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ABSTRACT

The ontogenetic development of the secondary sieve elements in

ash, Fraxinus excelsior is traced by using mainly conventional electron
microscopy. In addition, negative staining of the exudate and light
microscopy have also been used. No major differences from the established

trends have been observed in the differentiation of these sieve elements.

~

There is evidence that the P-protein in the sieve elements
originates from helical polysomes found scattered in the dense
cytoplasm of young sieve elements. These polysomes also give the

appearance of having been derived from rough ER cisternae.

Reorganisation of the fibrillar P-protein into the tubular form
also seems to fake pléce in the larger ?—protein bodieg. In negatively-
~stained preparations, a suggestion of a tightening of the double helix
of the P-protein fibrils is discernible. This reorganisation is
however not consistent. The usual banding of the fibrillar P-protein

is prominent.

Most of the mature sieve plates show occluaed pores either
‘callosed or not. The P-protein frequently appears to fray out on the
downstream side and sometimes on the upstream side as well. This has
a bearing on the nature of functioning sieve plates and does not seem

to be due to artifacts.

Empty spaces which represent probably a peculiar artifact are
observed immediately above most of the mature sieve plates. P-protein
seems to pile above these ''barrier' spaces while the sieve plates

remain occluded with P-protein.



Other formations of peculiar inﬁerest are the plasmalemmal
invaginations ('"blebs'") found both in the sieve elements and in the
parenchyma cells. In the sieve elements, their formation seems to be
in an endocytic (pinocytotic) direction. In terms of the sieve tubes,
these '"blebs'" have a possible significance in the uptake of solutes

and ions.
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NUMBERING OF FIGURES

The numbering of the figures in the thesis is based on the

following.

All figures occur in Chapter III. Here, there are three
sections: 1, 2, and 3. Of these only section 1 is further subdivided.
Its subdivisions, i, ii, iii and iv are again individually subdivided

((a); (b), (c) etc.)

To avoid cumbrous referencing, figures in section 1 begin
with the subdivision. They are then numbered in sequence within

these subdivisions i, ii, iii or iv.

e.g. i.1, di.2, 1.3 ...,
ii.1l, ii.2, 1i.3 ....
Within sections 2 and 3, the figures again are numbered in

sequence

e.g. 2.1, 2.2, 2.3 ...

Thus a reference beginning with an italic number belongs to
section 1; figures belonging to sections 2 and 3 begin with these

numbers in roman, -
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"CHAPTER I

INTRODUCTION

Since their discovery in bark by Theodore Hartig more than a
century ago, work on sieve tubes both physiologically and structurally
has been fairly continuous. In the early twenties, workers on phloem
transport could not come to an agreement about the structure of sieve
tubes. Mason and Maskell, Dixén and Ball and others believed that
the sieve pores were blocked by 'cytoplasm' making pressure flow
impossible. Minch, however, thought that the sieve pores were
Qontinuous and this facilitated pressure flow. The reason for this
uncertainty was due to the sensitivity of thé sieve tubes to manipulation
as well as to tﬁe small size of the critical channels. This uncertainty

still exists.

Even now; with such advanced scientific techniques for probing
into the complexities of the sieve tubes as are now possessed, there
is still no final conclusion about many important fealures of the
structure and function of sieve tubes, such as the state of the
functioning sieve plates and the occﬁrrence of bidirectional streaming

- in the same sieve tube.

The aim of the present project is thus not to solve the problem
but to throw a little more light on it, in fact to trace the develop~-
mental changes and to elucidate the mature structurc of the sieve

tubes of Fraxinus excelsior, the common ash. It is hoped that some

of the observations made in this study will help in some way to
discriminate between the théories on mechanisms which have been

suggested to account for transport in the sieve tubes.
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Fraxinus, a woody dicotyledon, was specially chosen for this
study, to gain experience in dealing with a tissue that is comparable

to the rubber-bearing tissue of Hevea brasiliensis. Fraxinus also

exudes well and this has a special interest to workers in the physiology
of phloem transport. Another characteristic of this common ash is
that the sieve tubes are fairly short and wide and this promised the

facility of examining them whole in longitudinal sections.

‘'Few detailed studies have been done on the ultrastructure of the
sieve tubes of dicotyledonous trees. The latter include Acer

pseudoplatanus (Northcote and Wooding 1966, Lawton 1976), Ulmus americana

(Evert andDeshpande 1969), Salix caprca (L.) (Mishra and Spanner 1970),

Tilia americana (Evept and Murmanis 1965). This indicated the
desirability of working on a tree, especially as it is on trees that

- the physiological problem: of transport is most acute.

Work on Fraxinus has been mostly concentrated on physiological
aspects (Zimmermann 1957, 1958, 1960a), even though on a different

species of Fraxinus, F. americana. Gill (1932), however, studied the

differentiation and seasonal variation of the phloem of F. excelsior,

using only the light microscope.



2., . PLAN OF THE WORK

The work reported in this thesis comprised the following.
Firstly, a review of the literature on the ultrastructure of the
phloem of dicotyledonous trees to provide a background for the
present study. Secondly; an investigatioh by light microscopy
designéd to provide information on gross characteristics of the

phlocm of Fraxinus and its seasonal variation.

Thirdly, (and this comprises the bulk of the work) an
ultrastructural study of the phloem of Fraxinus and particularly
the sieve tubes and their contents. Finally a review of the results

obtained in connection with the problem of phloem transport.



3. REVIEW OF THE ULTRASTRUCTURE OF THE

PHLOEM IN DICOTYLEDONOUS TREES

Literature on the electron microscopy of the phloem is
voluminous. Reviews have appeared periodically e.g. by Kollmann (1964),
Esau (1969) and Srivastava (1975). The monograph by Esau (1969) was
very extensive and went back to the very beginning; the review by
Srivastava (1975) covered the ultrastructure and development of sieve
eleménts in angiosperms and gymnosperms from 1968 onwards. The structure
of the sieve element in relation to its function has also been reviewed

a number of times separately, for instance by Weatherly and Johnson

(1968), Eschrich (1970) and recently by Kollmann (1975).

Since Fraxinus excelsior has been the subject in the present
work, it was decided that this review should cover dicotyledonous trees

only. Accordingly, work on Tilia americana, Robinia pseudoacacia,

Acer pseudoplatanus, Salix caprea and Ulmus americana has been drawn

upon. Studies on other trees have been done but only on particular
aspects of the sieve elements (see for instance Evert et al 1970 who
considered only the nuclei in 13 species of woody dicotyledons).
Particular aspects of phloem ultrastructure occurring in plants other
than the dicotyledonous trees will however be reviewed where

appropriate.

Tilia americana has been much studied both by ordinary light

microscopy (Evert 1962) angd by phase~ and fluorescent-microscopy
(Evert and Derr 1964a and 1964b). The ultrastructure of the secondary
phloem was first investigated by Evert and Murmanis (1965). They
observed the "absence in the mature sieve tubes of a tonoplast and

of ER eithef in the form of tubules or cisternae'". The former point
is in line with the well-known characteristic of the sieve tubes of

herbaceous plants like Cucurbita but the second is rather different.



Numerous vesicles which occupied mostly the parietal position were

interpreted as the remains of degenerating ER and other organelles.
They also reported the presence of one to four "extruded nucleoli"

per sieve element whose outer cortex was sculptured. Deshpande and
Evert (1970) in their re-evaluation of these "extruded nucleoli'

in four species including Tilia americana challenged this interpretation

and regarded them as of extra-nuclear origin and connected rather with

P-protein formation.

Evert and Murmanis were however more interested in the ultra-
structure of the '"slime strands' seen in the previous light microscope
investigation. Fixiné the material variously with KMhO4, 0s0 and
glutaraldehyde, they'were able to conclude that the true basic form
pf the slime,-which wa§ fibrillar, was ébserved best in sieve tubes
- fixed in 0s0 , or glutaraldehyde. Normally the fine constituent fibrils
were organised into coarser strands that traversed the whole cell, the

sieve-plate pores and the lateral sieve areas.

The structure of P-protein bodies was not discussed in these
earlier investigations. Evert and Deshpande (1970) however, observed
the presence of P-protein bodies both in the cytoplésm and remarkably
also in the nuclei of differentiating sieve elements of the same species
These P-protein bodies were made up of tubular P-protein components
(1802 in diameter) and shéwed some evidence of substructure. Fibrillar
components (1302 in diameter in both the nucleus and cytoplasm) occurred
in aggregates and arose more or less simultaneously in'the nucleus and
cytoplasm. The tubular forms were thought to precede the fibrillar
ones as was suggested by other workers in their studies (Northcote’
and Wooding 1966; Cronshaw and Esau 1967 and Steer and Newcomb 1969).

Older sieve element nuclei apparently contained only fibrillar P-protein.

Only about half of the nuclei observed in differentiating sieve elements



contained P-protein components of either tubular or fibrillar form.

A year later Evert and Deshpande (1971) reported the presence of

plastids in sieve elements and companion cells of Tilia americana,
contrary to the report made earlier by Evert and Murmanis (1965). The
plastids in young sieve elements contained a moderately electron dense
matrix and numerous internal membranes. The matrix became electron
transparent, the internal membranes were fewer and the plastids
contained only a single starch grain when the sieve elements matured.
Plastids were scarce in companion cells and underwent little or no

structural modification during cellular differentiation.

In Robinia pseudoacacia, Evert and Murmanis (1966) observed the

usual contents of thé enucleate sieve element: the wall lined by
plasmalemma andione or more cisterna-like layers of ER; numerous
mitochondria and proplastid-like structures with electron-dense
inclusions. 'Persistent slime bodies" were not observed. Fibrillar
slime which was also evenly distributed tﬂroughout the central cavity
of the cell sometimes suggested that this material normally forms fine
strands which run from cell to cell through thé sieve-plate pores. Like
the sieve-plate pores, the lateral sieve-areas were also traversed

with slime.

O0f the 13 species of woody dicotyledons that Evert et al (1970)
investigated for the presence in the mature sieve elements of nuclei,

only Robinia, Ulmus and Vitis contained some with apparently normal

nuclei.

Northcote and Wooding (1966) gave a detailed account of the

development of sieve elements in Acer pseudoplatanus. They recognised

five stages in the differentiation of the sieve tube by observing

the development of the sieve plates. The sequence of development of

-



the sieve-plate pores was found similar to that described for the
herbaceous Cucurbita (Esau et 'al 1962). Also from their auto-
radiographic results, they were able to determine that some of the
callose formed at the sieve plate was deposited after the general
formation of the wall and thus they were led to challenge the suggestion
of Esau (1969) for Cucurbita that the callose platelets Msink" into

the middle lamella. Deshpande (1975) also re-examined the development
of thé sieve plate in Cucurbita and rejected Esau's interpretation.
Agreeing with Esau however, Northcote and Wooding reported for Acer
that ER cisternae were also found to be functionally related to this
sieve plate formation, as well as to the other organelles like plastids.

At maturity the ER sheathing the plastids disappeared.

The slimé bodies in Acer were descfibed as fibrous masses consisting-
-of "closely packed regularly arranged fibres'" (180 - 2402 diameter),
"loosely organi;ed fibrils" (90 - IOOK diameter) or'a mixture of both
components! Bodies containing 90 - 1002 diameter fibrils, normally also
have a granular area at one end, from which fibrils appear to originate.
These granular bodies, probably consisting of ribosomes were suggested
as giving rise to the fibrils which were linear subunits of the fibres
of the slime bodies and the siéve~p1a£e pores. Fibrils have the
characteristic altefnating light and dark bands about SOX apar%. During
the dispersal of the slime bodies, the organisedcompact fibres frayed
out into 90 - 1002 diameter fibrils which later filled the lumen of the

mature sieve tube.

- The nucleus of Acer too was observed to degenerate as the sieve
element differentiated. The nucleus formed narrow processes and
nucleoli disappeared. This was soon followed by dissolution of nuclear
contents. Nuclear envelopes were modified by vesiculation outwards

into the cytoplasm and sometimes more than one pair of membranes seemed

-



to bound the nucleus. A mass of hexagonally-arranged vesicles
was sometimes seen at points where the nuclear envelope was close

to the plasmodesmata between a sieve element and its companion cell.

A variety of membranous aggregates which were not apparently
artifacts of fixation was frequently foﬁnd.' Thus, lamellar stacks
were sometimes present along the walls of sieve tubes. Again, a
dense lawminar core surrounded by an aggregation of small vesicles
packed into a hexagonal arrangement often persisted until the sieve

element matured. These were commonly located near the sieve plates.

Other species of Acer e.g. A negundo have also been studied, but
the studies have been on seasonal development of the secondary phloem

using the 1igﬁt microscope only (Tucker and Evert 1969).

Mishra and Spanner (1970) made a study of the fine structure

of the sieve tubes of Salix caprea but mainly in relation to the

electro osmotic theory. Their paper concentrated more on the structure
of the sieve plate pores than on the rest of the contents of the

sieve elementr The pores were found to be occupied by slime fibrils
fraying out towards the lumen and showing periodic bandings, the
period being about 1002. As in éEEi (Nofthcote and Wooding 1966)

when fibrils came laterally together, the dark and light bands

aligned themselves in transverse register giving a pattern of marked

cross striations.

They also reported the presence of a prominent énd persistent
"nucleolus', occasionally of two (see above, where Evert and Deshpapdé
challenged this interpretation). ’These.nucleoli showed a radiating
structure of tubules and wére usually found very close to the sieve
plates and sometimes on both sides. ER reminiscent of other species
formed parietal lamellar stacks, with the lamellae inclined to or

parallél with the wall. -
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Detailed studies of the ontogeny of the sieve elements of

Ulmus americana have been done both with the light microscope

(Evert and Deshpande 1968 and Evert et al 1969) and at the ultra-
‘structural level (Evert and Deshpande 1969). P-protein was first
observed in Ulmus as small groups of tubules whose components measured
mostly about 1803 in diameter. As these groups grew bigger, narrower
tubules appeared. At the start of slime-body dispersal however, most
of the components of the P-protein appeared banded or striated and
measured 130 -~ 1403 in diametér. During dispersal, the P~protein
components formed sub—aggregates which sprezd throughout the parietal
layer forming a shailow complex 3—dimensiona1 network. The tonoplast

was found to be present throughout the period of P-protein dispersal.

In the @ature sieve elements, the-distribution ;nd form of the
P-protein was variable. However, most of the components were arranged
either loose or in reiatively compact aggregates. In some sieve elements,
it was evenly distributed like a fine network. It was élso the wider
components (as wide as the tubules in developing P-protein bodies) that
were encountered in groups or aggregates, the relatively narrower

ones (striated/beaded) were most often randomly dispersed.

