) became dlscontinuous. It is obvious
that seme such structural modifications muet be made to
allow of the interchange of bundles between petiole, outer
vascular system and medullary vascular system.

Serial sections were cut through the fifth node in a

stem of P.porpEyrphyllum. The medullary sheath was in &

state of discontinuity in the nede and was only present as

an inner cap to the vascular bundles. The endodermls however
wag peesent right through the node, and only showed such

local interruptions as were neccessary to allow of strands
passing from the outer vascular ring into the cortex and
ultimately inte the leaf base, or inteo the axillary bud(P1l.II.
Fig.7.) But just abeve the node, at the level of the axillary
bud, four geps were present in the endeodermis over medullary
rays. These gaps had disappeared however at a point three
millimetres above the node, and the endodermis was once more
continuous. From this node two adventitious roots were spring-

‘ e
ing and the sections indicated that the stiles of these roots
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were suneathed in endodermis in centinuilty with the stem-~
endodermis.

Sections were also cut through the third node of the
same shoot, and here the tendency towards non-developrent
of the endodermis immediately above the node was mueh more
stressed. In this case the endedermis was practically
absent from a narrow zone level with the axillary bud, for
only five bundles were capped by endodermal cells. As
sectioning was continued up the second internode the endod-
ermis soon regained its continuity, but the reconstitution
was slow ot .the side of the axillary bud.

. From the examination of these two nodes it looks as
though there is a delayed strip deposition at the very
‘base of each internode. These sections also showed that
as soon as a bundle leaves the outer ring of bundles and
passes into the cortex, preparatory to entering the petiole,
Caspary strip formation in relation to the bundles ceases,
and the latter becomes surrounded by a more or less definite
starch sheath. This is the case right up the petiole into
the leaf. Endodermis was not found in the petioles of any
of the species investigated here.

The nodal distribution of the endodermis was also

investigated in F.excelsum. 3Serial sectlons were taken

through the fifth node of an axillary shoot. The endodermis
in the fourth internode showed a partially continuous dis-
tribution, for in a section through the centre of this
internode ©/18 of the rays were crossed by endodermal cells.

The degree of continuity fell as the node was approached.
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Thus at a point filve millimetres above the node, only five
rays were crossed, although a number of others were partly
crossed. At a point very slightly below this, the endoder-
mis was confined strictly to the vascular bundles, and as

the node was still more closely approached, a gradual dis-
appearance of the endodermis from over the bundles also
ensued, accompanied by a disappearance of the secondary
tissues and cambium lying between the bundles.. The fibrous
medullary sheath was also gradually eliminated, and was
partly replaced by inner collenchymatous caps to the bundles.
At a point just above the insertion of the axillary bud, no
endodermal cells whatever were present, and the pith was in
parenchymatous compunication with the cortex. ¥No endodermal
cells appeared through the node 1ltself, but in a section
slightly below the node, which showed the leaf trace bundles
just emerging from the outer ring of bundles, here and there
an odd cell bearing a Caspary strip appeared over the bundles.
From thils point the endodermis made a gradual reappearance
accompanied by a reconstitution of the medullary fibrous ring
and the interfascicular tissues. 4t a point 2.5 millimetres
below the node, every bundle was capped, while at three milll-
metres below the node some of the bundle caps were linked up
as a result of the development of endodermal cells over the
rays. At the middle point of the fifth internode 8/16€ rays
were crossed. ¥t will be seen that in this species we have

a close approach to the condition which J.E.Velss found 1n the

nodes of F.geniculatum and P.carpunya.

These observations on the distribution of the endodermis
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may now be compared with those made by VWelss. It does not
appear from his account that ielss paid much attention to
the endodermis. The species nhe studied ray heve shown

varistion in endodermal features, or may have been relative-

1y "fixed" types such as P.angustifolium. In any case, it

is evident from the above detalls that the species examined
here do not fall into such well-defined groups as he found.
The slituation is best summed up as follows:-

Endodermis absent:~ F.celtidifolium.

Endodermis present and continuous:- P.angustifolium,

P.nigrum, I .porphyrophyllum.

Endodermis present, but of variable distributlon:s

P.excelsum, P.chaba, P.tiliaefolium.

P.decurrens usually shows a condition of partial continuity.




DY

35,

B. Development of the Endodermis and characters of its Cells.

It 1s to be expected that the level at which differ-
entiation of the endodermal cells occurs below the apex will
¥ary, both at different seasons of the year and in different
shootsa in the same season. Observations confirm this expett-
ation,

It might be advisable to add first a note on the order
of development and differentiation of the vascular system of
the stem in view of the close association between the vascular
tissues and the endodermis. J.E.Weiss (loc.cit.) describes
the development of the different parts of the stele in species
studied by him. Of the species examined in this present work
the stelar development was followed in P, excelsum, and coincides
with Weiss's account. The larger bundles of the outer ring diff-
erentiate first,i.e. ,those representing continuations of the
mid-rib strands entering from the leaf inserted at the node
above, The medullary traces develop next, and simulpaneously
or slightly later the smaller bundles of the outer ring.

The development of the endodermal layer
in P,excelsum was examined first. In all shoots there

was no sign of Caspary strip formation in the uppermost
exposed internode. The remaining tissues &f the stem were

also in an early stage of differeénmtiation at this level. The

layer of cells destined to develop into the endodermis was

obvliously the innermost layer of the cortex, and 1its cells
were characterised by the possession of abundant starch

grains, and by their relatively large size as compared with



the small cells of the pericycle and phloem to the inside.
Strip formation was first to be seen in the second internode,
&nd generally coincided with the lignification of the medull-
ary sheath. The first strips appeared over some of the
vascular bundles, especially the smaller ones, and usually
over the centre of the bundle (Pl.VIII. Fig.35.), the deposit-
ion spreading right and left from this central point until

the phloem of the bundle was capped by an arc of endodermal
cells. This process of strip formatlon shortly afterwards
occurs over the larger bundles too, until all the bundles are
capped. it often happens that a group of three or four bundles
fail to develop Caspary strips at the samé time as the remain-
ing bundles - there 1s here a delayed strip deposition. Examin-
ation shows that the group of bundles concerned includes the
downwardg continuations of the large mid-rib traces entering
ftom the leaf base at the node above. It often happens that
although these bundles are not capped, yvet on the opposite side

of the stem endodermal cellé sre differentiating ovér the rays
as well as over the bundles.Reference to this is made later.

The starch present In the embryonic endodermal cells
doesAnot disappear on strip formation eccurring on the walls
of these cells,(P1.VIII. Fig.35.), but persdists through every
stage of stem development examined. Development of endodermal
cells ddd not occur simultaneously through the whole of the
second internode, for frequently strips were absent from the
upper part and also from the very base of the internode. This
particular species, as already mentioned, shows the occurrence

of strip formation over the rays as well as over the bundles,
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and this was to be observed shortly after the deposition
over the bundles, or even before the latter was completed.
The development of the endodermis was also traced in

P.porphyrophyllum and P.angustifolium.

Two shoots of the former were sectioned. In the first
(collected in January), there were no Caspary strips in the
first internode, but a perfectly continuous endodermis was
present throughout the whole length of the second internode.
Starch was present in the embryonic endodermal cells and
subsequently in the endodermal cells. In a second shoot
(collected in February), Caspary strip formation was dii-_;
covered very close behind the apical bud - a transverse ’ih
section five mllliimetres below the base of the apical bud
showed each vascular bundle capped and some linking up of
the caps. Vhile at a polnt ten millimetres from the apical
bud the endodermis was quite complete (Pl.II. Fig.l0.). The
presence of the endodermis in the first internede in this
second shoot was associated with a more advanced differentiat-
ion of the tilssues generally than in the first sheot.