Evidence of substructure in tbe P-protein material was also clear
in both the wide and‘narrow componer.ts of some mature sieve elements.
These, both wide.and narrow, exhibited an electron transparent lumen
and an electron opaque wall composed of 6 ; 8 sub-units in transverse
section i.e. they appeared tubular. In longitudinallsection, these

tubules seemed to have a helical structure.

Various configurations of the ER cisternae were also observed
during sieve element differentiation. Commonly found were the orderly-

arranged parallel ER stacks; less commonly the much-coiled and
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convoluted types. Mitochondria and plastids were normally sheathed

by ER.

Ulmus sieve tubes possessed as usual, sieve element plastids;

most of tke plastids here contained a dense crystalline inclusion
relatively early dﬁring their developmeﬁt. Dictyosomes, ribosomes,

microtubules disappeared as the sieve elements matured.

From this review it appears that all the dicotyledonous trees
studied show a similar trend of ontogeny with a little variation here
and there. Differences between Fraxinus and the species mentioned

above will be referred to in the Discussion.
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CHAPTER II

" MATERTIALS AND METHODS

1. MATERIAL AND COLLECTION

When Fraxinus excelsior was chosen fer this study, it was decided

that the bark frém one and two-year old branches would be sampled.
Accordingly collections were made from four young trees, all of
different ages and heights growing in the grounds of Bedford College.
No two samples were collected from the same branch to avoid undue

damage.

Samples were collected over a period of two years (1975 - 1976).
In the first .year when growth was very active (i.e. May to July) the
bark was sampled fortnightly, but for the rest of that year samples
were taken monthly. Only monthly collection was made in the second

year.

During the course of the work, it was found that considerable
technical problems occur in the preparation of sections of Fraxinus
excelsior, for the electron microscope. One such was the splitting
away of the sieve element walls when sectioning embedded material
i.fongitudinally, especially withk those samples collected during the
inactive season. Allied to this was the tendency of the blocks to
crumble while sectioning. This was no doubt connected with the fact
that many of the cells had thickened and perhaps hardened walls which
naturally tended to hinder the penetration of both fixative and resin.
Various modifications of the standard procedure were tried and these

will be mentioned later under the appropriate headings.
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2. " ELECTRON MICROSCOPY

(1) Method of sampling

Various mgthods of sampling have been employed by workers on
phloem in the attempt to minimise the notorious surge effects which
occur only too easily when excision or chemical treatment is being
carried out on the high pressure cpnduits (see also Chapter III,

section 1.iii c).

Fraxinus, being a tree, does not allow the phloem to be excised
directly under fixative while still connected to the tree as is
possible in herbaceous plants. Time-delay is therefore inevitable,
and will probably have some slight effect to the fixation of the tissue,

even though it -may not be very noticeable.

In the present work, the procedure adopted was to make two
parallel longitudinal cuts about 5cm long and 1 cm apart with a
sharp razor blade of rigid type. Then with two blades, transverse
cuts about 5cm apart were made simultaneously to iscolate a rectangle
of bark. To éeparate this piece of bark from the branch was often
quite a problem. It was found to be easier in summer when the cambium
separated easily from the new wood,. Samples made in autumn and winter
however, were more difficult, the specimens experiencing some damage
at the ends when they were being liftea from the wood. Since cambium
did not part.easily as in the growing seéson, some wood was also
intentionally included when sampling to ensure.that,fhe sieve elements
were not torn. The presence of wood was hoﬁever not desirable for it
hindered easy and rapid penetration of fixative and when possible it was

removed before proceeding further.
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" As soon as possible the sample was quickly totally immersed in
fixative (which was taken out to the site) at ambient temperature
and brought at once to the 1aboratory. It was then subjected to

vacuum for an hour to facilitate penetration of the fixative.

From the middle ‘portion of the 5 x lem rectangle, a longitudinal
strip 1lmm wide was taken which was further cut into cubes, taking
only 5mm of the middle portion of this strip. . Both wood and periderm

were removed to ensure better processing.

1‘3
A2
3 3
In this figure numbers.
1 - 4 indicate the
ééx“\A' - sequence in which cuts
Aetr—"

were made

This latter excision was done in fresh fixative and the material
selected was then kept for another 2 hours in fixative before being
washed in buffer. They were then kept in buffer overnight at 4% ready

for post-fixation in osmium.
(ii) = Fixative

Most of the fixative used was 5% glutaraldehyde buffered with

‘1/15 M Sorensens phosphate buffer at a final pH value of 7.2.
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Karnovsky's (1965) fixative was also used. Since this fixative
has the property of faster pénetration, it was hoped that it might
minimise the splitting away of the wall of the sieve tube which was
a recurrent problem. The walls in fact did show some improvement

after using Karnovsky's fixative.

One percent buffered osmium tetroxide was used as the sécondary
fixative. Samples were post-fixed 'in this for another two hours

generally at 4°C but sometimes at laboratory temperature.
(iii) = Dehydration

After post—fixafion, samples were washed with distilled water
and then passed thrqugh the normal graded acetone series. In a further
~effort to prévent the walls splitting éway during seetioning, the
dehydration time was prolonged to 30 minutes per stage instead of the

normal 15 minutes. This proved a help.

(iv) Embedding media

TAAB resin, a commercial epoxy resin mixture introduced by
TAAB laboratories, was used for most of the work. Varicus hardnesses
can be obtained with this by varying the quantity of DDSA. The

following propertions were used for most of the work:-

~TAAB resin ' 50 ml
-DDSA . 25 ml
MNA 25 ml
DMP 30 2 ml

TAAB resin was found tc¢ be satisfactory except that splits were
repeatedly encountered along the line of the sieve tube walls when

sectioning longitudinally, even if resin was infiltrated very slowly
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and thoroughly i.e. by keeping the samples in 10% resin for more than
two days with vials on a slowly rotating inclined platform. Evacuation

was also carried out during infiltration.

Being of a lower viscosity, Spurr's (1969) resin was also tried.
Compared with TAAB-resin, this has thé advantage of bettér infiltration.
The blocks were found easier to section and there was less splitting
along the sieve tube walls. Sections, hcwever, gave less contrast

even if they were double stained, and so TAAB resin was preferred.
(v) Sectioning

Blocks were cut on a Huxley microtome Mk II using glass knives.
Thin sections were picked up on copper grids coated with formvar

films.
(vi) 'Sfaining

For this material, double staining was found to give better
contfast than single staining. Grids were first stained with 2%
uranyl acetate for an hour followéd by 7 minutes in lead citrate.
(Reynolds 1963). Staining procedure followed closely that of

Mollenhauer (1974).

Sections were examined in both an AEI-EM6B and a Corinth 275

electron microscope.

3. * LIGHT MICROSCOPY

Sections examined under the light microscope were from the same
blocks used for electrcn microscope studies. The same sectioning

procedure was followed excépt that thicker sections (lum) were mrade.

Several sections in a drop of water on a slide were placed on a

hot plate until the water evaporated. This flattened out the sections.
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They were then flooded with 1% toluidine blue dissolved in 1% borax
(Pease 1964) and put again on the hot plate. When the preparation
steamed, staining could be assumed complete; stain was not allowed

to dry on the sections.

Stained sections were examined and photographed with a Zeiss
photomicroscope Mk II using a yellow filter and planapochromat

objectives.

4. "NEGATIVE STAINING

The collection of exudate was not carried out until late July
when the sieve tubes were fully translocating. A diagonal cut about
5 mm long was made into the tark with a sharp razor ;n the middle of
an internode. -The incision waé kept shallow to ayoid contamination

E

of the exudate with xylem contents, or perhaps its loss into the xylem.

The exudate was collected in a glass microcapillary, held
Lorizontally, the end touching the drop. A tiny droplet of the
exudate was placed on a formvar coated grid, some 2% uranyl acetate
added for a few seconds, and then the excess solution removed with

filter paper. The grid was then dried and examined.
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CHAPTER ITI

OBSERVATIONS

1. SIEVE ELEMENTS

(1) Seasonal Variation

It is well known that woody species grown in temperate regions (e.g.

Fraxinus excelsior used in this study) show periods of growth and cell

division alternating with periods of relative inactivity during winter.
Gill (1932) has already studied the differentiation and seasonal variation

in Fraxinus excelsior. Using only the light microscope, he observed the

differences between the appearance of the phloem developed during spring/

summer and that towards the end of the-growing season. Acer pseudoplatanu§

. was also reported to have similar differences (Elliot 1935). Therefore

this topic will be dealt with here only briefly.

Phloem produced from May to mid-Auguét is called "summer phloem"
by Gill (1932) even though its formation begins in Spring, for production
of this type of phloem is most vigorous when the leaves are {ully
expanded. It coﬁsists of wide sieve elements each with usually one narrow
companion cell (Fig i.1, arrowed region). The companion cells always
lie next to a ray cell unless an axial parenchyma cell is present, when
the companion cell (*) lies on the side of the sieve element adjacent

it (see also section 3 of Chapter III).

In this study,.'summer pﬁloem" was found as early as 22nd April
in 1975 (Fig i.2), the black buds having already started to swell.
Production continues, building up to about seven rows of sieve
elements by the end of the summer season. The elements formed during
this period become at first progfessively larger and then progressively

smaller (Fig i.3).
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Samples collected by mid-August already begin to show the other
type of phloem referred to as "autumn phloem" by Gill (1932). This
phloem consists of sieve elements with iwo companion cells each, both
of neariy the same size as the sieve element. Sometimes, more than
two companion cells for each sieve element are also observed (see
Fig 2.2). The leaves at this time are still green and active and

show no signs of senescence.

" By the time the leaves start to turn yellow and drop off (i.e.
about mid-November) the cambium has produced a maximum of three to
four rows of "autumn phloem'" (Fig i.4; also compare the number of
rows of "autumn'phloeﬁ" in early Spring in Fig i.2)}. Throughout '
Winter until Spring, the cambium ceases its activity. The "autumn
phloem" howe;er, remains healthy. Fig; i.5 which was'taken from bark
sampled in late March, a month before the cambium resumes its activity,
indicates a differentiated sieve element. Similarly in Quercus
(Anderson and Evert 1965), the last three. or four rows of 1a£e phloem
over winter in an active state. No healthy sieve elements have,

however, been reported in Celastrus scandens (Davis and Evert 1966)

or Robinia pseudoacacia (Derr and Evert 1967) to name two other species.

wWith the production of tbe first "summer phloem'" in early Spring
(late April), the later formed "autumn phloem", separated from it
perhaps by only a single axial parenchyma cell, still appears healthy
(Fig 1.6) while the earlier "autumn phloem; is on the point of collapse
(see also Fig 2.32). Some "autumn phloem' has also been observed

seemingly healthy well into late May (Fig i.7).

Most of the 'summer phloem'" however, appears to have ceased
functioning, judging from the massive callose formation over their

sieve pores and the congealed contents by mid-December (Fig i.8).
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In this study, obliteration (i.e. crushing of the obsolescent
sieve elements) of the two different types of phloem was observed to be

inconsistent. Gill (1932) reported that in Fraxinus excelsior, the

"autumn'phloem” was not crushed until the second season of its existence.
He only briefly commented that the empty 'summer phloem" collapsed as

a result of pressure of newly formed phloem at the end of the same
season. Figs i.5 and i.6 however, indicate that some "autumn phloem"
cells, probably £hose formed earliest, may collapse in their first
season. '"'Summer phloem" has aiso been observed partially uncrushed

during the second season of its existence (Fig i.7).
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Fig. i.1 Transverse section (1Lum thick) of bark
sampled on 20th May, 1976 stained with
toluidine blue. This shows typical
"summer phloem'" (within arrowed region);
sieve elements being wide compared to the
companion cells. Note the presence of
"autumn phloem'" above the enlarged summer
sieve elements. Companion cells lie
adjacent to ray cells, or occasionally
to axial parenchyma cells (a). At this
time thé leaves are already expanded,

x 464 A

Fig. i.2 Transverse section of bark sampled on
22nd April, 1975 (1gm thick and stained with
toluidine blue). Note the onsct of the
"summer phloem" with large sieve elements
and single companion éells. The autumn
phloem (within arrows) from last season
haé not yet been crushed and.not even those
earliest formed elements. The last season's

summer phloem is about to be crushed*x 378.






Fig. 1.3

Fig. i.4

2]1.

Transverse section from bark sampled in late
June, 1976 (1lum thick and stained with toluidine
blue). There are about 7 rows of sieve elements
at this time of the year (see numerals).

Notice that the first and last formed sieve
elements are smaller. Axial parenchyma cells

(a) appear in tangential bands. x379

Transverse section of bark sampled in mid-
November, 1976. There are about 3 rows of
autumn phloem (arrowed region).’ Note that
last season's summer phloem appears functional,
judging from the state of the companion cells
and the turgid, empty appearance of the

sieve elements. x 1,300






Fig. 1.5

Fig. 1.6

22.

Transverse section of "autumn phloem' from
bark sampled on 24th March, 1976 about.a
month before the onset of summer phloem.
Note that the sieve element is probably
healthy judging from the stafe of the cell.
The obliterated phloem above it appears to

be "autumn phloem" formed earlier. x 3,250

Transverse section of bark sampled on 23rd
April, 1975, showing the onset of '"summer
phloem'". Only one row of last season's
"autumn" sieve elements appearsto be still
functional as judged by the turgid appearance
and released starch grains; the rest are

either compressed or about to be. x 1,300






Fig. 1.7

Fig. i.8

23.

Transverse section of bark sampled in late
May, 1975. Production of "summer phloem'
has just begun. 'Autumn phloem" (within
arrows) of the last season appears to be
functional. Note that the last season's
summer phloem is only partially crusﬁed.

x 1,300

Transverse section of bark sampled in the
middle of December, 1976. Note massive
callose (ca) formation Qver the sieve plates
of the summer phloem. The contents of most
of these sieve elements appears congealed.
That this is not due to poor fixation is
suggested by the normal appearance of

the parenchyma cells. x 1300
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(ii) "P-protein

(a) " Origin and early development of the material

So far little is known about the very earliest stages in the
formation of P-protein at the fundamental biochemical level, though
there are many speculations about the origin of the macromolecular
units visible in the electron microscope. These are based mainly
on the associations between the developing P—profein bodies and the
ER (Bouck and Cronshaw 1965), dictyosomes (Cronshaw and Esau 1968a)
and coated vesicles (Cronshaw and Anderson 1971). Spiny vesicles
have also been linked with thé formation of P-protein (Newcomb 1967,

Steer and Newcomb 1969 and Esau and Gill 1970).

Even though Esau (1971) showed that fibrous material aggregating

in young nucleate sieve elements of Mimosa pudica is the precursor of

tubular P-protein, the origin of the fibrous material was not traced
further back.‘ Zee (1969a) however, suggested that the close association
of polysome helices with the amorphous fofms of "slime" material may
possibly indicate the origin of this type of material. Similarly
Behnke (1974) observed that the close contact‘of the helical polysomes
and early P-protein and the appcarance of single protein filaments

near P-protein assemblies suggest a synthesis of P-protein subunits

and later a formation of filaments as an essembly of several subunits.

The very early stages of development of P-protein in Fraxinus
found in the present work are illustrated in the series of Figures,

numbers ii.l-6.

Fig.ii.1l shows what may probably be a very young stage of
P-protein development as judged by the degree of differentiation of
the sieve plate. The P-protein appears as a granular mass surrounded
by polysomes. It is comparable to the young P-protein bodies P, in

~
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Cucurbita (Cronshaw and Esau 1968a) which they described as fibrillar

bodies and to the amorphous form of "“slime" material in Vicia faba

(Zee 1969a). Less compact material of similar structure appears
elsewhere in the dense cytoplasm. It is difficult to decide whether
this too is P-protein, either in the process of condensing or

otherwise. It does not seem so conspicuously associated with polysomes.

Fig. 1i.2 shows another young sieve tube of similar age. The
presence of P-protein masses, the conspicuous fibrillar material and
the thick crenelated wall are noticeable. It is apparent that the
P-protein body is granular and is in close contact with the surrounding
polysomes (Fig..ii.3)iwhich seem to encircle the granular masses. It
is not clear whether these polysomes have migrated from the nearby
ER or elsewhe;e.but it appears possiblé. Behnke (1974) has linked
* the disappearance of ribosomes from the ER with the first aggregation
of P~protein elements. 1In Vicia faba, however, the polysome helices
which are associated with the amorphous "slime' material seeﬁed to
be formed from free non-aggregated cytoplasmic ribosomes (Zee 1969a).
Also apparent are fibrils (pp) which are probably P-protein too, and

which are associated with a few polysomes.

At a higher magnification (Fig. ii.4), the fibrils seem to end
on polysomes as if the latter are forming them (arrowheads). Nearby
are also seen chains of polysomes arraﬁged in a very definitely helical
manner (arrows); see also Fig. ii.2. Most probably these helical
chains of polysomes are connected with the formation 6f P-protein

fibrils, themselves helical (see later).

Numerous coated vesicles (ve) which appear to arise from
dictyosomes are also observed (Fig. ii.4). Cronshaw and Anderson
(1971) have also reported of the presence of coated vesicles associated

with developing P-protein bodies in Nicotiana. They believed that



these coated vesicles may perform the function similar to that
suggested for spiny vesicles (Newcomb 1967) i.e. formation of

p-protein bodies.

Fig. ii.5 which represents a somewhat more advanced stage, again
shows the association of granulér masses and fibrillar P-protein. Some
of the fibrillar protein shows clearly the beaded or striated structure
well known from studies by other workers (Northcote and Wooding 1966,
Cronshaw and Esau 1968a and Parthasarathy and Muhlethaler 1969). The
granular body is still surrounded by polysomes whereas the fibrillar
masses are less conspicuously associated with these organelles.
Possibly the two statés of aggregation of what may originate as globular
P-protein subunits, develdp simultaneously at this stage, depending on
‘the local dengity of the cytoplasm. Aé an indication‘of the age of
- the sieve element, the nucleus whose chromatin shows peripheral
aggregation, still appears intact and the dictyosomes are still

numerous and active, though not perhaps associated with the P-protein.

In Fig. ii.6, the ER cisternae without ribosomes on them are
present in the vicinity of P-protein of what was assumed to be at its
early stage of development. Possibly the helical chains of polysomes

(arrows) found nearby the ER have been derived from the latter.

(b) P-protein bodies ('slime" bodies)

From the numerous ontogenetic studies already made by workers on
sieve element ultrastructure, it is apparent that a P;protein body
generally begins as a small accumulation which enlarges by the addition
of more material in the form of granules, fibrils or tubules, until
it reaches a size approximafely equal to that of the nucleus as in
Nicotiana (Cronshaw and Esau 1967). There are however, as noted

variations between species in the morphology of the P-proteins and

-~
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their arrangement in the bodies.

In this study observations made on Fraxinus show that subsequent
to its appearance, the fibrillar material aggregates together to form
the large P-protein bodies. Figs. 1i.7 and ii.8 show the two ends of
a developing aggregate of P-protein fibrils. One end of the aggregate
(Fig. ii.§) already shows some kind of alignment of the fibrils and
is fairly compact; the other is less so (Fig. ii.7). 1In Fig. 1i.7,
polySOmes appear to intermingle with the fibrils where the arrangement
is looser and more random. This could probably indicate as suggested
previously that the polysomes are the source of the fibrillar material.
Dictyosomes are'abundant and might conceivably also have a part to
play. A rough estimate of the size of the individual’fibril gives a

o
diameter of approximately 100A.

Fig. ii.9 shows what may be a stage later than Figs. ii.7 and
ii.8. The elements which now appear more tubular than fibrillar
(approximately 130 - 1652) are rather tightly packed and tend to be
arranged parallel to one another and the sieve tﬁbe axis. Fig. ii.l2

is an illustration of a rather more well-developed example of this.

Thus it appears that a well—devéloped P-protein body has undergone
an internal reorganisation; the initial fibrillar form has been replaced
by a tubular form. This conversion is however not constant; sometimes
a P-protein body which appears to have completed its formation is
still composed of what may be fibrillar components (Fig. ii.ll). A
P-protein body in Fig. ii.10 is loosely aggregated. The tonoplast is
intact, the hucleolus has started disintegrating and dictyosomes and ER
are in the vicinity of the large P-protein body; this sums up the state
of the differentiating sieve elementt It would not be altogether

surprising (see Cronshaw and Esau 1967, 1968a) if the common distinction
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into tubular and fibrillar forms was not altogether precise.

A smaller P-protein mass lies near the large P-protein body
in Fig., ii.10. Whether this small P-protein body will fuse with the

larger one or remain as it is before dispersal is uncertain.

The P-protein bodies of Fraxinus, as in most dicotyledon e.g.

Cucurbita maxima (Cronshaw and Esau 1968a) are arranged in the

peripheral cytoplasm and two broad types may be distinguished: a
larger (Figs. ii.12 and ii.13) and a smaller (Figs. 1i.14 - ii.17).
Usually within a sieve element there can be found one large P-protein

body and several smaller ones.

Larger mature prrotein bodies are usually ellipsoidal, elongated
in the same direction as the sieve eleﬁent (Fig. ii.lé). Individual
- components are compactly arranged, parallel to one another with their
long axis in the same direction as the sieve tube. Sometimes, these
large P-protein bodies may also appear to-be lobed. The hollowed-out
appearance of the P-protein body in Fig. ii.1ll suggests this. In
transverse sectioﬁ (Fig. 1i.13) they are commonly ovoidal. P-protein
bodies of Solanaceae were also reported to be elongated and often
siﬁ@us (Esau 1938). 1In Ricinus, theAP—protein bodies are loose

aggregates and do not have such compact forms (Cronshaw 1975).

Smaller P-protein bodies appear to have slightly wider tubules
(maximum width of approximately 200 X) than those of the larger P-protein
bodies. The orientation of the tubules within the sméller P-protein
body is inconsistent. Only a few of the bodies have their tubules
oriented in the same way as in the lafgef ones (Fig. ii.16); most
have them oriented perpendicular to those of the latter. Figs. ii.14

and ii.15 indicate this; in longitudinal section (Fig. ii.15) the



tubules appear transversely, while in the transverse section they

are cut more nearly parallel to their length (Fig. ii.l1l4).
(¢c) Dispersal

Subsequent to what is regarded as their mature state, the P-protein
bodies of Fraxinus disperse, as in most of the dicotyledons studied.

However, in the extrafascicular sieve elements of Cucurbita maxima,

the bodies often fail to disperse (Cronshaw and Esau 1968b). The
initial evidence of dispersal is the swelling of the P-protein bodies
as the components move apart (Figs. ii.18 and ii.19). The components
segregate into tightly packed flocculi which proceed to move apart
from one another (Fig. ii.21). This latter figure also indicates the
state of the sieve element when dispersal begins; the still intact
tonoplast, necrétic nucleus and typical mature sieve element plastids

can be seen.

Higher magnification of the flocculi shows clearly the appearance
of the well-known semi-crystalline banded structure (Fig. ii.22), the
periodicity of the-fibrils becoming prominent due to their alignment
in contiguous fibrils. 1In the previous tubular form this periodicity

was not evident.

As dispersal continues, these flocculi spread out throughout the
parietal layer, while the tonoplast is still intact (Fig. ii.23).
Eventually when the tonoplast breaks down (Fig.ii.24) the products of
disaggregation are distributed throughout the lumen of the sieve element;
smaller flocculi persistingamongst the fibrillar network. The sieve
plate has not yet been perforated in Fraxinus (Fig. ii.24) in contrast
to what is normally assumed in most dicotyledons studied e.g. Ulmus
(Evert and Deshpande 1969). This seemed to be the case in most of the

sieve tubes observed.
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Instances where flocculi are not conspicuous have also been
found. The P-protein bodies either disaggregate into a loose mass
at once (Fig. i1i.25) or assume an intermediate sort of configuration

(Fig. ii.26).

Whether the smaller P-protein bodies will disperse eventually is

still uncertain.

(d) Molecular morphology of P-protein

It is only recently that phloem exudate has been used to study
the morphology of the P-protein. Sieve tube exudates are normally
negatively stained orbshadowea before examining in the electron
microscope. Otherwise, descriptions of P-protein are based on thin

stained sections of fixed materials.

Exudates from Cucurbita and Nicotiana have been examined by

Kollmann et al (1970). They negatively stained them and observed two
~ o

types of filaments: an elementary filament measuring 40A in diameter

and a second type measuring 90 in diameter. Cronshaw et al (1973)

also reported that the bulk of the filaments in Cucurbita and Cucumis

measured SOR; tubules measuring 2302'were also observed. In
Nicotiana however, Cronshaw et al (1973) observed that the filaments
are not similar to those of Cucurbita as reported by Kollmann et al
(1970). The filaments in Nicotiana are slightly wider, consisting of
two helical subfibrils, each subfibril meaéures 1502 and an overall

. o)
- diameter of 300A.

Morphology of P-protein of Ricinus communis is also well studied.

Williamson (1972) observed iwo types of filaments; a larger type of
0
200A in diameter and a smaller type of 20-80% in diameter. Stone and

Cronshaw (1973) who also examined the Ricinus exudate, observed two
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types of fibrils. Fifty percent of the fibrils are made up of the
: )
larger type of fibrils (200A) similar to those reported by
. o .
williamson. The second type (141A in diameter) consists of a central

filament with lateral projections.

In this study, the exudate of Fraxinus wés stained with 2%

uranyl acetate and from measurements made on photographs, two types

of P-protein were observed. The first type which is encountered less
frequently has a diameter of approximately 2403 - 3002 (Fig. ii.27).
This type, it may be suggested, corresponds to the tubules making up
the two different sized mature P-protein bodies; in fixed sections,
however, thcse tubules vary from 1502 - 2003 for the smaller P-protein
bodies and 1202 - 15§gfor the larger P-protein bodies so there is a

difference in diameter.

The second type is more frequently encountered and measures
approximately 165% (Fig. ii.28). 1In fixed sections, the fibrillar
material possibly corresponds to this secénd type. Fig. ii.28 (arrow)
also éhows two fibrils, loosely wound in a helix; It may be conjectured
that this helix gives rise to the tubular, wider form as a result of
change in tightness of the helix. That P-protein can change its
appeafance even though remaining 1inear in the broad sense, is certainly
suggested by the different images it presents from the earliest (Fig.ii.2)
to the latest (Figs. ii.27 and ii.28). This is understandable in the
light of the many suggestions that have beén made that it is composed

of chains of globular subunits (e.g. Lawton and Johnsbn 1977).
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Fig. ii.l Longitudinal section of a young sieve element
sectioned obliquely near the sieve plate. A
granular mass of P-protein (pb) is seen
surrounded by polysomes. Some more diffuse
material (pb'), perhaps also P-protein is
present nearby. Note the numerous plasmalemma
invaginations with enclosed fibrillar material.
From bark sampled in mid-September, 1975.

x 47,800

Fig. ii.2 From a longitudinal section sampled in late
April, 1975. Note the association of the
different forms of P;protein; the granular
mass of P-protein (pb) which is surrounded
by polysomes is close to a fibrillar region.
The presence of smooth ER profiles nearby
possibly indicates that polysomes may.
have been derived from tﬁem. Arrows indicate

helical chains of polysomes. x 20,000.
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Fig. ii.3

Fig. ii.4

33.

A higher magnification of the granular
mass of P-protein from Fig. ii.2. Note
the close association with polysomes.

X 50,000.

A Bigher magnification of the fibrillar
material from Fig. i1ii.2. Arrow indicates
a helical chain of polysomes; arrow heads
show what may be the generation of the
first P-protein fibrils from the polysomes.

x 42,000.
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Fig. ii.5

Fig.

ii.

6

34.

Longitudinal section of a comparatively
young sieve element sampled in early
October,1975. Note the close association
of the granular mass and the fibrillar
material. The beaded or striated nature
of the fibrils is apparent. Polysomes

s urround the granular mass especially.

x 12,000.

Longitudinal section from a stem sampled in
late July, 1975. Granular mass of P-protein

(pb) is partially surrounded by polysomes,
though there are many polysomes elsewhere

as well. Nearby ER cisternae are devoid of
ribosomes. Note the helical chains of polysomes
indicated by arrows. Stacking of ER along the
periphery has already taken place in the next
sieve element. Fibrils fill the background in
both the elements and in many cases seem to be

associated with polysomes. x 10,200.
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Fig. 1i.7

Fig. 11,8

35.

Part of a large P-protein body at its early
stage of development taken from a longitudinal
section of stcm sampled in late May, 1975.
Fibrils which measure approximately 1004 in
diameter are loosely and randomly arranged.

Note the polysomes which are interspersed

between the fibrils. x 20,000.

The other e¢nd of the large developing P-protein
body shown above. Here the elements appear
compacted and tubular (approximately 1004 in
diameter). Some degree of alignment is also
indicated; parallel to the long axis of the
sieve tube. Note possibly a flattened

vesicle (ve) bounding the P-protein body.

X 20,000.
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Fig. ii.9

Fig. ii.lo0

36.

A longitudinal section of a fairly compact
region of a large P-protein body. Individual
components appear tubular (approximately 150&
in diameter), and are arranged parallel to
each‘other and to the long axis of thé sieve
tube. Note the presence of ER along the

periphery of the P-protein body. x 30,000.

An early stage of a P-protein body taken from
a longitudinal section of stem sampled in late
May, 1975. The body is composed of short
fibrils (133A in diameter) loosely aggregated.
Note the intact tonoplast and the nucleus
whose nucleolus is disintegrating. A

smaller P-protein body (pb) is also present.

ER is almost devoid of ribosomes. x 12,7500
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 Fig. di.11

Fig. ii.l2

37.