In a shoot of P.angustifolium collected in February,

strip formation again was present in the first internode,

for a section four millimetres from the base of the aplcal
bud showed a few strips over three bundles. Strip deposition
had proceeded very rapldly from this point, and in a section
taken four millimetres lower down the same Iinternede every
bundle, with the exception of a group of four, had some
endodermal cells differentiated on its outer side, the major-

ity being completely capped. At thils point the proto- and
meta-xylem of the bundles was well differmntiated, but the
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medullary sheath was still thin-walled, and the phloem was
undifferentiated. i4is sections were taken from successively
lower zones of this internode differentiation of the stem
tissues generally increased (FPl.I. Fig.5), and at the base
the medullary sheath was lignified, and endodermal cells had
differentiated over the medullary rays, linking up some of
the arcss As will be described later, there was great irreg-
ularity in the position of the strips. The continuity of

the endeodermis was completed in lower internodes, in one
shoot before cambium initiation occurred, while in a second
shoot in the second internode cambium initiation was proceed-
ing although a group of seven medullary rays lying to one
side of the stem were still devoid of endodermis. But con-
tinuity was soon established, and in the third internode a
complete endodermis was present.

The remaining species were practically identical with
the above as regards the manner of the development of the
endodermis

It will have been noticed in the above account of the
distribution end development of the endodermis that Caspary
strip formation does not always proceed simultaneously round
the whole outer vascular system. Véry often there iﬁgssociated
with a small group of bundles a delayed strip formation, and a
closer examination shows that this group is usually situated
directly under the leaf inserted at the node above, so that it
includes the large bundles which are continuations of the mid-

rib bundles ogéhe leaf.
The shoot of P.chaba decribed on p.2¢ supplies & good
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example of this, aslwilLéppear from the sasccount given there,It w=
t

not possible to say whether the formation of Casmnery ctrips
"caught up" sukccoguently on the reckward side of the stem since
in the lower internodes there was only a feeble strip-formation
at all. In P.angustifolium (p.3*.) a transverse section Smnms.
" from the apex of the first internode showed that while the .reat
majority of bundles were capped,yet the very largest bundle % a
few adjacent ones were devoid of endodermal cells. Slightly lower
down the same internode 21l the bundles were capred.

The structure of the endodermal cells may now be con-

sideréd; The most important structural feature presented by
, u .

theﬁ is that they remain in the'PrimaryMcondition throughout
their history. WNever in any species did the use of Sudan III
revéél the presence of a partial or complete suberin lamella,
so that a permanent primary endodermls appears to characterise
the genus. Other rather isolated instances of a permanently
primary eﬁdodermis are of course known, and will be referred
to later.

When first differentiated the endodermal cé&lls are
approximately lsodiametric in transverse section (P1l.VIII.
Fig.35., P1.VI.Fig.22), but are rather elongated, as is teo
be expected since strip deposition does not occur until after
the internode has attained some considerahle length. The
- walls are thin, appearing non-lamellate, and are of cellulose,
the radial and transverse walls bearing the Caspary strip.
The latter is initially very small. The following measure-
ments were made from a drawing (PL.VIII. Fig.35) of a trans-
verse sectlon through the middle of the second internode of
a shoot of P.excelsum. The actual radial size of the strip
was 2.3 p, just one fifth of the radial wall. The strip was
situated just inside the central point of the radial wall.
During the ageing of the internode the strip increases in

size; for example, In a transverse section (Pl.IX.Fig.38.)
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from an old internode of P.excelsum the strip occupied the
whole of the Inner half of the radial wall, and its radial

dimension was then 5.7 pm. 1In P.angustifollum measurements

made from Pl.V. Fig.l7. show that here (at the base of the
first internqde) the radial size of the strip was 3.4 M,
while in a stout internode (P1.VII. Fig.28.) the radial size
had increased to 4,3 m. Other species showed similar dimens-
lons of the Caspary strip.

Kroemer gives details of the size to which the Caspary
strip may attain, In the root of Ze:z Mays ¢ fowmmd the strip
to measure .7 to 1.3 m in the radlal direction just'after the
deposition of the strip, iﬁcreasing to 1.6 m further back

from the apex. In the root of Funkia Sieboldlana the size

increased from 1.6 p to 2.7 mu. These can be taken as the
average dimensions of the strip generally. It will be seen
that the strip in Piper species, especially in older inter-
nodes,is abnormally large.

A preliminary Ilnvestigation of the appearance of the
endodermis in tangential sections of the stem (when the
endodermis is seen in surface view) suggested that the Caspary
strip did not show the undulatory form on the radial walls of
the cell by which 1t 1s often characterised especially in the
root. Rimbach (- ) was able to show fairly conclusively that
these undulations are usually present in the roet in the
normal living conditlon (as distinct frem the sectioned con-
dition), and are produced as a result of the permanent
contraction of the root, which, as is well known, occurs

after growth in length of the root has ceased, and 1s especlally
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well marked in "g;tractile”‘roots. 'He‘concluded that during
this shortening the cellulose portien of the radial wall,
being relatively elastic, itself contracted, while the more
inelastic strip was unable to do so, and was therefore thrown
into folds:' A similar secondary contraction does not occur
in stems, and, correspondingly says Rimbach, undulations in
the Caspary strip are typically absent from the stem. In
cases where undulations In the Caspary strip were not present
in living material, as for instance in young roots before
contraction has occurred, Rimbach was eable to produce undul-
ation by plasmolysis of the endodermal cells. Presumably
i1t is possible for similar "secondary" undulations to appear
as a result of the use of inferior (from a cytological point
of view) fixatives such as spirit, which usually cause some
plasmolysis.

The material of Piper utilised in this investigation
was all fixed in 50 to 60% spirit. 1In young internodes of

P.angustifolium slight undulation appeared in the Caspary

strip, and was not confined to the radial walls, as in the
typical root, but appeared also on the transverse walls(Pl.V.
Fig.18.). 1In older internodes of this species, there was

very little undulation (P1l.VIII. Fig.34.), but it is improbable
that thls is to be correlated with the stretched condition of
the endodermal cell in the older internodes, because the

radial walls are not egreatlv concerned in this astretrhinc.
iNete. Reference to fig. 2 of the first sectien of this thesis shows
that in the root eof Alchemilla the suberin lamella is undulatory on
the radial wall. It must be coencluded that the contraction of'the
roet occurs er is centinued after the depositien ef thg suberlp
lamella, and that thé&g_latter, like the Caspary strip,is relatively

inelastic.
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some undulatlion was, however, present. In tangential sections
through the endedermls in old internodes undulation was espec-
ially well marked in the Caspary éérips on the new radial sub-
dividing walls, and resembled that present in roots. The strips
on the original radial walls sometimes showed a few very coarse
undulations, or in other cases none at all. The strips on the
transverse walls were practically strailght.

Both lots of material of F.excelsum were fixed in the
same way, and the sections were cleared and stained in a
similar fashion, so that it appears that such undulations as
are present in this species, and presumably in others, are
present in the living condition. In that case, since no con-
traction in length of the stem has been demonstrated, the
undulations must arise in some manner as yet unknown.

In transveree sections of a stem or a root contailning
primary endédermal cells the Caspary strip usually appears as
a swollen, thickened part of the radial wall. It is generally
stated that the strip is actually no thicker than the remailn-
ing unmodified part of the wall, and that the strip 1s merely
a zone along which the original wall layers have undergone
some chemical alteration. The fact that the strip does appear
to be a swollen part ofAthe radial wall in thansverse section
is generally due to the undulatory course which the strip
pursues along this wall, for a section of average thickness
Includes several of these undulations. This we read in
Hosbach ( 9 ), who summarises the conclusions of earlier
investigators, that "Der Streifen stellt in keinem Falle eine

Iembraneverdickung dar, sondern eine engbegrenzte chemische
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Umwandlung der éispr&nglichen Radialwand."