A longitudinal section of a large P-protein
body occupying almost the whole cross
section of a sieve element. It is probably
a glancing section which is responsible

for the hollow appearance, the P-protein

body being lobed. From a stem sampled

in late May, 1975. x 7,400.

A large compact P-protein body in
longitudinal section. 1Individual
components measure approximately
120—1503 in diamgter. Tonoplast
appears to be disintegrating. Frém
a stem sampled in late May, 1975.

x 10,200.






Fig. 1i.13

Fig. ii.l4

38.

A cross section of a sieve tube sampled in
late May, 1975. The P-protein body is of
the large type. Components appear tubular
(approximately 1308 in diameter). The

tonoplast is disintegrating. x 8,000.

1t

A transverse section of a sieve tube with
two smaller P-protein bodies. Individual
components (approximately 1502 in diameter)
are tightly packed aﬁd appear to be arranged
parallel to the plane of the section. Note
plasmalemmél invagination of the wall filled
with fibrillar material. From a stem

sampled in late May, 1975. x 20,000,






39.

Fig. 1i.15 A small P-protein body. The tubules
'(ZQOR in diameter) appear to have been
cut perpendicularly. From a longitudinal
section of a bark sampled in late May,

1975. x 32,500.

Fig. ii.1l6 Longitudinal section of a young sieve
element sampled in lateMay, 1975. Nofe
the orientation of the tubules (1SSX in
diameter) in the small P-protein bodies;
parallel to the longitudinal axis of the
sieve tube. Matrix of the typical sieve
tube plastids is moderately electron dense.
The tonoplast haslnot yet disintégrated
and polysomes are much in evidence.

x 30,000.
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Fig. ii.17

Fig. ii.18

40.

Longitudinal section of a young sieve element
from a stem sampled in late May, 1975. The
tubules (approximately 1602 in diameter) have
an inclined orientation, probably more nearly
transverse than longitudinal. The tonoplast

appears to have disintegrated indicating a

later stage than in Fig. ii.16. x 50,000.

Early stage of a P;protein body dispersal;
note the flocculi. However, tonoplast is
still intact. The presence of two nucleii
were possibly representing a lobed nucleus.
From a longitudinal section of stem sampled

in late April 1975. x 3,000
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Fig. ii.19

Fig. ii.20

4]1.

Higher magnification of Fig. ii.18. Flocculi
of P-protein clearly show the banded
structure. The tonoplast seems to have
persisted to a later stage than is sometimes
the case (Compare Figs. ii.12 and 1i.13).

x. 12,000.

A transverse section of secondary phloem

from a stem sampled in late May. P-protein body
is dispersing and is located on the periphery
of the sieve tube while the tonoplast remains
intact. Nucleus appears necrotic.

x 7,000.
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Fig. ii.2l

Fig. ii.22

42.

A later stage of P-protein body dispersal.
Flocculi have moved further apart and are
interspersed with some single strands of
fibrillar P-protein. Tonoplast is still
coherent; nucleus is reduced. Plastids are
characteristic of mature sieve tubes.

From longitudinal section of secondary

phloem of stem sampled in late May, 1975.

x 5,000.

Flocculi at a higher magnification. Note
the semi-crystalline banded structure
indicating the fibrillar form of P-protein.
From a longitudinal section of bark sampled

in late April, 1975. x 83,750






Fig. ii.23

43.

A typical flocculus at a later stage of
dispersal when these will be found mostly
at the periphery of the sieve tubes. Note
the semi~cfystalline nature shown by the
banded structure. From a longitudinal
section of stem sampled in late‘May,

1975. x 43,500






Fig. ii.24

44.

Montage of a longitudinal section of a

sieve tube with still unperforated sieve
plates sampled in late July, 1975. P-protein
is distributed throughout the lumen and the
tonoplast has broken down; a few flocculi

of P-protein are still present in the central
region of the sieve element. Nucleus (n)

is disintegrating. Plastids are broken

down. x 3,000






Fig. ii.25

Fig.ii.26

45.

Longitudinal section of a sieve element
approaching maturity as judged from the
"clear' appearance of the nucleus (see
Chapter III, Section iv (b)). P-protein
body is dispersing without forming flocculi,

as more often observed. From stem sampled

in late May,1975. x 20,000

Longitudinal section of a mature sieve
element sampled in late May)1975. Dispersing
P-protein is in loose aggregates which appear
to be of the tubular form in some places.
Note the absence of the tonoplast 'and the

sheathed mitochondria. x 20,000
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Fig. ii.27 - ii.28

Fig., 1i.27

Fig. 11.28

Filaments from sieve tube exudate
negatively stained with 2% uranyl acetate.

Exudate collected in July/1976.

The filaments measure approximately 2402

in diametér. The dimensions correspond
with those of the tubular form of P-protein
seen in a glutaraldehyde fixed sections.

x 95,500

The filaments measure approximately
o

165A in diameter. Note the loosely

wound helix of 2 filaments (arrow)

x 54,000.
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(1ii) Sieve Plates

(a) Development

In Fraxinus it is difficult to recognise sieve plates in their
very earliest stages before callose platel.ts are deposited. Very
often they resemble the transverse walls of parenchyma cells. The

only means of detecting these plates is to rely on the presence of

" certain other features characteristic of sieve tubes.

A phloem mother cell in Fraxinus, gives rise.to one large sieve
element and a smaller companion cell in summer or to a smaller element
and two companion cells at the end of the growing season. It is on
thié criterion that identification of most of tge earliest stages of
the sieve tube development was based (Figs. iii.l, iii.2). The other
most easily recognised feature is the presence of a P-protein body
(Fig. iii.4), but the chance of finding one in the earliest stage.of
the sieve tube development is rather remote. Probably the présence
of P—proteih initials (Fig. iii.5) is all that can be expected.

Other features which have also been used to determine the earliest
sieve plate stages include:- the dense cytoplasm which is due to the
abundance of ribosomes (Figs. iii.3, iii.5), and the special sieve-

tube plastids which have an electron dense matrix (Figs. iii.l, iii.2)

The development of the sieve plate in Fraxinus appears to be as
follows: Figs. iii.2 — iii.6 show the very earliest stages in the
development. Before callose platelets begin to be laid down, the
plasmodesmata appear similar to those in cell walls between two
parenchymatous cells (Fig. iii.3). The compound middle lamella
thins out as it approaches ihe plasmodesmata (Figs. 1ii.3, iii.5).

The area around the plasmodesmata appears quite distinctive from the



rest of the cell wall, though not so dense in the present preparations
as that found in Saxifraga (Deshpande 1974) and Cucurbita (Deshpande

1975).

Fig. iii.6 shows that the pre-pore area seems to grow into
protuberance, indicating that its growth rate is faster than that of
the wall in the immediate vicinity. Whether callose is laid down at

this stage is not obvious.

Usually one ER cisterna is shown to be closely opposed to these
pre-pore protuberances. Invaginations formed from the plasmalemma
cbvering the sieve plate, often with fibrillar contents, are commonly
encountered (Fig.iii.6). Probably these fibrillar materials contribute

to the development of the cell plate (see Chapter III, section (iv) (a)).

What happens in the next phase fo these protuberances has not
‘been ascertained. The next stage traced is the familiar appearance of
a well-defined, pair of bevelled electron-lucent callose platelets, one
on each side of the future sieve plate and surrounding the plasmodesmata

(Figs. iii.7 - iii.l0).

Initially these pairs of platelets appearvto protrude above the
level of the neighbouring ceil wall indicating their fast growth
(Fig. iii.7). The intervening wall (Fig. iii.8) probably shows ﬁy
its pronounced crenulation that it is in the process of growth as
well. When growth of thke intervening wall overtakes that of the callose
platelets, the latter may even appear depressed (Figs; iii.13 - iii.14).
It is also probable at this stage that the ER begins to aggregate
in stacks on the callose platelets (Figs. iii.13 and iii.14). Other-
wise, only one cisterna of the ER lies in close opposition to the

platelets (Figs. iii.10, iii.11).. The ER may even penetrate the

plasmodesmatal canal (Fig. i1ii.11) as has been shown by Esau and Gill

)
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(1972) and Dgshpande (1974).

Presumably, the callose platelets grow laterally by deposition
on the cellulosic wall that is still growing. When this happens the
growth of the cellulosic wall is checked. The angle of slope between
the callose platelets and the middle lamella may indicate the relative
growths of the platelets (laterally) and the adjoining wall (axially).
If there are two or more plasmodesmata clése to each other, the lateral
growth of the callose platelets will cause the callose to meet at the
‘edge (Fig. iii.9). Further growth of the sieve plate will mean that
while the rest of the intervening wall increases ir height, that part

covered with callose will appear as a depressed compound sieve plate.
(b) Perforation

Perforation begins with the widening of the plasmodesmatal canal
‘at the middle lamella regions, fofming a median cavity (Fig. iii.l4).
At what particular stage of the sieve plate differentiation pérforation
begins, is difficult to ascertain. It has been observed in Fraxinus
that these median cavities appear at different stages. Fig. iii.l4
shows these cavities being formed when the intervening wall is raised
above the pore sites i.e. at -a fairly advanced stage of differentiation;
ard some have also been observed to be present whep sieve pore sites

are at the same level as the neighbouring wall (Figs. iii.1l5 and iii.17).

It is not clear what takes place at the final stage of
perforation. It has been assumed that as the median 6avity gréws
laterally along the sandwiched layer, a corresponding erosion of
the callose axially along the plasmodesmatal canal also takes place.

This results in the widening of the pores.
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The existence of the sandwiched layer until the final dissolution
of the callose suggests that its replacement by callose as suggested
by Esau for Cucurbita (Esau 1969) is unlikely. Finger-like projections
extending from the median cavities as seen in §§§ifréga (Deshpande

1974) have also been observed (Fig. i1i.17).

1

Whether all the callose is removed finally is not settled.
Even though, most of the perforated pores encountered in Fraxinus
have fairly conspicuous callose, pores with very little callose have

‘also been obscrved (See Chapter III, section (iii) (c)).

The various stages of differentiation of the sieve plate,
however, have not been correlated in detail with the state of the
cytoplasm. However, with the few lqw magnificalion photographs
available, some general idea can be derived about the corresponding

states of the cytoplasm.

The tonoplast may even be present at the advanced stage of
sieve plate differentiation (Fig. iii.12). The exact time of
disappearance has not been observed. It is also at the advanced stage
of the sieve plate differentiation that the cytoplasm begins to lose
its organelles, even though some polyribosome still persist (Figs.

iii.13 and iii.1l4).

(p) Structure of mature sieve plates

The true nature of some structural features of mature sieve
plates, have, for a long time; been a major subject of controversy.
The picture is still not clear mainly because of a) the high |
longitudinal conductivity of sieve tubes and b) the ability of the
sieve-tube protoplast to respond to maﬁipulation by a rapid production

of callose.
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Functioning sicve tubes have a high turgor pressure; Weatherly
(1962) found a positive pressure of 30 atm. In the preparation of
material for electron microscopy, this high turgor pressure has somehow
fo be released, and it is usually released longitudinally. The P-protein
often seen occupying the pores of sieve plates may thus be there due

to this release, as a surge artifact.

Attempts have been made to minimise these surge effects. Hepton
and Preston (1960), Duloy et al (1961), Mehfa and Spanner (1962) used
.SuCPOSe in the fixative to lower the turgor pressure. Others have
tried various methods of fixing while the phloem is still attached

to the plant Esau and Cheadle (1961) injected 4% KMnO, straight into

4

the hollow stem.of Cucurbita maxima, Buvat (1963) removed the epicermis

from stems and placed drops of fixative on the exposed surface,
Kollmann and Schumacher (1962) surroﬁnded their stems with a glass
‘trough full of fixative before cutting, and Wark and Chambers (1965)
also fixed by injecting into the pithcavity in stems of intact

Pisum.  Other methods tried include immersing whole tobacco plants

in fixative, rapidly freezing whole plants into isopentane-methyl-
cylohcxane mixture cooled by liquid nitrogen, before fixation (Crénshaw
and Anderson 1969), and wilting By withholding water for 9 days

prior to fixation (Anderson and Cronshaw 1970a). Evert et al (1973a)
too, eliminated all mobile carbohydrates before fixation by cutting

off the cotyledons and darkening.

Other workers including Bouck and Cronshaw (19655, Evert and
Murmanis (1965), Wooding and Northcote (1965b), Northcote and Wooding
(1966), Evert et al (1966)'ﬁave taken rather simpler but probably
effective precautions against the turgor release, merely using a
narrow central portion from an excised sample, a few cm long. Yet

‘their photographs more often than not show material occupying sieve
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plate pores. In fact their results do not differ much from those of

workers who took more elaborate precautions.

The question of whether the rapid production of callose is
responsible for all the callose seen is still doubtful. But callose
has scmetimes been found to be absent from functioning sieve tubes
of orange for instance (Schneider 1952) and from the sieve cells of

conifers (Evert and Alfieri 1965).

Eschrich (1956, 1963) who carried out extensive studies found
that rapid callose deposition is a result of injury. Zimmermann
(1960b) discovered by light microscopy that callose is only found on
the sieve plates when tissues are stored or fixed and not when

cectioned immediately.

Many workers have shown that'rabid killing techniques yield results
with sieve plates showing no depositipn at all; Evert and Derr (1964a)
showed that the extent of callosc deposition seemed to depend upon the
rapidity with which the sieve element protoplast was killed after
wounding and that dormancy and definite callose was a natural phenomena.
Currier and Shih (1968) also prevcnfed callose formation in Elgégé |
leaves during fixation by frceze killing and Parthasarathy (1968)
observed progressive accumulation of callose in tissue killed ini"

liquid nitrogen at several-minute intervals after collection.

By contrast, Engleman (1965a) tried killing tissues of Impatiens
rapidly by subjecting intact stems with dry ice,liquid nitrogen,

boiling water, o0il and crushed CO He found that callose deposition

e
was still apparent only 4 seconds later in the young sieve elements

and yet more in the more mature ones. These deposits only occurred

in sieve plates, not in pit fields of parenchyma cells. He argued
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that if callose had already formed within four seconds of the start
of manipulation, then it was most likely that this deposition was
not an artifact. He concluded that callose was present naturally in

sieve elements of intact plants of Impatiens.

Crafts and Currier (1963) also reported the presence of callose

in mature sieve elements of rapidly killed herbaceous shoots.

Possibly there is some callose naturally present in mature pores
which may be a relic from that deposited while the pores were being
formed, for Esau et al (1962), Esau and Cheadle (1965), Northcote
and Wooding (1966) and many others have suggested that callose
deposition is a normal phenomena during the development of the sieve
plates. Furthef,'Hepton ana Preston (1960), Esau (1964, 1965), Evert
1and Derr (1964a) have also found that callose is deposited when sieve
~elements become dormant in those species where they persist for
another season. Perhaps only some dormancy callose disappears when
sieve tubes become active again. Esau (1948, 1965) has shown the
lability of callose to be associated with the developmental state

of the cell and that this is responsive to internal changes as wéll.

Thus, there are two controvérsial points concerning the structure
of functioning sieve plates: (1) are the pores opened or occluded with
P-protein; (2) is there appreciable or very little callose present.
Munch's pressure flow theory is favoured by open pores wherg there
is a wide and clear continuity between the sieve elements, with
»little.of either P-protein or callose. Occluded pores on the other
hand traversed by P-protein constitute the favourabhle étructure of

the sieve plates for the electro-osmotic theory (Spanmer 1958, 1975).

The type of fixative used has also been found to contribute to

the picture of the sieve plate structures especially their contents.
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KMnO4 was found unsuitable for it failed to fix the non-membranous
contents of sieve tubes and replaced them with coarse precipitates
(Kollmann and Schumacher 1962; Johnson 1966). Esau apd Cheadle (1961)
have also found unplugged pores when KMnO4 was used. After the
Aintroduction of glutaraldchyde and acrolein for fixation of phloem

tissues (Bouck and Cronshaw 1965), later workers preferred these

fixatives followed by OsO4

fhotographs shown in the following pages are representative of
‘the many mature sieve plates observed. It should be noted that these
samples were conventionally fixed with glutaraldehyde féllowed by
OSO4 unless otherwisé stated. Erecautions against surge effects have

also been taken (see Methods).

It has been repcatedly observed in the present work that most

of the mature sieve plates of Fraxinus excelsior are heavily callosed

and occluded with P-protein even if Karnovsky's fixative, whiph has
high tonicity and speed of penetration was used. Figs. iii.18 -
iii.29 show this type of pore. Pores as is now well known are lined
with plasmalemma, which is continuous from cell to cell (Fig. iii.19).
Sometimes plasmalemma may also form invaginations within the callose
(Fig. iii.20). Possibly this configuration represents the remnant

of the median nodule.

The P-protein within the pores is most often found to be densely
péckcd but cases in which it is in a loosely packed ‘state héve also
. been observed (Fig. 1ii.19). Closeness of packing is probably due to
the formation during fixation of thick callose cylinders comﬁressing
the sieve pore contents. The P-protein fibrils recognised by the
banded structure (see Fig. iii.23) arevaligned transversely giving

it a semi-crystalline appearance. In Fig. iii.21 membranes from ER
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cisternae also transverse the sieve pore, again a feature noticed

in other species.

It is also interesting to note that in the sieve tubes whose
pores are heavily callosed and occluded, the plastids near the pores
tend to be broken and the starch grains released. The starch grains
released are normally found above the mass of P-protein which accumulates
at the sieve plates (Fig. iii.24). A few are also found on the
downsfream side, very close to the sieve plates (Fig. iii.25). There
&s not always the suggestion, however, that the latter position of
the starch grains is due to surge effects forcing the sfarch grains

through the sieve pores.

Sometimes, these starch grains become embedded in the P-pr¢tein
mass (Fig. iii.27) creating a fibril-free space above the sieve
plates. These starch grains appear to be trapped in between the plates

and the P-protein mass.

A similar sort of space, but this time surrounding individual
starch grains or a group of them, is also observed. Fig. iii.26 shows
this space or halo surrounding groubs of starch grains giving the

appearance of an imaginary mcmbrane of a plastid. See also Fig. iii.22.

Literature régarding sieve tube plastids and starch grains ﬁas
been reviewed by Esau (1950), Engleman (1965b) and Behnke (1972).
Engleman reported that the rupture of sie&e tube plastids is most
frequent in sieve elements near the cut surfaces. In.this study, the

sieve plates observed are some distance from the cut surfaces.

Some sieve pores have also been observed which are thinly lined

with callose (Figs. iii.30 — iii.33). Again the packing of P-protein
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within the pores is variable. Fig. iii.32 shows a loosely packed

p-protein within the pores as compared to Fig. iii.31.

Open pores were also sometimes encountered but less often.
Figs. 1ii.34 and 1ii.35 are examples devoid of any P-protein or other
occlusion, except fotr one which is lined by stacks of ER. Many workers
including Cronshaw and Anderson (1969), Anderson and Cronshaw (1969,
. 1970b) maintain that open pores like the present represent the natural

functioning state.

Figs. i1i.36 - iii.40 however, Show a different kind of open pore.

The pores are either thinly callosed or without any callose at all.
Except for a few loose fibrils traversing the pores, they are empty.
ﬁven if there is appreciablé P-protein accummulating near the sieve
plates (Fig. i11i.39) the P-protein does not actually plug the pores

as in the previous examples. It Waé observed that in these sieve

tubes with such open pores, the starch grains are seldom broken (Fig.
i1i1.37) a circumstance which lends colour to the claim that they

represent the undisturbed condition.

Figs. iii.41 and iii.42 show sieve pores probably affected by
surge effects. These plates were, however, nowhere near the cut
surface (compare Fig. 1ii.43). In Fig. iii.41 the whole mass of -
P-protein is seen to have pushed its way through the sieve pores
4trapping the starch grains in between the P-protein mass and sieve
plate. The pores are blocked by starch grains although one of the
starch grains has apparently managed to pass through a pore.
Simultaneously, protruberances of P-protein emerging out of sieve

pores (Fig. iii.42) also probably indicatea surge effect.

Fig. iii.44 has also been included to show that callose

formation may lead to the complete blockage of the sieve plate. Since
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the bark was sampled in late Spring (May), it seems unlikely that it
was a dormancy callose. The presence of intact plastids suggests that
the sicve tube was still functional and formation of callose may also

be an effect of manipulation.

When extended lengths of phloem are examined, the appearance of
succéssive sieve plates in a file is similar. There is always a
gfeater accumulation of P-protein on corresponding sides of the plates
presumably on the 'upstream' side (Figs. 1ii.45 and'iii.46). It has
préviously been mentioned that there is often a space around released
starch grains against the sieve plates,‘though sometimes it is in the
lumen. The nature of this space is not altogether clear. It may
givé the appearance of being dﬁe to shrinkage.and contraction of the
P-protein mass kFig. i1ii.45); or of .beirg filled with starch grains

(Fig. 11i.27) or of having no probable explanation (Fig.iii.22).



Fig. iii.l

Fig. iii.2

58.

Longitudinal section in the phloem region.
The presence of the narrow cells next to the
larger ones suggests that the latter form is
a sieve tubé with its companion cells. The

sieve element has a thin layer of cytoplasm

as compared to the companion cell. From a

stem sampled in late May,6 1975. x 7,000.

A very young sieve tube as indicated by the
presence of dense matrix plastid (p) and a
narrow companion cell next to it. Cytoplasm
forms a narrow dense peripheral layer. Note
the large invaginations of the tonoplast,
those on the right being presumably sectioned
perpendicular to their "stalk'. The
tonoplast appears to be missing in places.
From a stem sampled in early June, 1976,

x 7,000.






Fig. iii.3

Fig. iii.4

59.

- Higher magnification of Fig.iii.2.

Note the plasmodesma which is similar

to one between two parenchyma cells.

The compound middle lamella becomes
thinner as it approaches the plasmodesma.
Cytoplasm is rich in ribosomes.

X 28,000,

The presence of a small P-protein body

" suggests that this is a sieve plate even

théugh plasmodesmata are not discernible.
The ER is not yet aligned in close
apposition to the cell plate. Invaginations
of the plasmalemma are bresent on the future
sieve plate. From a longitudinal section of

stem: sampled in late May 1975. x 10,200.
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Fig. iii.5

Fig. iii.6

60.

A sieve plate at a very early stage, identified
by the fibrillar mass (pb’), the initial of a
P-protein body. Cytoplasm is dense with
ribosomes. = The area round the plasmodesmata

is distinctive. MNiddle lamella is very thin
in the region of the plasmodesmata. - From a
longitudinal section of tree sampled in early

June, 1976. x 42,000.

Micrograph of part of a Qery young sieve
plate, rather out of focus. Note the
formation of proéruberance in the pre-pore
area. Plasmalemmal invaginations appear

to be filled with fibrillar material. From
longitudinal section of stem sampled in

late April 1976. x 80,000






Fig. iii.7

Fig. iii.8

61.

A sieve plate showing an early stage of
céllose deposition. Intervening wall highly
crenulated, possibly indicating rapid growth.
Tonoplast still present and note the typical
plastids with dense matrix. From stem

sampled in late May, 1975. x 8,400. -

A young sieve plate at platelet stage.
Highly crenulated intefvening wall begins

to overtop thé callose discs. Invaginations
with fibrillar material seem to develop out
of these crenulétions. The callose platelets
are separated by only a very thin layer and
are covered by ER. Thetonoplast is still
intact and ribosomes are abundant. From
longitudinal section of stem sampled in

late May, 1975. x 21,000






Fig. iii.9

Fig. iii.l1o0

62.

A young sieve plate showing an almost
compound sieve plate. The tonoplasts are
disintegrating; the cellulose wall does
not yet exceed the callose-covered arcas
in thickness. From a stem sampled in late

May, 1975. x 8,400.

Higher magnification of the figure above.
ER cisterna (much dilated) is in close
apposition to the plasmalemma lining the
callose. No ribosomes are present on these
ER cisternae. Note small invaginations or
"blebs' formed from the plasmalemmae

covering the platelets. x 35,000
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Fig. iii.1l1

Fig. iii.12

63.

" Callose platelets merging laterally. ER

is in close apposition to the platelets.
Note aiso ER entering the plasmodesmata.
From longitudinal section of stem sampled

in late May, 1975. x 42,500

A later stage of growth of the sieve plate

 wall. Intervening cellulose wall attains

the same thickness aé the callose platelets.
Note the stacks of ER over the latter.
Tonoplast may have been beginning to
disintegrate. From a stem sampled in

late May, 1975. x 8,400






Fig. i1i.13

Fig. iii.l4

64.

Further growth of the intervening wall makes
the callose platelets appear sunken. Stacks
of ER éver the platelets are now prominent
(cf iii.12). and also along the longitudinal
wall. Polyribosomes are still present in the
lower half especially of the sieve tube. The

myelin body may be cornccted with the

disappearance of the tonoplast. From a stem

sampled in late May, 1975. x 17,000.

Begirning of perforation. Median cavity
formed at the middle lamella. Note the stacks
of ER over platelets and the crenulated edge
of the platelet. Polyribosoﬁes still very
conspicuous. From a stem sampled in late

May, 1975. x 25,000
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Fig. i1ii.15 Sieve plates with median cavities.
Sandwiched layer still persists, plastids
at the periphery and polyribosomes less
evident. From a stem sampled in late

May, 1975. =x 14,000

Fig. 1ii.16 Early stage of perforation. Median
cavity growing laterally along the
middle. lamella. From a stem sampled

in late May, 1975. x 14,000






Fig. iii.l7

66.

Slightly later stage of perforation. Median
cavity enlarging laterally. Projections from
the median cavity extend to the outer surface
of the callose platelets. Note that
plasmalemma lines these projectioﬁs and the
median cavity. From a stem sampled in late

May,1975. X 47,500

Figs.iii.18 - iii.21 show a series of mature sieve plates in

Fig. iii.18

longitudinal section. Fixation was in

glutaraldehyde without addition of sucrose.
Starch grains from broken plastids are
present. From stem sampled in late April,

1976. x 34,000
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Fig. 11i.19 Plasmalemma lines the sieve pores (arrows)
P-Protein in the middle sieve pore is
loosely packed. From stem sampled in

early June,1976. x 39,000

Fig. iii.20 Plasmalemma may also infold within
the callose (arrow). From stem sampled

in early June, 1976. x 40,500






Fig. iii.2l

Fig. iii.22

68.

Note ER (or other membranous structures)
running through the sieve pore. Some of the
ER cisternae are swollen giving the appearance
of small vesicles. From stem sampled in late

May, 1975. x 35,000

A mature sieve plate. Pores lined.with thick
callose (ca) are plugged with P-protein. Note
the space created around the released starch
grains. ER appears to line the sieve element.

5% sucrose was added to the fixative. From

~stem sampled in early October, 1975. x 14,000
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Fig.

Fig.

iiji.23

iii.24

69.

Higher magnification of Fig. iii.22.
P-protcin is banded and laterally in

register, x 40,000

A mature sieve element. Pores are heavily

callosed. P-protein accumulates on the upward
stream and broken plastids pile on top of
this P-protein mass. Companion cells are

still dense. From stem sampled in late

April, 1976. x 3,250






70.

Fig. iii.25 A perforated and an unperforated sieve element,
The sieve pores are heavily callosed and
occluded with P-protein. Plastids in the
downward stream of the sieve element are
either intact or broken. From stem sampled

in late April, 1976. x 3,250

Fig. iii.26 A mature sieve element whose pores arc
heavily callosed. The starch grains appear
to be enclosed by an invisible membrane.
From stem sampled in early June”1976.

X 6,500






Fig. iii.27

Fig. 1ii.28

71.

A mature sieve element. Sieve pores

are occluded with P-protein. Starch grains
appear to be trapped in the P-protein mass
above the sieve plate. Halos seem to surround
these starch grains. from stem sampled in

late April 1975. x 6,800

Abundant P-protein accumulates above the
sieve plate. Sieve pores are callosed and
occluded with P-protein. Cavities left

by starch grains are apparent below the
sieve plate. 5% sucrose has been added

to the fixative. From stem sampled in

early October, 1975. x 10,200
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Fig. 1ii.29 Oblique surface view of mature sieve plates.
Pores are callosed and occluded with P-protein,
From stem sampled in late June, 1975.

x 8,400

Fig. 11i.30 Occluded pores with thin lining of callose.
5% sucf@se has been added to the fixative.
P-protein fibrils are tightly packed within
the pores; Note the alignment of the
fibrils. From stem sampled in éariy

October>1975. x 17,000
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Fig. 1ii.31

Fig. iii.32

73.

Two mature sieve plates whose pores are
thinly lined with callose.  The P-protein
fibrils (from the sieve plates on the : lgft)
appear to trail freely on the downward
strqam. Note cavities representing starch
grains above the :{gft sieve plate. From
stem sampled in early October, 1975.

x 5,600

A sieve pore at a higber magnification.
Plasmalemma lines the thinly callosed pore
(arrows). P-protein within it is loosely
packed. from stem sampled in early

October, 1975. x 68,000






Fig. iii.33

Fig. iii.34

74.

Thinly callosed sieve pore. Cavities
left by starch grains are present on
the upward stream side. From stem

sampled in late July, 1975. x 5,600

Transverse section of part of a sieve
plate. Sieve pores are unoccluded
and callose is absent. From stem

sampled in late June,1976. x 9,750
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Fig.

Fig.

iii.35

iii.36

75.