In E}EEE specles however, as will appear from practic-
ally all the illustrations in this paper, the strip does
appear as a definitely thickened part of the radial wall in
transverse section, whether undulations are present or not.
The same Impression is obtained from examination of the endo-
dermis in tangential and radial sections of the stem.

The appearance of the strip in surface view as seen in
radial sections of the stem may now be considered. Thils was

examined in greatest detail in F.angustifolium (see P1.VII.

Fig.26.,P1.VII.Fig.29). In the older internodes of this
species a fatrly large strip is present, as will appear from
the drawings, and 1s characterised in surface view by the
marginal indentations which occur at frequent intervals.
Closer examination shows that these indentations are due to
the presence of numerous oval or cilrcular pits in the radial
walls of the endodermal cells. These pits are presumably
formed before the Caspary strip, and when a pit lies in the
path of the strip, the latter usually skirts round the margin
of the plt, so that an indentation is produced. Sometimes a
pit has lain directly in the path of the strip, and then strip
formation has proceeded on either slde of the plt and the
latter comes to lie actually in the strip (Pl.VII.Fig.29).
“hen a strip 1is narrow, as in younger internodes, the presence
of a pit in the path of the strip may lead to a distinct break
in the latter. Similar pits were also to be seen on the
tangential walls, but not on the transverse walls, and corres-

pondingly the margin of the strip, when the latter is seen in
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surface view in a transverse section, is free from indent-
ations (Pl.VII.Fig.28).

The Caspary strip in P.excelsum showed similar features
in radial sections.

According to FYroemer, pits are rarely present on the
radlal walls of primary endodermal cells, and he only found

them in the case of the root of Vincetoxicum officinale, and

his figure is very lilke the figures presented in this paper.
He never encountered plits in the transverse wall, although
they occur commonly on the tangential walls. In labter worls,
however, Rumpf ( 0 ) describes pits in the transverse walls

of the endodermal cells in the root of Ophioglossum vulgatum,

some of the plts occurring in the zone of the Caspary strip,
and Mager'( S ) describes pits in the Caspary strip on the

transverse wall in the rhizome of  Psilotum triquetrum.

In addition to the lérgcr indentations, related to the
presence of pits, the whole margin of the strip has a finely
corrugated nature.

As will be descrilbed in the section dealing with the
accomrodatory powers of the endodermis, the transverse walls
of the endodermal cells often undergo considerable stretching
as the stem thickens, and the Caspary strip, present upon it,
must also be extensible, although it 1s possible to visualize
an extension of the strip as a result of & process of intus-

susception of new strip material.
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C, Accommodatory Fowers of the Endodermis.

In the shrubby species of Piper the secondary vascular
cambium is often very active and results in the thickness of
an internode increasing very markedly, even in the first year
of its existence, provided the conditions are favourable for
growth. If we have, coupled with this, an endodermis which
retains its continuity in the thicker internodes, then evident-
ly that layer must possess considerable ability to accommodate
1tself to the changing dimensions of the stem.

P.angustifolium offers the most favourable exasmple for

studying - this accommoda?ggg power of the endodermis. Fl.I.Fig.2.,
and P1.I. Fig.4. aréméf an internode of this species which has
attained a diameter of ten millimetres after slightly more
than one year's growth, as the position of the annual ring
Indicates. The diameter of the second internode, in which a
complete endodermis is usually differentiated, of half a dozen
different shoots varied between 1.5 to 2 millimetres; so that,
aséuming different shoots show similar dimensions at correspond-
ing developmental stages, the stout internode mentioned above
has increased its diameter by about 6007, and the diameter of
the endodermal cylinder will increase to the same extent.

There are three ways in which extension of the endodermal
cylinder would be made possible, viz:-

L. Extension of the individual endodermal cells in a

tangential direction, either by active growth oB passive

stretching of the cells, and possibly accompanied by the sub-
division of the cells, as described in a fermer paper,{—).

the first part of this Thesis.
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2. By elongation of the individual endodermal cells
and the occurrence of a sliding growth between them. This
would produce an increased number of cells in the endodermis
in any given transverse section, i.e., an increased perimeter
of the endodermis.

3. To a lesser extent by the disappearance or dimin-
utlon of the undulations in the endodermal layer which are
characteristic of young internodes.

There 1is no doubt that the first is malnly responsible
of the third. That the second does not occur is indicated by
the shape and disposition of the endodermal cells in surface
view from older internodes. While the cells may show some
1ongitudinal‘stretching at an early stage, yet iater, when the
stem 1s increasing in diaméter the cells become rectangular,
with the greatest dimension in the tangential direction (F1.VIII.
Fig.34., PL.VIII. Fig.3l.).

The ability of the cells to stretch in a tangential

direction is very well marked. In P.angustifolium the stretch-

ing occurs chiefly in the cells over the bundles, because the
bundles tend to increase In wldth while the rays remaln of
constant width or even show some diminution in width (Pl.I.
Fig.2.), and also because the cambium of the bundle produces
a considerable amount of phloem on its outer side, increasing
the tendency to distension of the endodermal cells arching
over the phloem, whille the interfascicular cambium produces

but 1little tissue on its outer surface.
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In P1.VII. Flg.28. are shown cells of typical size from

over the bundles in an old internode of P.angustifolium, the

internode estimated above to have undergone a diametrical
increase of 600% in the course of its development. These
particular cells have not undergone sub-division. The endoder-
mal cells, when first differentiated, are approximately |
isodiametric 1In transverse section (see P1l.VI. Fig.22.) During
the subsequent history of the endodermal cell the radial
dimension remains practically constant, so that the length of
the radlial wall in P1.VII. Fig.28. 1s a rough indication of
the original size of the tangential walls. On this basils it
is obvious that the particular cells figured have increased in
tangential dimension by mearly 4005. Other cells are stretched
to a greater extent, and others agaln barely at all. This
latter may be due to variation in the extensibility of different
endodermal cells, or to a restraining action on the part of
ad jacant cells of the pericycle and cortex to which the endoder-
mal cell is attached.

The filgures given above can obviously have an approximate
value only, and the apparent discrepancy between the increase
in size of the endodermal cylinder and of the individual cells
of the endodermsl mﬁstvbe due to an over-estimate of the former.

In ﬁhose species where a dlscontinuous endodermis is
present, confined chiefly to the vascular bundles, then the
cells of the vascular caps show stretching and sub-division

in 0ld stems. This has already been described in P.excelsum,

and is also well marked in P.tiliasefolius, p1.vI. Filg.25. shows
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In P1.VII. Fig.28. are shown cells of typical size from

over the bundles in an old internode of P.angustifolium, the

Internode estimated above to have undergone a diametrical
increase of 600% in the course of its development. These
particular cells have not undergone sub-division. The endoder-
mal cells, when first differentiated, are approximately |
isodiametric in transverse section (see Pl.VI. Fig.22.) During
the subsequent history of the endodermal cell the radial
dimension remains practically constant, so that the length of
the radial wall in P1.VII. Fig.28. is a rough indication of
the original size of the tangential walls. On this basis it
is obvious that the particular cells figured have increased in
tangential dimension by mearly 400%. Other cells are stretched
to a greater extent, and others again barely at all. This
latter may be due to variation in the extensibility of different
endodermal cells, or to a restraining action on the part of
ad jaceant cells of the pericycle and cortex to which the endoder-
mal cell 1is attached.

The figures given above can obviously have an approximate
value only, and the apparent discrepancy between the increase
in size of the endodermal cylinder and of the individual cells
of the endodermal mﬁstAbe due to an over-estimate of the former.

In fhose species where a discontinuous endodermis is
present, confined chiefly to the vascular bundles, then the
cells of the vascular caps show stretching and sub-division

in old stems. This has already been described in P.excelsum,

and 1is also well marked in P.tlliaefoliw:, pi.vI. Fig.25. shows
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a cell from the eiéth internode of a shoot of P.excelsum,

and by measurements on the same basis as in P.angustifolium,

it will be seen that the tangential dimension of the cell
has increased by 700% approximately. Here again some cells

show very little stretching.
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D. Abnormal Strip Development.

hile in the typical endodermis Caspary stfip deposit-
ion proceeds with great regularity and precision on the
radial and transverse walls of a single layer of cells, yet
geveral instances of irregular strip formation have come
before the author's notice. I have not, however, encountered
elsewhere such irregularity as is to be observed in the stem
of some species of FPiper.

Very marked abnormal strip formation 1s to be seen in

P.angustifolium. UHere, as previously described, the endoder-

mal cells are first differentiated over the vascular bundles,
and the strips in these cells show a normal position. As
development of the endodermis proceeds over the rays great
irregularity in form and position of the strip becomes obvious.
This Is illustrated in F1l.VI.Fig.22.,P1.V.Fig.l7.,Pl.I.Fig.1l.;
in the former case a five-celled gap is present over the ray,
while the endodermis is continuous over the ray in the second.
In each case the endodermis presénts a normal appearance over
‘the bundles, but over the ray a very anoralous formation of
strips is to be seen. In some cells strip deposition has
occurred along the whole of a radial wall, or even continuous-
1y along two or three adjoinlng walls of a cell. In other
cells the strips are of ordinary dimensions, but are not pres-
ent on two walds only, as in the typical endodermal cell when
seen in transverse section; thus in P1.V.Fig.l7. & heptagonal
cell 1s present, and six of the walls bear Caspary strips. It
is difficult to determine whether some of the strips are really

centrally situated on the walls, and therefore consist of two
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halves, half belonging to each of two adjoining cells, or
whether the whole strip is to be related to a single cell.
These abnormalities in the form and position of the Caspary

strip are also present in older internodes of P.angustifolium

(Pl.vI. Filg.20.), and reference to these will be made later.
A rather similar condition is found on examination of

transverse sections of stems of P.excelsum and P.tillaefolium,

although in the primary stem the irregularities are not so
marked. They are again confined to endodermal cells lying
over the medullary rays. There is a marked tendency for the
development of accessory Caspary strips on the wails separat-
ing the endodermal cells from the cambium mother cells lying
imrediately inside (P1l.VI. Fig.23.). The develOpmeﬁt of these
strips continues after the initiation of the cambium. The

same thing 1is to be seen in o0ld stems of P.angustifolium(Fl.VI.

Fig.20.).

So much for the characters of these abnormalities in
transverse section. Thelr nature was further elucidated by
the study of longitudinal sections, especially of older inter-

nodes of P.angustifolium. As might be imagined from consider-

ation of the transverse views of the endodermis in this species,
very peculiar and complex features are presented in longitud-
inal sections through some endodermal cells. P1.VII. Fig.30.,&
P1.VII. Fig.27 'illustrate typical arrangements. Strips are

geen in surface view on both radial and tangential walls, and

two strips may be developed on one wall. Uhen this is the

case, fusion of the tWo is usually to be observed at the
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transverse walls, i.e. at the top and bottom of the cells.
The detalled structure of the strip is much as before, with
indentations, pits and corrugation. Fesides these continuous
strips, incomplete or discontinuous strip formation also
occurs; P1.VII. Fig.27. shows this in surface view and in
section (to the right). Isolated patches of the wall have
undergone modification so as to take the fuchsin stain. The
longitudinal and transverse views of these cells are easily
related to each other.

These abnormally-formed Caspary strips were present in

all material examined of P.angustifolium. The above features

also characterised longltudinal sections through endodermal
cells of P.excelsum in which abnormal strips were present.

A somgwhat similar but less marked irregularity in
deposition of the Caspary strip is mentioned by Rumpf(b.p.19)
as occurring in the roots of some ferns, including species

of Ophioglossum, Osmunda regalis, and others. Vhile tager($§ )

describes them in the root of Selaginella, in the rhizome of

Psilotum, and in the leaf of Isoetes(in the endodermis which
develops round the lacunae of the leaf traces). Both however
confine themselves to descriptions of transverse sections;
and both emphasise the fact that despite the irregularities
there is still no uninterrupted communication along cellulose
walls from stele to cortex, so that the effectiveness of the
endodermis will not be impaired (they regard the endodermis
as a physiological barrier). A

fhile these irregularities were so frequent in the fore-

going species, yet others, for exampie, P.porphyrophyllum and
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P.nlgrum were practically free of them.
Another rather different type of irregular deposition
of Casgpary strip is pfesented by the older lInternodes of
species showing a definitely discontinuous endodermis, with

the latter forming caps to the vascular bundles, e.g. P.excel-

sum, P.tiliasefolium. As a natural outcome of the disposition

of the tissues on the primary stem, it often happens that in
0ld internodes the ends of the endodermal cap become attached
to the outermost cellis of the radial rows of parenchyma
produced by the interfascicular cambium on its outer side.
Caspary strip formation occurs on the tangential walls of the
cells of these particular columns of cambilal cells, and as a
result, the endodermal cap is extended and the production of
new phloem by the cambium of the bundle does not diminish the

degree to which the endedermis surrounds the phleem (P1.II.Fig.9)
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Secretory cells in the Endodermis.

tention has already been made of the occurrence of
secretory cells in the plth, cortex, and phloem of the stem
of Fiper species. This had been recorded by previous
investigators, but no mention was made by them of their
occurrence actually in the endodermis. In fact the writer
1s not acquainted with any record of such a thing in any
plant.

These cells were first noticed in the stem-endodermis
of P.excelsum, but they were later found in all cases where
the endodermis itself was present, and were all of one type.

In P.excelsum they could be detected in the embryonic stage

of the endodermis, i.e. before Caspary strip formation, and
were distinguished by thelr relative large size, their
homogeneous and somewhat granular, dense contents, and a
characteristic concavity of their walls. ﬁhen strip form-
aﬁion proceeds, a strip appears on the radial walls of thnese
cells as in normal endodermal cells (P1.VIII. Fig.33.).

The secretory cells are still in evidence in oldér

stems, and indeed in P.excelsum they become more conspicuous

as the stem ages, particularly in the surface view of the
endodermis, because they retain their original size and shape,
while the other cells of the endodermis undergo firstly a
considerable longitudinél stretching, often before the Caspary
strip is deposited, and subsequently a very marked tangential
stretching, the latter accompanied by sub-divislion by radial

and transverse walls (PL.VIII. Fig.31l.).
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e Production'of Cambium from Endodermal Cells in P.excelsum.

The normal production 1n this speclies of a secondary
vascular cambium from the narrow éone of cambhum mother-cells
lylng between the endodermis and the medullary fibres has
already been considered. It was stated that & single layer
of these is present in the typical case. Sometimes there is
a double layer of these, while in other cases there 1s not
even a single continuous line of mother-cells present, so
that the endodermis (when the latter is present over the ray)
im in actual contact with the medullary fibres in places,
apparently because one or more of the mother cells has become
fibrous, as 1s suggested by the position of the cells. Such
an arrangement 1s shown in P1l.III. Fig.l2. 1In such cases, a
complete interfascicular cambial layer, which as 1is always
present in older stems, 1s arrived at as the result of a
cell of the endodermis behaving as a cambium mother cell,
and undergoing tangential division (P1l.VI. Fig.21.). Later
stageé are seen in P1l.VI. Fig.24. Normally the endodermal
cells alternate with the cambial cells, but atgf%an endodermal
cell caps a cambial column, and the thinness of the tangential
walls and the general disposition of the cells show them to
have & common origin. Furthermore, these abmormal cambial
columns abut directly on to the medullary fibres below;
Additional strips are often developed on the upper tangential
walls of these rows of cambial cells (P1.VI., Fig.24).