Transverse section of part of a sieve plate
Pores appear empty and thinly lined with
callose. ER stack is visible in one of the
sieve pores. From stem sampled in early

October”~1975. x 35,000.

An open-pore sieve plate with no callose.
Note small vesicles attached to the sieve
plates. 5% sucrose has been added to the
fixative. From stem sampled in early

October” 1975 . x 9,825






Fig. 1ii.37

Fig. iii.38

76.

Longitudinal section of a phloem area.
Most of the sieve pores appear unoccluded.
Note that the.plastids are mostly intact
and periphcrally situated. From stem

sampled in late July, 1975. x 1,700:

Sieve pores with little caliose. P-protein
is minimal; few loose fisrils appear to
traverse the pores. Plastids below the
sieve plafe remain intact. From stem

sampled in late July, 1975. x 6,800






Fig. 1ii.39

Fig. iii.40

77.

Sieve pores are thinly lined with callose.
Amount of P-protein near the sieve plate is
appreciable but the P-protein does not
actually plug the pores. Plastids remain
int?ct. From stem sampled in late July,

1975. x 6,800

Pores are callosed but are not heavily
plugged with P-protein. Note that the
plastids near the‘sieve plate are still
intact. From stem sampled in late July,

1975. x 07,300
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Figs. 1ii.41 and iii.42  Effects of surge.

Fig. iii.4l

Fig. iii.42

The P-protein appears to have surged through
the pores. Starch grains are trapped in
between the sieve plate and the P-protein
mass. From stem sampled in late May, 1975.

x 5,600

The P-protein appears to have been pushed
through the pores forming heavy slime plugs
whose ends are cylindrical (arrows). From
stém éampied in early June}1976

x25,000
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Fig. 111.43 Longitudinal section qf a mature sieve
| plate near the cut end. The sieve pores
are witﬁout callose. Starch grains are
lodged in the sieve pores and some have
managed to go through. From stem sampled

in late October, 1976. x 4,250

Fig. iii.44 Formation of massive callose over the sieve
plate.. Plastids are still intact. From

stem sampled in late May, 6 1976. x 12,750






Fig. iii.45 Montage of.mature sieve-plates in a
file. Sieve pores are callosed and are
occluded with P-protein. Note the
space above each sieve plate. From
stem sampled in early June, 1976.

X 2,625



se



Fig. iii.46

81.

Montage of mature sieve plates in a
file. Space above each sieve plate

is characteriétic. Most of the plastids
are broken. Note the crack along the
sieve tube wall which has caused a major
problem during sectioning. From stem
sampled in early October,1975 and 5%
sucrose has beeﬁ added to the fixative.

x 1,150
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Fig. iii.47

82.

" Montage of mature sieve plates in a

file. Here the space above each sieve
plate ié not so well defined. Starch
grains are situated above the P-protein
mass instead. Some of the plastids

(p) arc still intéct. From stem

sampled in late July 1975. x 1,725
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(iv) Membrane systems and organelles

(a) Plasmalemma invaginations

Structures which appear to be invaginations of the plasma
membrane, sometimes of complex type, have often been illustrated in
plant and animal cells. Despite their common occurrences, many authors
regard them as artifacts. Marchant and Robards (1968) who attempted a
classification, based on the analysis of similar structures illustrated
by the published results of others, came to the conclusion that these
peripheral invaginations were not artifacts. There are also other

opinions which support this conclusion. Mahlberg et al (1970) made

comparative studies of living and fixed hair cells of Tradescantia

virginiana. He'interpreted'invaginqtions in these as real. Other
workers have also reported the occurrence of these structures in
cultured cells of highe; plants and have described them as '"lomasomes"
(Sutton-Jones and Street 1968) or '"multivesicular bodies" (Ha}perin
and Jensen 1967). In normal cells, these structures have also been
referred to as "boundary bodies" (Esau, Cheadle and Gill 1966),
"plasmalemmasomes' (Robards and Kidwai 1969), "vascular inclusions"
(Thomson 1967), or "included bodies' (Fineran 1971). Marchant and
Robards (1968) however, suggested that all such membrane systems
associated with the plasmalemma be classified under the general ferm
"paramural bodies', subdividing theﬁ into "lomasomes' if they are
derived from cytoplasmic membranes or ''plasmalemmasomes' when these

are formed from the plasmalemma.

However, based on the fact of their being apparently in origin
projections into the cytoplasm, some of these formations have also
been called "secondary vacuoles'" by Mahlberg and his co-workers to

distinguish them from the primary vacuoles. Extensive studies have
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been made to elucidate the dynamics of formation of thesc "secondary

vacuoles', from studies on bolh living cells of Tradescantia virginiana

(Mahlberg 1972) and fixed cells (Mahlberg et al 1971, 1974).

In contrast with the above view, i.e. that these bodies originate
in endocytic movements, other workers have interpreted them as arising
through exocytic ones. Even though some of the formations observed are
similar to the early stages of development of indubilably endocytic
structures, Cronshaw and Bouck (1965), Esau, Cﬁeadle and Gill (1966)
regard many.formations as stages in a moving outwards, towards the cell
wall, like a reversed pinocytosis. Vesicles of unknown origin within
the cytoplasm of Helianthus vere also interpreted by Walker and
Bisalputra (1967) in this sense. Buvat (1968) regarded these vesicles

as associated with degenerative processes in the cytoplasm.

Similar formations and interpretations have also becn encountered

in lower plants: internodal cells of Chara and Nitella (Crawley 1965

and Barton 1965) and hyphae of species of Eucomycota which loore and

McAlear (1961) have called "lomasomes'.

The exocytic function is possibly related to the cell wall
synthesis. Thus autoradiographic studies of celery petioles (Cox
and Juniper 1973) suggest that these paramural bodies participate in
the matrix polysaccﬁaride deposition. Fowke and Setterfield (1969),
however, found a negative correlation between paramural bodies and

wall synthesis in auxin treated tissue disks.

In Fraxinus similar.invaginations (the use of this word is not
intended to prejudge the issue of endocytic vs exocyfic origin) have
been observed in various differentiating cells: parenchyma, sieve
tube and companion cell. Xylem cells are not examined here but there

are reports of the existence. of similar invaginations in the xylem of
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Beta vulgaris L.and Cucurbita maxima (Esau, Cheadle and Gill 1966).

-There are, however, some characteristic differences between these
invaginations found in the sieve tubes and in the parenchyma or ray

cells.

Sieve elcments ¢

The frequency of these invaginations along the plasma membrane
is variable. There may be many in some cells, but few in others. There
is again the possibility that these vesicular formations, having
originated from cytoplasmic organelles, are migrating to the plasma
membrane. This seems likely in very young sieve tubes whose vesicles
are - relatively small and which have been observed to :'be closely

associated with dictyosomes (Fig. iv. 1).

In sieve tubes, these formatioﬁs are encountered most frequently
“along the longitudinal walls, both in young and mature cells (Figs.
iv.2 - iv.3). Also at the early stages of the sieve plate differentiation,
these apparent invaginations are common (see Chapter III, section (iii)
(a)). They are formed both over the callose platelets and the inter-
vening walls (see Fig. iii.8). Plasmalemmal invaginations were also
observed over the callose deposited on the sieve tube side of a

plasmatic connection between sieve tube and companion cell (Fig.. iv.4)

Plasmalemmal invaginations found in sieve tubes are mostly small
compared to those in parenchyma or ray cells. They are mostly within
the range of 1308 to 260A° but seldom do they rise beyond 850A°. Mature

sieve tubes normally have very small invaginations.

The interesting features of the invaginations in sieve tubes are
their shape and contents. In both young and mature sieve tubes, they

usually have fairly wide orifice regions (Fig. iv.5) and few appear
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with short necks between the plasmalemma membrane and enlarged sac
(Fig. 1ii.3). Perhaps this represents a stage which lasts only a

very brief time.

Frequently closed sacs, sometimes numerous, are evident in thin
sections (Figs. iv.6'- iv.8). These may possibly be represented in
non-median sections. If these sacs increase in size away from the
plasmalemma, and remain within the cytoplasm, it would seem that they
are to be regarded as originating from the plasmalemmal invaginations,

enlarging and eventually detaching themselves (Fig. iv.6).

In Fig. iv.7 the presence of an organelle, a mitochondrion in
the 'intervening cytoplasm and the protrusion of the sac into the primary
vacuole may also indicate that the latter has detached itself from the

plasmalemma.

Fig. iv.8 also shows the presence of empty rounded 'vacuoles'
in mature sieve tubes, in the vicinity of the smaller plasmalemmal
invaginations. It is possible that these may have originated from the
plasmalemmal invaginations. If these were the remains of plastid
membranes (suggested perhaps by the preéence'of starch grains nearby),
then they would probably not be intact, nor so small and with a single
membrane. Again there is a possibility of these being artifacts.. The
thin elongated neck séen in Fig. iv.9, bridging a small invagination
and an enlarged sac, certainly suggests that the formation is in the
process of being pinched off having moved in an endocytic direcfion.
Probably such pinocytosis is continuous. The smaller invagination

left behind will grow again once the enlarged sac is detached.

It has also been observed, that whatever the shape and size of
the invaginations or the state of the differentiation of the sieve

tubes, the contents of these invaginations are frequently fibrillar

0y
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(Figs. iv.6 and iv.7). It is rare to find tubules or vesicles within
‘them (Figs. iv.5 and iv.11). Often, these invaginations, especially
those found in mature sieve tubes, are devoid of any contents (Fig.

iv.3).

-The fibrillar content sometimes appear to originate from the
sieve tube wall itself. Figs. iv.2 and iv.10 show the continuity of
the fibrillar content with the wall fibres. As for the origin of
the occasional tutubles, it is possible that these are derived from
infoldings of the invaginations as has been suggested by Mahlberg and
co-workers (1974). A few vesicles have, howevér, been observed very

close to the cell wall possibly indicating a different origin (Fig. iv.11l),

Phloem parenchyma

A rather different sort of formation is éncountered in the
"parenchyma and ray cells. Most of the invaginations are fairly big
compared to those found within the sieve tubes. Most are observed to
lie in the range of 1000 nm to 1500 nm and occasionally bodies as

large as 3000 nm are encountered.

The occurrence of rounded sacs, with various fibrillar, tubular,
vesicular or laminar contents lying free in the big vacuoles of the
parenchyma or fay cells, is more frequent here than in sieve tubés
(Figs. iv.13 - iv.15). 1In fact this does not happen in the sieve tubes
except when the tonoplast breaks down as the sieve tube matures. In
most of these sacs, the two membranes of what may probably represent
the tonoplast and plasmalemma are still visible. Mahlberg and co-workers
(1971) were convinced that these represent secticnal views of large
invaginations that protrudé into the vacuole. Robards and Kidwai
(1969), however, suggested that such invaginations-do actually become

incorporated into the vacuoles by breaking free.
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In general, the shapes of the plasmalemmal invaginations in
-parenchyma or ray cells are variable, unlike those in the sieve
tubes. Most are rounded with fairly wide orifices (Figs. iv.16 and
iv.17) and those with narrow orifices normally have a short neck

(Figs. iv.12 and iv.19), and an ovate enlarged sac.

‘

Vesicles, tubules and lamellae rather than fibrils are the usual
contents of these invaginations. Internal vesicles vary in size,
numbers and contents. There.are many vesicles as often as few in an
invagination (Figs. iv.18 and iv.19). Size up to 200 nm have been
observed and these large ones are usually sphefical (Fig.iv15) although
collapsed forms are élso evident (Fig. iv.12). Constriction of the
bigéer vesicles may also result in a beaded appearance (Fig. iv.14).

Frequently, these forms intergrade one another (Fig. iv.14).

Most of the contents of these internal vesicles are of low electron
density; sometimes the density of the overarching membrane obscures
this (Fig. iv.15). The presence of almost similar vesicles within the

cytoplasm (Fig. iv.18) may give an alternative idea of origin.

The tubular contents often have a fairly uniform diameter but
sometimes they are 'beaded' which suggests the effect of periodic
constriction along their length (Fig. iv.14). Fig. iv.20 also shows
the ends of these tubuies swelling. The small spherical outline may

represent the cross-section of the tubules.

Laminar membrane aggregates, if they are present'as these

contents, frequently look like myelin sheaths (Figs. iv.15 and iv.21).

It is still uncertain how these contents originate. The suggestion
of Mahlberg and co-workers (1971, 1974) is supported by Fig. iv.19
(arrow), which seems to show that vesicles arise from an infolding of

the plasmalemmal membrane at'the orifice region. Other similar infoldings
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(Figs. iv.15 and iv.17) appear at different regions. Fig. iv.22 shows

the close proximity of the vesicles to the cell wall.

The functions of these invaginations and their contents remain to
be elucidated. There are two schools of thought regarding them. As
noted above, one holds that they develop in exocytic direction and the
other that they develop in endocytic one. 1In the_former case, cell
wall growth is a possible function; in the latter, the uptake of
solutes and ions. Certainly in the sieve tubes, it seems hardly
likely that the movement is exocytic; unless the invaginations are
purely artifactual, therefore, it would éeem réasonable to suppose

that they have a pinocytic function. Further studies are necessary.

(b) Endoplasmic reticulum

In Fraxinus, the endoplasmic réticulum (ER) of a young sieve
“tube has the appearance usual for such nucleate cells. The profiles
show the typical elongated cisternae or short tubules and most often
they are associated with ribosomes (Fig. iv.23). This roughER has
no strikingly obvious distribution in the young sieve tube but the
following remarks can be made. It is always present in the vicinity
of the developing sieve plates. Fig. iv.23 shows the ER in close
apposition to the plasmalemma of the callosed regions. The branching
nature of the ER is also evident. Some ER has also been found to
aggrepate near granular masses (Fig. ii.6). Since P-protein is
assumed to ofiginate from these granular masses, (seeChapter III,
section iia, the association of ER with them suggests some ontogenetic
relationship. Cronshaw and Esau (1967) also observed the presence of
ER surrounding or within the P-protein bodies of Nicotiana. It is
also probable that as early as this stage some single cisternae of
ER may have already positioned themselves at the periphery of the young

sieve tube wall (Fig. iv.24); Presumably the single ER cisternae
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seen in this figure will form part of the 'parietal' system seen in

mature sieve tubes after the ribosomes are lost.

As the sieve tube dufferentiates, the ER in it too becomes
modified. It ceases to be in the extended form or associated with
ribosomes. It forms'smooth stacks or convoluted associations of
~ various kinds which will later migrate to the periphery of the sieve
tube. The relative timing of these various changes in the sieve tube

is difficult to determine.