. This seems to indicate that here at any rate, it is the
position of a cell which determines whether or not it 1s to
function as a cambium mother cell, rather than the intrinsic

nature of the cell itself.
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Note on P.chaba.

An interesting tissue-accoﬁmodation here 1is worthy of
note. In the primary stem the vascular bundle is capped on
its outer side by a bulky development of pericyclic fibres,
which often extend right down to the medullary sheath, so
that the phloem and cambilum are completely ensheathed (PL.IX.
Fig.37.). This is still the case when the interfasgcicular
cambium ariées, and obviously if a complete cambial ring is
to be produced, & brealz through the pericyclic fibres must
occur. This is actually the case; owing to Increase in
bulk of the phloem and cambium, and possibly to the pressure
of cambial mother cells (Pl.IX. Fig.39.) from without, rup-
tures appear at the base of the fibrous caps. Pl.IX. Fig.40.
shows the completed cambium. Once formed the gap increases

as a result of the activities of ﬁhe,cambium.
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5. Discussions and Conclusions.

One fact which emerges very clearly from the fore-
going déscription is the definite association displayed in
these plants between the endodermis and the vascular system.
In every species investigated in this worlz, the endodermis
develops iniltially outside the vascular bundles (of the
outer ring). This in itself is a striking relation, but
the anomalous vascular structure of the stem in the genus
allows of a further demonstration of the association. As
already described, the outer vascular ring always consists
of a series of discrete strands, even after prolonged
secondary thickening. Correlated with this in some species,
the endodermis, subsequent to its Initial development over
the vasculér bundles, may persist in this discontinuous
condition throughout the development of the internode; so
that here endodermis is formed only outside the vascular
strands, and we have a further indication, this time in the
mature.stem, of the definite assoclation between these two
tissues.

This marked association should be considered in
connection with the causal factors involved in the formation
of the CasPary strip. It must be admitted that practically
nﬁthing is known»bf these factors. It seems to be a fair
éssumption, however, that a specialised structure, of
relatlvely constant character, such as 1is the Caspary strip,
is deposited in an essentially similar fashion wherever it

occurs. Two possible methods of Caspary strip formation
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suggest themselﬁes:é

| 1. Deposition as the result of the activity of the
protoplast of the endodermal cell. It may be that the
fibrous layer of the anther, or the different types of
locally-thickened xylem elements, furnish comparable cases
of "localised" protoplasmic activity. It is evident that
the protoplast of the endodermal cell may possess rather
abnormal metabolic properties, for after the formation of
the Caspary strip, whether this is a protoplasmic secretion
or not, there 1is very often a subsequent deposition, in
thls case necessarily by the protoplast, of the suberin lam-
ella, and of tertiary cellulose lamellae. The latter
frequently become lignified at a later stage, or even silic-
ified in some cases. Thus there 1is no obvious reason why
the Caspary strip, which is believed by many Investigators
to be impregnated with substances closely akin to lignin
and to suberin or cutin, should not be a protoplasmic secret-
ion.

2. Formation as the result of some process practically

independent of the endodermal protoplast.

During the last ten years a theory of thils type has
been advanced by Professor J.H.Priestley and his colleagues.
Some reference to this was made in the earlier part of this
thesis, but a more detailed consideration will be made now,
in the light of the facts revealed by the present investigation.

The deposition of the Caspary strip in the root may be

considered first, and the complexity of the subject-matter
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makes it advisable to quote at some length the writers
concerned. In an earlier paper by Friestley and North
(12,p.120) we read: "attention must be drawn to the con-
ditions under which the strip 1s invariably formed. It
appears on the layer of cells around the plerome cylinder,
a layer which intervenes between the plerome and the first
alr spaces of the cortex. lithin the plerome, at the level
at which the Casparian strip is appearing, xylem and phloem
are just beginning to differentlate. This differentiation
involves great internal alteration in the future conducting
elements and undoubtedly these alterations are accompanied
by the giving up of organic solutes to the sap which may be
assumed to percolate through the intervening walls up to
the endodermal cylinder. At the outer surface of the cylind-
er this sap meets the alr diffusing inwards from the inter-
cellular spaces; thus we have the conditions arising Whicﬁ
at the surface of the plant give at one time cutin, at
another suberin.”

The precise origin of the substances which are subse-
quently deposited, in a modified form, as the Caspary strip,
is not very clear. In a further passage in the same paper
(p.121): "That these substances are in part of a fatty acid
nature 1s to be expected, such fatty acids forming, accord-
ing to Hansteen Cranner (Jahrb.flr Wissensch.Rot.,53,pp.536-
598, 1914, and Ber.der.D.Bot.Ges.,37,pp.380-391, 1919), an
thvarlable accompaniment of the membranes of parenchymatous

tissues; Czapek (Ber.der.D.Rot.Ges.,37,pp.207-216, 1919) has
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shown also that they are abundant in meristem protoplasts.
They would certainly be lost from the contents of the
developling xylem elements. ‘hen compared with the cases

of cutin and suberin formatlon which are better known,
notably the formatilon of suberin at the surface of wounds
(11), the presence of oxidation products of fatty acids
may be anticipated in the endodermal wall,.....". In a
very recent Eublication, (13,p.7), we read: "As already
pointed out, the walls of these cells (of the stele), un-
like those of the corresponding cells in the shoot apex,
are as yet heavily impregnated with fatty substances and
proteins;" and on p.4; "Saying that the carbohydrate mixture
of the walls which intervene between the protoplasts of the
root apex is impregnated with protein and fat is probably
only another way of stating that when the carbohydrates
were deposited at the interface between two dlviding proto-
plasts the living protoplasm was incompletely withdrawn
from the intervening region, so that the fats and proteins
characteristic of the protoplasm are still found in the
wall." And again on p.7, still of the same paper: "Though
these substances leave the walls more slowly in the root
than in the shoot, they do gradually migrate, and because
of their effect on surface tension they tend to accumulate
at any sufface where the liquid matrix 1s in contact with

- air. But as they thus move outward, air is diffusing in-
ward from the intercellular spaces in the cortex, and thus

the fatty substances tend to oxidize and condense in a
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varnish-1like strip on the radial and transverse walls of
the endodermis............... inside which air spaces have
not yet appeared. Thus the characteristic Casparian strip,
an invariable constituent of the endodermal wall in roots
of all the flowering plants, is formed.

It is apparently to be concluded, thet the strip-
producing substances are those present, #n addition to
cellulose, in the walls of meristematic cells. The theory
is extended to account for the "fact" that "in stems, on
the other hand, except in submerged aquatic plants and in
certain cases to be considered in later papers, notably in

the case of etiolated plants...............the primary

endodermils with Casparian strip is never developed."(12,p.124).

This statement should be compared with that made by Eames

and McDaniels¢Introduction to Flant Anatomy, 1925.,p.103),

on the same subject: "In anziosperms it (the endodermis)

occurs in the stems of a considerable percentage of herbace-
ous forms, probably in the majority of cases." The actual
truth lies probably about mid-way between these two statements,
but further investigation on this matter is needed. It is,
rowever, obvious that any thedéry of Caspary strip-formation
must take into consideration the occurrence of that process

in a considerable nunrber of serial stems.

Priestley and his colleagues stress the fact that strip-
formation is essentially an apical phenomenon. A careful
consideration of the facts, however, indicates that the form-
ation of the Caspary strip is only initiated at the apex in

root and stem, and that it may be continued in regions
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considerably removed from the apex. Xroemer (loc.cit.)
gives a few measurements of the size of the strip. In the

case of Funkia Sieboldiana the radial size of the strip in

transverse section was 1.6 m in cells 2.5 millimetres dis-
tant from the root apex, while in cells 5-6 millimetres
from the apex the size of the strip had increased to 2.7 mu;
Kroemer does not appear to have continued his measurements
in more dilstal wparts of the root. The occurrence of

wn [ipancpp
"continuous" strip—depositionrgmerges very clearly from
comparison of the size of the strip in young and‘old inter-
nodes. Some such measurements are given on p.39 of this
paper. In addition to this emlargement of the original
strip, we have the deposition of new strips on any radial
‘or transverse sub-dividing walls which may develop in a
primary endodermal cell. A number of instances of this
were described in the first section of this thesis, and
further investigation will probably reveal others. Compar-
able with this is the production of new Caspary strips on
the dividing walls of endodermal cells functioning as
cambium mother cells, described on p.54 of this paper.