Different types of flattened ER aggregation have also been

reported in many other plants. Their profiles are sometimes interpreted
as tubular or cisternoid arranged in stacks, parallel or perpendicular
to the sieve tube wall. Thus in mature sieve tubes of Cucurbita (Esau
‘and Cronshaw 1968a) the 'parietal' ER appears as a single layer cisterna
next to the plasmalemma élthough stacked membranes are also encountered.
Evert and Desphande (1969) also reported the common occurrence of
orderly stacks of ER cisternae in mature sieve elements of Ulmus

americana; those with an irregular arrangement are sparse. In Acer

(Northcote and Wooding 1966), even though the 'lamellar stacks', which
was finally concludea to be ER remnants, héve individual lamellae
equivalent in width to the plasmalemma, the triple layer of the
individual laﬁella and the continuity of these two structures ha&e

never been resolved.

Bouck and Cronshaw (1965) observed that in mature sieve tubes of

Pisum sativum, the ER is compressed to form flattened layers of

cisternae parallel to the wall. These are sufficiently distinct that
ER merited a different name 'sieve tube reticulum'. Srivastava and

0'Brien (1966) also reported of similar findings in Pinus strobus.

They suggested this name be substituted with 'sieve element reticulum’

which would be applicable to all types of sieve elements. In both
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cases, vesiculation stages were reported to precede the development
of the mature forms. No such stages have, however, been observed

in Fraxinus.

Convoluted forms are also common both in dicotyledons (Johnson
1969 and Esau and Gil1l 1971, to name a few) and the gymnosperms. Recent

workers on gymnosperms observed that in Gnetum gnemon (Behnke and

Paliwal 1973), after losing their ribosomes, the ER tubules form
aggregates which lie parallel to each other but may become twisted
altogether. While Evert et al (19738 reported much branched tubular
aggrepgates of smoothER ig Welwitschia. Even tﬁough 'spiny vesicles'
have been found togefher with these aggregates which are clearly ER,
the& cannot here be related to the formation of P-protein for

Welwitschia appears not to have any.

Membranous bodies with quasi-crystalline aggregates possibly formed
by the association of originally randomly arranged ER cisternae, have

also been observed by Wooding (1967) in Acer pseudoplatanus. Wooding

also pointed this similarity of ordered aggregate in Acer to the lattice-
like inclusions of Dioscorea (Bechnke 1965) except for the dimensions in

the spacings between the cisternae. Dioscorea has a larger spacing.

Very little information is available on the actual process of
stacking or convoluting of ER in the maturing sieve tubes. Generally
there can be two different ways in which stacking is probably taking
place. Parthasarathy (1974) observed that in palms fhere is a gradual
shifting of the rough ER to the periphery of the cell as the sieve tube
differentiation progresses. Prior to aggregation of the ER along the
walls, the ribosomes are shed off first so that aggregations are
composed of only smooth ER. In most plants, hbwever, the rough ER

Cisternae aggregate in pairs or more before losing their ribosomes.
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By the time the stacks arrive at the periphery of the wall, they are
mostly smooth ER. Primula (Tamulevich and Evert 1966) Pisum (Zee
1969c) and Phascolus (Esau and Gill 1971) have been observed to stack

their ER in the second mode.

Stacking of ER ‘in Fraxinus, apparently takes place within the
cytoplasm before the stacks finally migrate to the periphefy of the
sieve tube. Fig. iv.25 shows a stage possibly at the beginning of
stacking where three ER cisternae are packed close together. Ribosomes

though present are not apparently attached to the ER cisternae.

As stacks increase in depth (Fig. iv.26), they show the usual
alternating narrow intercisternal spaces with the wider ER cisternae.
The intercisternal spaces are more electron dense than the cisternae.
The nature of the electron dense material has not been determined.
PossiblyAit is P—proteiﬁ as the tubular form has been reported to be
present in the intercisternal spaces of Vicia faba (Zee 1969g).

Fig. iv.26 shows ribosomes still attached to both the free surfaces

of the cisternal stack.

Other modifications to the otherwise normal flat stacking of ER
are somectimes observed. A somewhat fencestrated form is shown in

Fig. iv.27. Fig. iv.29 shows ER aggregating in a circular configuration.

An interesting feature in the process of stacking of these ER
aggrepations in Fraxinus, is their timing in relgtion to the differentiation
of the sieve tubes. 1In all cases shown, there seems to be no definite
time when stacking is actually taking place. Stacking can take place
when the tonoplast is still intact and the plastids have an electron
dense matrix (Fig. ivL26).- Even when the tonoplast has broken down
(Fig. iv.28) stacking is still going on. The stages in the development

of the convoluted form of ER.have not been traced.

.
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The orientation of the ER stacks along the periphery of the wall
does not appear to be significant. Within the same sieve tube, two
different types of orientation can be present. Fig. iv.30 shows two
profiles of flat cisternae in a stack, one lying parallel to the wall
and the other perpendicular to it. Howéver, the common form is the stack
arranged parallel to the longitudinal wall of the sieve tube. Short
perpendicular stacks are sometimes observed (Fig. iv.31). These are
reminiscent of the 'brush border form' whiqh led to the suggestion,
now abandoned, that they are actuallyplasmalemmal material displaced
from fhe wall (Spanner and Jones 1970). Sections cut obliquely may

give a rather different image of these ER stacks (Fig. iv.32).

Even though various other aggregations of ER are observed in the
mature sieve tubes, they are less common. Normally, a mature sieve
tube would be lined by one or two ER cisternae next to the plasmalemma
"(Fig. iv.33). Very often the space inbetween the plasmalemma and the
cisterna is also electron dense. These ER cisternae also give the

appearance of being continuous along the sieve tﬁbe wall.

Very often ER aggregates are observed to be associated with other
organelles in the siéve tube. Fig. iv.3{ éhows flat stacks of ER in
close contact with a mitochondrion. The association of ER with the
nuclear envelobe is not prominent in Fraxinus (see Chabte? IIIseétion
(iv) (c)) unlike the cases depicted by Esau and Gill (1971).. Here
only vesicles of tubules appear to be found within or outside the

nculear envelope.

The significance of aggregation of ER as the sieve tube
differentiates is still problematic. Aggregation is not restricted to
sieve element alone but occurs in many other cells such as nectariferous

Plant'cells which are highly active metabolically. Dexheimer (1966)

.



has also shown that ER aggregates can be induced in Lobelia erinus

pollen by treating with chloramphenicol, a chemical agent known to
inhibit protein synthesis. These changes were associated with
cessation of growth of the pollen tube and hence aggregation was

regarded as non functional.
- <

In the sieve elcments of Metasequoia, Kollmann and Schﬁmacher
(1964) regards the stacking of ER as an expression of specific
differentiation related to the function of the cell. Similarly Dorr
(1972) showed that the stacked ER in Cuscutta appear to serve for the
transfer of food from host sieve elements to thé parasite. ER may
aléo be an important source of enzymes involved in autophagasis in
differentiating cell as proposed by Zee (1969c). Wooding (1967),
however, suggested that the aggregation of ER represents a sequestering
of the membrane in an inactive form.v He thought that the agpregates

‘degenerate before the sieve element assumes the function of conduction.
(¢c) Nucleus

Most workers on the phleem structure of the higher plants agree
that mature sieve tubes lack a functional nucleus, a point already
established by early workers using the light microscope. They
detected its disintegration as the sieve tube differentiates. The
absence of a functional nucleus is observed not only in the higher plants
but often in the gymnosperms and the vascular cryptograms as well

(Maxe 1966).

Evert et al (1970) howevér, observed that the mature sieve elements
of the three species of Taxodiaceae and 12 out of the 13 species of the
woody dicotyledons they examined still contain nuclei. Only Robinia,
Ulmus and Vitis and all the three gymnosperms contained some sieve

elements with normal nuclei at the time when the former are'involved
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with long distance transport. Therefore, that the sieve elements
are enucleate at maturity, might possibly have been induced during

manipulation and fixation of the tissue.

Two broad types of nuclear degeneration have been recognised so
far in the study of sieve tube differentiafion (Srivastava 1975). 1In
the first the nucleus enlarges and loses its nucleolus and‘chromatin;
then the nuclear envelope disrupts and contents disperse. This has
been shown to take place in the nucleus of Phaseolus (Esau and Gill 1971)
and tobacco (Esau and Gill 1972). In Mimosa (Esau 1972), before the
nucleus disintegrates completely, pieces of nuclear envelope could
still be recognised by its nuclear pores. In the second type, which
has.been obscrvgd in Allium (Esau and Gill 1973), the chromatin is first
cpnverted into an amorphous alveolate mass and the nuclear envelope
becomes chromatic. The envelope does not maintain the integrity of
“the nucleus, even though it was not obviously ruptured and the
cytoplasmic ribosomes enter the nucleoplasm. Even when the cell
matures, the nucleus is still discernible. It contains deeply stained
amorphous material. Retention of the necrotic nucleus was also

observed in Pinus strobus (Murmanis and Evert 1966), P. pinea (Wooding

1966) and rye coleoptile (0 'Brien and Thimann 1967).

In the present work with Fraxinus, the nucleus has been obsérved
to undergo morphological changes as the sieve tube differentiates.
The nucleus of a comparatively young sieve tube, as judged by the
presence of P-protein body (Fig. iv.35) or the very deﬁse matrix of
the plastid {Fig. iv.36), does not differ much from any other nucleus
at interphase. It has a well defined outline but the éresenczof what
appears to be additional sﬁall nucleus in Fig. iv.36 suggests that it
is highly lobed even at the early stages of sieve #ube differentiation.

A single nucleolus is usually prominent. The chromatin is evenly
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dispersed giving a homogenous appearance to the nucleoplasm which is

comparable in density to the cytoplasm (Fig. iv.35).

The nucleolus in Fig. iv.37 . appears to be splitting up into
fragments. The chromatin is evenly dispersed as in the nucleus-ét
the early stages of ‘sieve tube differentiation. The nucleus, which
is lobed, does not occupy more than 50% of the width of thé lumen
(compare Fig. iv.36). Vesicles with double membranes are present
within the nucleus; probably these represent places where the cytoplasm
is present in invaginations of the nuclear envelope, a conclusion

suggested by the appearance of pores in the double membrane.

Stacking of ER along some parts of the nuclear envelope, which is
observed in most of the sieve tubes‘studied e.g. Mimosa (Esau 1972)
is less éommonly found in Fraxinus (see also Chapter III, section (iv)
A(b)). Fig. iv.38 shows two stacks of ER cisternae in close contact
with the nuclear envelope with electron dense material present between
the cisternae. This section was, however, taken from a less mature
sieve tube since P-protein is only about to be dispecrsed and both the

cytoplasm and nucleoplasm are comparatively quite dense.

However, at a later stage of the siéve tube differentiation,

. chromatin aggregates are more conspicuous for they appear as electron
dense masses randomly distributed within the thinning nucleoplasm.
There is also some slight tendency towards localised aggregation along
the periphery of the nuclear envelope (Fig. iv.39). This nuéleus is
from sieve element whose P-protein is about to be dispersed and whose
sieve plates have not yet been perforated. The tonoplast is still

intact but no nucleolus is evident. The plastids too appear immature.

" As the sieve tube differentiates further and the tonoplast breaks

down, the nucleus enlarges and loses its distinctive contents (Figs.



. 97.

iv.40 and iv.42). Generglly only one side of the nucleus is in close
contact with the longitudinal wall of the sieve tube even though

Fig. iv.42 shows the nucleus occupying the whole lumen of the sieve
tube. The nuclei at this stage are however not highly lobed. Only
Fig. iv.40 shows vestiges of the fragmeﬁted nucleolus; generally

the cytoplasmic contents appear to invade the nuclear space (Figs.
iv.40 - iv.45). Thus the nucleoplasm at this stage appears very
electron lucent and more or less homogenous with the cytoplasm. At

a higher magnification (Fig. iv.41) the nucleoplasm may seem to be
slightly denser than the cytoplasm and to consist of uniformly dispersed
fine material; but this may be a very slightly earlier stage than the
one ‘seen in Figs. iv.43 and iv.45 which give the appearance of the
cytoplasm having penetrated-the nuclear space even though there is no

clear indication of any rupture in the envelope.

At this stage of nuclear disintegration, tubular or laminar
structures are always associated with the nuclear envelope, either
inside or outside the laﬁter. In Figs. iv.43 and iv.45 those inside
the nuclear envelope give the appearance of smooth elongated ER.
Rounded outlines or vesicles are also common but these are probably
cross—-sections of tubular structures. Probably some localised
changes in the nuclear envelopes during nuclear disintegration are

responsible for these structures (Zee 1969a).

Quite matufe sieve tubes with degenerated nuclei are seldom
encountered and what is normally observed are just mature sieve
tubes without any trace of nucleus. Figs.‘iv.46 and iv.47 are
among the few photographs obtained of a disintegratinglnucleus. The
nuclear envelope in Fig. i9.46 which is elsewhere intact, is ruptured
at one point. A nuclear pore is barely visible (arrow) and the nuclear

Content is now aggregated along the periphery of the nuclear envelope.

.
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The nucleus in Fig. iv.47 also gives the appearance of the cytoplasm
having penetrated through the broken envelope while the nuclear content
exists as small dense aggregates. This photograph was from a sieve

tube whose sieve plates were about to perforate.

In Fraxinus, therefore, disintegration of the nuclear envelope
takes place after the disorganisation of the nuclear content, with the

envelope still intact as in Pisum sativum (Bouck and Cronshaw 1965)

and Acer pseudoplatanus (Northcote and Wooding 1966).

The ultimate fate of the nucleus in Fraxinus is conjectural.
Probably it is enzymatically digested fairly completely after
disintegrating further into small fragments. That may be the reason
for the difficulty in findihg recognisable fragments in mature sieve

"tubes.

In a number of woody dicotyledons nucleoli have been reported to
be extruded ffom the nucleus and to remain in the sieve element, as
early as in 1944 by Engard in Rubus. These 'extruded nucles? have
been ébscrved to have various external projections, well seen for
instance in Salix (Mishra and Spanner 1969). Zahur (1959) has reported
the existence of 'extruded nucledi in 41‘species distributed within
12 families. However, Deshpande and Evert (1970) disagree with the
conclusion that these bodies are in fact 'extruded nucledi. They
found that they were quasi-crystalline aggregates which arose early
in the sieve tube ontogeny when nucleus énd nucleolus were clearly
visible and intact. Their preliminary tests indicate these inclusions
to be proteinaceoué and similar to the P-protein in their staining
properties. A search was made for such bodies in Fraxinus, but

during the course of this work none were found.



(d) Plastids

Plastids of sieve elements are unique. Their morphology and
inclusions differentiate them from the plastids of other cells. Behnke
(1972) has even made a phylogenetic classification based on the inclusions
present alone. Mofphological changes seem to take place within the

plastids as the sieve tube differentiates.