These considerations point clearly to the conclusion
that the Caspary strip is formed by the endodermal proto-
plast, and that this ability to form strips may be retailned
by the protoplast for some time, perhaps permanently. The
theory reviewed above makes no provision for strip-deposition
in an endodermal cell some distance from the aplcal meristem;
the association of the Caspary strip with the vascular tissues

may have causal éignificance, but not through the mechanism
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suggested by Priestley and his colleagues. There is one rather
striking phénomenon, however, which doees seem to demand some-
thing of the nature of Priestley's theory by wey of explanat-

ion (see p.52). In the thicker internodes of P.excelsum and of

P.tiliaefolium the ends of the endodermzl cap may become attoched

to the outermost cells of the radial rows of parenchyma produced
by the interfascicular cambium, and additional Caspary strips
are often formed on the tangential walls of these cells, so that
the bundle cap is extended. It loocks in this case as though the
vascular bundle, especially the phloem, were controlling in

some way the orientation of the strips, such as would be the case
if strip-forming substances were diffusing outwards from the
phloem along different radii.

As was described in the section dealing with the distrib;
ution of the endodermis, the different species of Piper here
examined can be arranged in a series in whicéh all stages between
a completely developed and a completely absent endodermis are
represented.

A complétely developed and continuous endodermie was always

found in P-angustifolium, P.pofphyrophyllum, and in P.nigrum.

In P. excelsum, in some shoots a continuous endodermis was
present, in others a definditely discontinuous condition prev-
ailed, in which the endodermis was confined to the vascular
bundles, while transitional stages between these two extreme
types were found in still other shoots. Fina2ly the endodermis

occasionally failed to develop even over the vascular bundles.
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P. tiliaefolium was a rather more stable type, and usually

showed a discontinuouo phase, although occasionally there
was some approach to the continuous condition. P. chaba
was a type displaying considerable variation in the dist-
ribution of the endodermis. While in some internodes a
partial continuity obtained, yet in others the endodermis
was practically absent. This species leads naturally to the

ultimate condition, presented in P. celtidifolium, where

the endodermis was never detected.

A consideration of these facts suggeste that possibly
a continuous endodermis characterised the ancestral stock
of the genus, and that the above sequence, detected in extant
types, actually represents the,evolutionary changes by which
gradual elimination of the endodermis has been effected in
some sections of the genus. That is to say, starting from
a continuous condition wé had first the elimination of the
interfascicular endodermal cells, followed by a similar non-
development of the cells over the bundles. in any case it is
obvious that there is irregularity in the incidence of the
factors responsible for Caspary strip ; deposition in some
speciee. This does not appear to be related to any external
factor, and is difficult to understand whicﬁﬁever theory is
adopted,although variation in a protoplasmic mechanism ic more
feasible than in a mecinanism which appears to involve non-variant
factors.

Finally,note should be made of another puzzling feature,

namely, that in all species , such irregularities in the position
and form of the Caspary strip as do occur,
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are restricted to endodermal cells lying opposite to the
medullary rays. No explanation of this can be offered.

In the second place the very marked association
between the vascular strands and the enodermis may have
a functional significance. It suggests that the function
of the endodermis, whatever 1t may be, is connected with
the condtcting channels. The possible function of the
endodermis has been the subject of much conjecture in the
past, for the practically universal occurrence of the
layer in vascular plants, coupled with the peculiar nature
of its component cells, suggests very strongly that some
function of general importance is being fulfilled, comparable
to the functions carried out by other tissues common to
vascular plants, such as the xylem or phloem. It is not
proposed to present here an account of the many different
theories which are in the field; suffice it to say that no
completely satisfactory theory in accord with all the facts,
has yet been put forwerd, a state of affairs which, to some
extent, 1s due to the formidable practical difficulties
which stand in the way of the would-be experimental invest-
izator. The experimental side of the question has been
fully dealt with in a recent paper by Hosbach (9). There
1s, however, one aspect of the question which may with
advantage be discussed here, namely, the distribution of
the endodermis in plants generally, and in the individual

plant.
The endodermis 1s found with grea{; regularity in the
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roots of all modern vascular plants, at least in the

younger root, with the single exception of the Lycopodiaceae,
a group of plants which, according to Xager (5) is character-
1sed by the entire absence of endodermis in any part of the
plant.

As already stated, the occurrence of endodermis in
the étem, esPecially in that of anglosperms, has not been
sufficiently investigated, but such observations as are
available indicate that considerable variation exists.

The anglosperms may be considered first. It is generally
stated that the endodermis is absent from woody stems in these
plants, but it is a question just how far thils statement is
true. The presence of endodermis in woody species of Piper
ls a case in point. 4s was mentioned above, endodermis is
frequently present in herbaceous stems, especially in rhizomes,
and prostrate stems, and in stems of aquatic plants, e.g.

Elodea, Hippuris, Callitriche, Myriophyllum, Potamogeton,etc.,

although as far as my knowledge goes it has not been establish-
ed that hhis is a feature definitely associated with an

aguatic habit, rather than that it happens to be a character-
istic of the families to which the above-mentioned plants
belong. De Bary (Comp.Anat.Fhan. and Ferns.translr.1884.p.121)
points out that the endodermis is usually present in stems

when the vascular tissues forn a relatively condensed system,
that 1is, when some approach to the root type of vascular
arrangement is present. Such a condensed vascular system 1is

present in most of the examples mentioned above. The work of
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Kylius (Joc.cit.) ou tue Rosaceae and related families
constitutes the most valuable piece of investigation
avallable on the endodermis in aerial herbaceous stems.
In annual stems the endodermis was frequently present,
but in most cases only in the lower part of the stem, some-
times extending for a distance of only one centimetre up

the stem, as in Spiraes Ulmaria and Potentilla albas In

other cases, e.g. Sanguisorba officinalis, Alchemilla

vulgaris, Fragaria vesca, the endodermis extended consider-

ably higher up the stem, but in all cases it was graduslly
replaced by parenchyma 1n the upper part of the stem; that
is, the development of the endodermis did not occur con-
tinuously behind the apex as is the case in the root. 1In
perennial aerlal stems on the other hand Mylius found that
the endodermis may devekop continuously behind the apex,
and thus extend through the greater part of the shoot, e.g.

Potentilla fruticosa,. All the species of Piper investigated

here have perennial axes, and the development of the end-
odermis usually accords with that deécribed by Mylius in
perennial stems, i.e.,there is continuous development

behind the apex, although in some species the diffefntiation
may be incomplete, ocdurring outside the bundle only. In a
shoot of P. chabe it was, however, evident that during the
earlier growth of the stem apex no endodermal cells had
differentiated , for in the lower internodes such cells were

absent, while they were abundant in the younger, upper inter-

nodes. Apart from this single case the differentiation of
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the endodermis appears to follow spical growth with regularity.

Turning now to the stem in Gymnosperms, it is generally
stated that the endodermis is absent.(wbasedwoniﬁames and
Mc.Deniels, Introdn.to Plant Anatomy, 1925, p.103; Plaut's
paper(14) is not accessible to the a=thor.) This recalls the
fact that it is also absent from the stem of many woody
Angiosperns. /

The endodermis is generally present throughoug:the axis
of thetheridophyta, with the exception of the Lycopodiacese
and probably of Iscetes ( both according to Mager(5).).

In the case of the leaf, again no general statements
can be made. There are a nﬁmber of Angiosperms in which
endodermis is present in the petiole and to some exteht in
the lamina. Mylius (loc.cit.) found fdliar endodermis .in a
number of plants in the Rodaceae and in related families. In
these'cases the endodermis always extended the whole length
of the petiole, but éfter the entry of the traces into the
lamina the egaodermal cells were sooner on later gradually
replaced by parenchymatous cells, so that the finer veins
were not ensheathed by endodremis. Mylius found an interesting
relation bétween the occurrence of endodermis in axis and in
leaf. In the plants inyestigated by him he found that a leaf
possessed endodermis if it was inserted on the axis in a region
where the latter itself showed an endodermis. In case the

endodermis was present in the lower part only of the aeriel

axis, as in Sanguisorba officinalis, then the leaves inserted
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on that portion of the stem possessed an endodermis, while those
borne above did not. Only two exceptions to this rule were

detected, namely,»Spiraea Ulmaria and Callistemon semperflorens.

It will be seen the Piperacese do nct conform to this rule,
for endodermis was never found in petiole or lamina.

As in the case of the stem, so in the leaf it seems that
a foliar endodermis is largely a family character. An example
of this has just come before the author's notice. It was
observed that each vein in th%damina of the leaf of Plantago
maritima was enclosed in a complete endodérmal sheath, composed
of éells in the secondary stage, arparently throughout the
. whole length of the vein, (these facts are subject to confirm-
ation). The possibility suggested itself that sﬁch a foliar
‘endodermis might characterise halophytes generally, and be
associated with the peculiar metaboligm of those plants. An
examination of & number of plants showed, however, that rather
than a structufal feature associated with a particular habitat,
the foliar endodermis is a family character of the Plantaginese,
and besides being present in the halophytic species, P._

meritima, it is also a feature in P. lanceolata, and also in

Littorella lacustris, both of which frequent habitats very

different from P, maritima. A similar observation was made

‘by Schwendener, ( see Haberlandt, Phys.plant Anatomy, transln.,
1914, p.373.), who found an endodermis in the leaf of all the
Festuceae, both in xerophytic genera such as Festuca, as well

as in the hygrophilous genus Glyceria.
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The endodermis is of constant occurrence in the leaf
of the Gymnosperms, and Soar (10), on the basis of a récent
examination, concludes that the endodermis here serves to
retard transpiration, and is a factbr in promoting the
successful xerophytism of the Gymnosperms.

The resesrches of ‘Basecke (8) in the Filicales show
that a foliar endodermis is present in .the Leptosporéngiate
ferns, and that it invests the strands for practically their
entire course through the lamina. In the Eusporangiate ferns
the layer is generally absent. It is also absent from the
leaf of the Selaginellaceae and of the Lycopodiacese, both
according to Mager (5).

The arrangement of the endodermis in the individual
plant varies in the different organs. While in monostelic
roots and stems the endodermis surrounds the stele as a
whole, yet in the petiole and leaf the layer invests each
individual bundle. There are;however, exceptions to these
general rules. Thus while in the genus Piper the stem endod-
ermis is ofbthe "common! type, yet in the related genus
Peperomia the endodermis, when present, surroundcs each
individual bundle of the stem, according to J.E.Weiss (loc.cit.)
A still more marked case of variation in this respect is
furnished by the genus Ranuncﬁlus, Haberlandt ( Phys. Plant
Anatomy, transln. 1914, p.374) says that in the stems of

R. amplexicaulis, R. parnassifolius, and R, aconitifolius,

%
a common endodermis is present, whereas in those of R. Lingua
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and R. Flammula an endodermis of the individual type is found.

A further example is provided by the genus Equisetum. The
well-known work of Pfitzer (see De Bary, Comp. Anat. Phan. &
Ferns, transln., 1884, p. 122.) shows that while in some

species, €.g., E, limosum and E. littorale, an endodermis

surrounds each bundle in the aerial stem, in E. arvense, E.

sylvaticum and others there is a common endodermis limiting

the whole stele, while finally in E. hiemale and E. ramosiss-

ZEEQ there is, in addition to the outer common endodermis,
also an inner one of the same type. It should be noted in
passing that variation such as this complicates the question
of the identity of the factors responsible for the deposition
of the Céspary strip.

It is possible to arrive at certain conclusidé as to
the function of the endodermis on the basis of thié‘general
survey of its occurrence, and indeed, with experimental work
on the subject in so unsatisfactory condition, it is probable
that the former is more lucrative.

It is a striking fact that, throg%out vascular plants,
the endodermis, in comparable stages of its development,
displays an essentially constant structure. This is strong
evidence that the function of the endodermis is also essent-
ially the same in all plants, just as it is assumed that the
phloem, for example, carries out anuniform function. It is

very probable that this conclusion is correct as regards the
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endodermis of the root. This discussion, however, is more
concerned with the endodermis of the shoot, and the problem
here is more difficult. For while the endodermis is of regular
occurrence in the root, in the shoot, on the other hand, at
least among the Phanerogams, it appears sporadically, viewing
the group as a whole. Assuming that the axis was originally

( in an evolutionary sense ) characterised by the possession
of an endodermis, it appears that in some cases changes in

the internal relations of the axis have resulted in the
endodermis becoming superfluous, and its elimination has
followed, while in others the layer still develops and fulfils
either its original function or possibly a secondary one.

Such a line of argument is quite feasible so long as the
presence or absence of the shoot-endodermis characterises
relatively large groups of plants, for the internél economy
may vary from group to group. The position, however, becomes
uncertain when variation in the occurrence of the endodermis
is encountered in closely related plants, as in the genus
Piper, where such variation is not only very marked between
different species, but also from shoot to choot of one plant,

as was described in P. chaba end in P. excelsum. It seems

highly unlikely that the internal mechanism will vary in these
cases to such an extent that, while in one case the endodermis
is a necessary structure, yet in another it can be dispensed

with. An alternative hypothesis is that in the genus Pizer,
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and possibly in the shoots'of all Phanerogams, the endodermis
is more or less a vestigial structure, and, while in some
species the factors effecting its differentiation are still
in operation, in others the layer has been eliminated. This
second hypothesis accords best with the facts revealed in
this investigation of the genus Piper; it must not, however,
be forgotten, when considering {?er—specific veriation, that
this genus is a huge aﬁd possibly artificial one, in whichv
considerable variation in any one character may be encount;
ered.

A final point which deserves mention'is the presence
of a persistent primary endodermis in this genus. The exist;
ence of three well-defined stages in the ontogeny of an
endodermal cell of the most highly differentiated type has
been fully demonstrated by the Marburg school of botanists
and by others. Speaking generally, such highly differentiated
cells, i.e;,tertiary endodermal cells, are found only in
the Angiosperms. In the Gymnosperms and the higher ferns the
developmental sequénce stops at the secondary stage, while

i the remaining Pteridophytes ( with the exception of some

Selaginellas, according to Mager (5) ) are characterised by
a permanently primary endodermis. These facts suggest,that,
besides being the first stage ontogenically, the primary
s%age was the primitive cell;type in the evolution of the

endodermis, so that here is an example of "ontogeny repeating
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phylogeny", or, to use Jeffrey's term, oflthe"Doctrine of
Recapitulation". (Anat.Woody Plants, p.23L4.). It would seem there-
fore,that while in the msjority of Angiosperms the endodermal
cells proceed to the tertiary stage, yet in some cases the
primitive primary condition is retained permanently. A list of
plants reported to diSplay such a persistent primary endodermis
is given in the first part of this tﬁ?is, but the available
observations are not as yet sufficiently extensive to determine
whether this retention of a primitive feature usually charact-

ises groups of plants, as it does in the genus Piper.
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EXPLANATION OF PLATES.

Figs. 1-10 are microphotographs by the author. The remaining

figures are photographic reproductions of original camera

lucida drawings. Photographs and figures are from Eau de

Javelle-~-Basic Fuchsin preparations unless otherwise stated.
Plate I,

Fig.1. P. angustifolium. T.S., of the first internode of a shoot

at a point 2 cms. from apex. Gaps are present in the endodermis
over the primary rays, and irregular Caspary strbps at the
cxtremities of the bundle caps. (x 135)

Pig.2. P. angustifolium. T.S. of thick internode. (x 15)

Fig.3. P. porphyrophyllum. T.S. tenth internode of a shoot. (x23)

Fig 4. P. angustifolium. T.S. thick internode. (x 70)

Fig.5. P. angustifolium. From same section as Fig.1. (x 36)

Fig.6. P. porphyrophyllum. T.S.of second internode of shoot. (x23)

Plate II.

Fig.7. P.porphyrophyllum. T.S,through fifth node of a shoot
at the level of the leaf base. Shows branch-gap in stele and
absence of the medullary fibrous ring. (x 14)

Fig.8. P.celtidifolium. T.S. through stem at a point at which

the secondary cambium is just arising. Shows the sheath of

large cells capping the pericyclic fibres. Gentian violet
preparatidn. (; 95)

Fig.9. P.excelsﬁm. f.S. of moderately old internode.On the left
the ﬁ?ipheral part of a bundle & on the right part of a ray,with

interfascicular canbium above it. The end of the endodermal cap



has become attached to the outer célls of one of the radial
rows of parenchyma cut off by the cambium over the rays,
and two new Caspary strips have developed on the tangential
walls of these cells. One of the' original cells of the cap
shows radial sub-divisions. (x 160)

FPig.10. P.porphyrophyllum. T.S.of a first intérnode 1 cm.

from apex. Gentian Violet preparation. (x 33)

Plate ITI.
Fig.11. P.excelsum. T.S.through the base of a second inter;
node. Showing two vascular bundleé,‘eﬁbedded in the medullary
fibrous ring, the continuous endodermis, and the single row
of cambium mother cells. (x380) |

Fig.12. B.excelsum. T, S.showing the production of the inter-

fascicular cambium; the row of mother cells is interrupted.
) (x 50C)
Plate IV,

Fig.1%. P.excelsum. Disgram from a P.S.through a second

internode. To show the outer seriecs of bundies embedded in
the medullary fibrous ring, the cortieal ring of collenchyma,
and the endodermis forming caps over 211 the outer bundles
except over a group of four. (x 33)

Fig.14. P.excelsum. Diagram from a T.S.of a thick internode,
showing the vascular bundles, separated by primary medullary
rays; the cambium, particularly deep over the rays, wnere the
outer cambial cells become parenchymatous.fhe dotted line
represents the endodermis, over phloem & pericyclic fibres.In
the cortex is a composite ring of sclerenchyme & collenchyma.

The medullary fibraus ring is ruptured at one point. (x 30)



Plate V.

Fig.15. P.excelsum. An interfascicular region from s moder-
ately old internode. ThPee columns of cambial cells sare
protuding a gap in the endodermis into the cortex. (x 33L)
Fig.16. P.excelsum. T.S. of an internode in which slight
secondary thickening has occurred. Showing an endodermal cell
displaced outwards by a column of cambial cells, and a partial
splitting of Caspary strips. (x 296)

Fig.17. P.angustifolium. T.S.base of & first internode. Show~

ing an interfascicular region,with a bundle to right and left.
The endodermis is continuous over the ray but there is con;
siderable irregularity in the position & form of the Caspary
strips. (x 566€.)

Fig.18. P.angustifolium. Endodermal cells in tangential

section of second internode of a shoot,showing slight und-
ulation of the Caspary strios. (x 283)

Fig.19. P.excelsum.T.S.stem with slight seondary thickenings
Interfascicular region; an endodermsl cell has been pushed
outwards by cambial cells. (x 2965

Plate VI,

Fig.20. P.eangustifolium. T.S,old internode. Abnormal Caspary
strips in endodermal cells over a medullary ray. (x 282)
Fig.21. P.excelsum. T.S.third internode of a shoot. Showing
the interfasciculér cambium arising; a group of four
endodermal cells are acting as cambium mother cells.(x»ﬁ%j)

Fig.22. P.angustifolium. T.S.base of first internode. Two

vascular bundles are included with the intervening ray.The

endodermis is still discontinuous; abnormal Caspery strips

are present.(x 574)



Fig.23. P.excelsum. T.S.primary stem. Interfascicular region
with ifregular Caspary strips. (x 57.4)

Fig.24, P.excelsum. T.S.third internode of a shoot. A several-

layeréd interfascicular cambium is present,and to the right
two endodermal cells have functioned as cambium mother cells
and have produced cambial columns & and b. (x 333)

Fig.2h, P.excelsum. A stretched and sub-divided endodermal
cell from the eighth intefﬁéde of a shoot. {x 24€)

Plate VII,

Fig.26. P.angustifolium. Endodermal cells as seen in a radial
section of a very stout internode. Showing Caspary strip
in surface view and pits on radial walls. (x 532)

Fig.27. P.angustifolium. Endodermal cells in tangential

section through same internode. Abnormal strips are present
on tangential and radial walls. (x 532)

Fig.28. P.angustifolium. Endodermal cells in T.S.still of

same internode. Normal Caspary strips. Pericyclic fibres
lie inside the endodermis. (x 53%2)

Fig.29. P.angustifoliunm. Endodermal cells in a radial section

of a younger internode. The strip is practically normal. The
pits are only showing in the proximity of the strip. (x 53%2)

Fig. 30..P.angustifolium. Fndodermal cells in a radial section

through same internode as in Fig.29. Irregular strips.(x532)
PlateVIII. ‘

Fig.3%1. P.excelsum. Endodermal cells from tangential cection

of an old intérnode. Caspary strips in surface and in edge-on

views - the single lines represent the latter.The endodermal



cells are much sub-divided. To the right of the centre is a
secretory cell. (x 3%27)
Fig.3%2. Diagrammatic representation of the course of the

vascular bundles through a lowerAnodé in Chavica Roxburghii,

( = Piper longum L.), redrawn from J.E,WEISS (loc.cit.).The

dotted lines represent the medullary bundles and the contin-
uous ones the bundles of the outer ring. The large dots
indicate thet the bundles concerned pass out into the leaf
base.

Fig.33. P.excelsum. From T.S.of a second internode. Showing
half a vascular cap of endodermal cells, including a secret-
ory cell. (x 3%27)

Fig.3%4. P.angustifolium. Endodermel cells in tangential

section of 0ld intermode. Caspary strips in surface and end-

on view. (x 287)

Fig.35. P.excelsum. T.S.second internode of a shoot. Showing

a single vascular bundle , embedded in slightly lignified
meduliary.fibres and capped by endodermal cells with minute
strips and containing starch grains. (x 575)

Plate IX.

Fig.36. P.excelsum. T.S.moderately thick internode. Showing

an interfascicular region. Three columns of cambigl cells

are proépding through & gap in the endodermis into the c?igggs
Pig.37. P.chaba. f.S. internode at the time of formation of
the secondary cambium. The interfascicular region between

two adjacent bundles is shown. The pericyclie fibrous caps(p)

are contingous with the medullary fibrous ring(m). ph=pith,




xy=xylem, c=cambium mother cells. (x 277)

Fig. 38.P.excelsum. Sub-divided endodermal cell from a“vasc-
ular cap in am old internéde. (x 554) |

Fig.39. P.chaba. T.S.from same point in the stem as that from
which Fig.j7 araWnﬂ At a the separation of fhe pericyclic

fibres from the medullary fibres is seen. (x 277)

Fig.40. P.chaba. T.S. Slightly later:stage in which the

pericyclic cap is completely separated from the medullary

fibres and the cambium i§ continuous. (x 277)