In a very young sieve tube of Fraxinus, the‘plastids have the
usual double membrane, some electron dense lamellae, and a dense
fibrous stroma (Fig. iv.48). The fibrous nature of this is sometimes
not visible when the ground stroma is very dense. A few tubules may
be present, probably indicating an unorganised internal membrane system
Most of the plastids are rounded even at this stage and are usually
larger than the mitochondria. 1In sections, the plastids range in size
fromo.8u to 2.0u; the nﬁmber of starch grains per plastid varies from
one to nine. An estimate of the number of plastids in a sieve tube

gives a value of 58.

Later, numerous rounded starch grains appear within the plastids.
Sometimes spherical electron-dense inclusions are also present in the
fibrous stroma (Fig. iv.49); these could be phenolic in nature
(Gunning and Steer 1975). According to Behnke (1971), this type -of
plastid is classified as the S-type, as opposed to the P-type which has

proteinaceous inclusions instead of, or in addition to, starch grains.

The appearance of starch varies from greyish (Fig. iv.49) to
whitish (Fig. iv.50). It has been assumed that these diffecrences are
dependent upon the fixation and staining. In this stuay the same
fixation and staining combination has been used consistently througﬁout

consequently variation in the appearances.of the starch is more likely
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to be due to the plane of cut or the thickness of the sections. A

halo is also sometimes present around the grains (Fig. iv.50).

As the sieve tube undergoes differentiation, the plastids
gradually increage in size and appear to be 1es§ turgid, losing some
of their roundedness'. The outline of the plastid envélope becomes
irregular (Figs. iv.51 and iv.53), the two membranes sometimes

becoming separated (Figs. iv.52 and iv.53).

The stroma becomes less dense énd often shows a number of tﬁbular
membrane profiles sometimes possibly derived from disintegrated
thylakoids, a feature common to sieve element plastids in other
species (Behnke et al 1975). Very often small dark bodies, possibly
plastoglobuli, are also preéent (Figs. iv.$2 and iv.53). Finally the
stroma loses its electron opacity almost complefely (Figs. iv.53 and

iv.54).

The starch grains remain intact but often appear to become etched
at the margin giving a fissured or even a coarsely granular look (Fig.
iv.53). This has been illustrated for other species e.g. Phaseolus

(Palevitz and Newcomb 1970).

The distribution of plastids in a young sieve tube is variable.
The plastids are probably abundant near the sievefplafe ends wheﬁ the
sieve tubes are not fuily vacuolated (Fig. iv.55). As the cytoplasm
thins out with the formation of a large single vacuole, the plastids are
located along the periphery (Fig. iv.56). In fully perforated sieve
tubes, plastids are more often found disrﬁpted especially those near
the sieve plates (sce Chapter III, section (iii) (c)).. Starch grains
released from them are accﬁmulated near the sieve plates. This break-
up of plastids probably reflects an osmotic shock while the tissue was

being manipulated for examination in the microscope.



Fig. iv.1l.

Fig. iv.2

101.

TS of a young sieve element identified by
the dense matrix of the plastid. Note the
plasmalemmal invagination and large vesicles.
Close by are dictyosome vesicles which may be
migrating to the invagination. Some vesicles
int;rmediate between the two types occur,
perhaps indicating a connection. From stem

sampled on 23rd June,1975

x 39,000

TLS young sieve element showing beginnings
of the invaginations (arrows). Note the
apparent continuity of the fibrillar contents
with the cell wali fibrils. Judged by the
microtubules, the wall is seen partly in
surface view. From stem sampled in late
May, 1975

X 27,000
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Fig. iv.3

Fig. iv.4

102.

TS mature sieve tube. Note the frequency
of the invaginations and the gradations in
their sizes. Some invaginations appear
devoid of any contents. From stem stampled
on 21st October, 1975

‘

x 39,000

Formation of invagination over callose
deposited at the plasmatic connection
between a sieve element and a companion
cell. No contents appear to be present.
From TLS of stem sampled in 1ate.June,

1975 x 54,000






Fig. iv.5

Fig. iv.6

103.

Invagination with wide base and vesicular
content in a mature sieve tube. Short tubules
at the base may be non-median infoldings of the
plasmalemma opening into the sieve tube lumen.
Frop TS of stem sampled on 20th May, 1976

x 52,000

A young sieve element as indicated by the
dense cytoplasm and thick crenulated wall.
Note the beginning of the invaginations
(arrow). The size of the sacs increases
away from the plasmalemma. The fonoplaét
is still intact. From TLS of stem sampled

in late May, 1975 x 18,000






Fig. iv.7

Fig. iv.8

104.

Invagination with fairly narrow orifice and
short neck. Notc sac containing similar
fibrils; also the presence of a mitachondrion
in the intervening cytoplasm. The tonoplast
is intact and the sac is within the cytoplasmic

region. From TLS of a young sieve element

sampled in late May, 1975 x 45,000

Empty spherical vacuoles within a mature
sie&e element in the vicinity of small
plasmalemmal invaginations. Note the
presence of released starch grains (sg){
Section has chatter marks. From TLS

of stem sampled on 21st October, 1976

x 10,800






Fig. iv.9

Fig. iv.10

105.

Immature sieve element (note tonoplast) with
two invaginations, one having an elongated
neck. Probably it is in the process of being
"pinched off". The base which remains may
give rise to a new invégination. The contents
are fibrillar and show some continuity with
wall material. From TLS of stem sampled in

late May, 1975 x 45,000

Sieve plate at a late stage of differentiation,
recognised by the callose platelets and the
stacking of ER. Note the two invaginations.
The fibrillar content in the bigger one
appears continuous with material in the walls.
From TLS of stem sampled on 23rd June, 1975

x 52,000






Fig. iv.11l

Fig. iv.12

106

TS of mature sieve elements. Note the small
size of the invaginations and their contents.
One contains a combination of fibrils and
vesicles, the latter somewhat submerged

in the wall. From TLS‘of stem sampled in

mid-December, 1976 x 39,000

A large invagination in a ray cell.
Invagination is ovate with a fairly narrow
base and short neck. éome of the larger
vesicles within appear collapsed. Fibrils
are also present. The position.of the
tonoplast is not obvious. From stem

sampled in late May, 1975 X 26,000






Fig. iv.13

Fig. iv.1l4

1o07.

TLS of phloem parenchyma cell. Note
the abundance of various types of sacs
lying 'free'. From stem sampled in

mid-September, 1975 x 10,875

Higher magnification of the figure above.
Note the intergradation of the contents in
the sacs. Tubules appear beaded. The two
membranes of what may probably represent the
tonoplast and plasmalemma are evident at

A. x 39,000






Fig. iv.15

Fig. iv.1l6

108.

Apparently 'free' sac in the vacuole of a
phloem parenchyma cell. The sac is filled
with spherical vesicles. Two membranes
appear to bound this sac. From stem sampled

in late May, 1975 x 32,500

In phloem parenchyma cell. Invagination
has.fairly wide base and short neck. Contents
are mainly vesicular. Note the intermembrane
zone at A (i.e. zone between tonoplast and
the plasmalemma) and the infoldiAgs of the
membrane (arrows), suggesting an origin

for the vesicles seen within. From stem

sampled in mid-December, 1976 x 52,000
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Fig. iv.1l7

Fig. iv.18

109.

A wide based invagination. Vesicles are
comparatively large. Note infoldings of
membrane of invaginations (arrow). From
TLS of phloem parenchyma cell sampled in

mid-December, 1976 x 52,000

In a phloem parenchyma cell. Invagination
has numerous vesicles within. Density of
vesicles appears similar to the cytoplasm
but this may be due to the membrane. Note
the presence of other vesicles within the
cytoplasm. From stem sampled in late May,

1975 x 26,000
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Fig. iv,19 Large invaginations in phloem parenchyma
cells with vesicular and tubular contents.
Invagination has ER within the intermembrane
zone. Note the infolding of the membrane
(arrow) in the invagination on the right.

From stem sampled in late May, 1975

x 27,000

Fig. iv.20 'Free' sac within vacuole of phloem
parenchyma cell. The sac contains
tubules and circular mehbranes. The end
of the tubules appear swollen. From
stem sampled in mid-December, 1976

x 39,000
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Fig. iv.21

Fig. iv.22

111.

Invagination without attachment to the
plasmalemma but within the cytoplasm.

The layered lamellae within the invagination
present the appearance of a myelin sheath.
From TLS of phloem parenchyma cell, sampled

in late May, 1975 x 13,000

TS of two adjacent ray cells. Note the
close proximity of the vesicles in the
lower right invagination to the cell wall;
also the presence of spherical vesicles
in the 'paramural' area to the left.

From stem sampled in mid-December, 1976

x 39,000



\J

#:av -

m.f.
&




Fig. iv.23

Fig. iv.24

112,

A developing sieve plate. ER lies next

to the plasmalemma of the callosed areas.
The space between the plasmalemma and the
cisternae is not as electron dense as that
later occurring between the cisternae in
ER stacks. Ribosomes are still attached to
the free surface of the cisternae. From

stem sampled in late May, 1975 x 52,000

TS of young sieve element. A single ER cisterna

has already aligned itself at the periphery of

the wall to the left. Presumably this gives

rise to the 'parietal' ER. Note the plasmalemmal

invaginations with fibrillar contents. From

stem sampled in late May, 1975 x 26,250






Fig. iv.25

Fig. iv.26

113.

TLS of young sieve element. The
beginning of stacking of the ER
cisternae. From stem sampled in late

May, 1975 x 26,000

Parallel stacks of ER cisternae. Ribosomes
are still present on the free surfaces of
the cisternae. Note the electron dense
intercisternal spéces. The sieve element

is relatively young as judged from the

‘dense matrix of the plastids and intact

tonoplast.. From stem sampled in mid-

September, 1975 x 17,500 *
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Fig. iv.27

Fig. iv.28

114.

An ER aggregate with both flattened
and fenestrated cisternae. From TLS
of mature sieve tube of stem sampled

in late May, 1975 X 26,250

A parallel stack of ER in a felatively
mature sieve tube.. Note the electron
dense intercisternal spaces. One of
the outer cisternée appears to be

inflated. From stem sampled in late

May, 1975 x 26,250
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Fig. iv.29 RLS of mature sieve element. ER aggregates
in a circular or spiral form. Note the
'parietal' ER. From stem sampled in late

June, 1975 x 43,750

Fig. iv.30 fS of maturc sieve element. .The stacks of
ER are oriented both parallel to and
perpendicular to the wall. Notice the
mitochondrion partially sheathed by
stacked ER. From stem sampled in

‘late May, 1975 x 26,250
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Fig. iv.31

Fig. iv.32

116.

TLS of lateral wall belwecen two mature
sieve tubes. Short ER aggregates lic
perpendicular to the wall. Note the
plasmalemma to the left side of the
wall, and the invagination on the right.
From stem sampled in early October, 1975

x 43,750

TS of mature sieve element. ‘Probably
an oblique section of an ER aggregate.
From stem sampled in early May, 1975

x 70,000






Fig. iv.33

Fig. iv.34

117.

TLS of mature sieve element. The 'parietal’

ER is appressed to the wall of the sieve
element. The former has one or sometimes two
ER layers, which appears to be fairly continuous
along the wall. The intercisternal space is
electron dense. A median nodule is evident in
the region of a plasmodesma. From stem sampled

in late May 1975 x 43,750

TLS of mature sieve element. ER stacks
shcathing a mitochondrion. " Note the
tubular P-protein 5ear to it. From
stem sampled in carly Octobey 1975

x 26,000






Fig. iv.35

Fig. iv.36

118.

TLS of a sieve element judged by the P-protein
body and other organelles to be comparatively
young. Nucleus is lobed and has prominent
nucleolus. Chromatin is evenly dispersed
within the nucleus. From stem taken in

late May, 1975 x 14,000

Nucleus in a sieve element recognised as
lobed -

rather;Nucleolus is prominent. The smaller

‘nucleus' is probably the section of a

lobe of the nucleus. Nucleoplasm is

homogenously as dense as the cytoplasm.

From stem sampled in late May, 1975

x 4,625
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Fig. iv.37

Fig. iv.38

1l9.

Nucleus in an unperforated sieve element, where
tonoplast is more or less intact. Nucleolus
is fragmenting and nucleoplasm is as dense as
the cytoplasm. Note the two double membrancd
'vesicles' within the nucleus. Arrow probably
indicates a nuclear pore which would suggest
that thc vesicles are cytoplasmic invaginations
of the nucleus. From stem sampled in late

May, 1975 X 7,200

TLS of an immature sicve tube. Two ER
cisternae stack is in close association with
the nuclcar envelope. Note the dispersing
P-protein and the plastid which indicate

the statc of differentiation of the sieve
tube. TFrom stem sampled in late April,

1976 x 25,500
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Fig. iv.39 TLS of an unperforatced sieve tube older than
that in Fig. iv.36. Nuclecus is enlarged and
nuclcolus i1s not visible. Chromatin is visible
as small dcnse aggregates distributed unevenly
within the nucleus. There is also some tendency
of localised apgregation along periphery of
nuclear envelope. Note dispersing P-protein
and the plastids, both of which indicate the
relative stage of differentiation. From

stem sampled in early June, 1976 x 3,250

Fig. iv.40 Nucleus in a fairly maturc sieve tube where
tonoplast has broken down. Nucleus almost
fills the lumen of>the sieve tube. Nucleolus
is in fragments. Nuclear pores still evident
(arrows). Note the few ER cisternae which are
appressed to the nuclear envelope inside or
outside it. From stem sampled in late

May, 1975 X 7,200
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Fig. iv.4l

Fig. iv.42

121.

Higher magnification of Fig. iv.40. Therc is
a slight differcnce in the density of the
nuclcoplasm and cytoplasm. Small tubule-
like structures are present within the nuclear
envelope (arrowhcad). Arrows indicate nuclear

pore. x 27,000

Enlarged nucleus occupying the whole lumen
of a mature sieve tube in longitudinal
section. Note the various shapes and sizes
of the dolible membraned 'vesicles'. The
nucleoplasm and cytoplasm appcar almost
alike in density. ER cisternae are appressed
to the membrane or free or outside it. From

stem sampled in late May, 1975 x 7,200






Fig. iv.43

Fig. iv.44

122,

Higher magnification of part of Fig. iv.42,
The flattened tubule or cisterna within the
nculear envelope gives the appearance of a
smooth ER. Spherical tubules are also present
on the right hand side. The stack of P-protein
at the top left hand corner appears to be of
the tubular type. Nucleoplasm is of similar

density to the cytoplasm. x 27,000

Nucleus in a perforated sieve tube.
Tonoplast is broken down, and there is a
good deal of ER as;ociated with the nuclear
membrane and the éieve tube walls. The

sieve tube plastid is-maturing. The

nucleus is irregular in outline. From

stem sampled in late May,1975

x 10,800






Fig. iv.45

Fig. iv.46

123.

Higher magnification of Fig. iv.44.
Nuclcoplasm-is of similar constituency
as cytoplasm. Note the elongated
tubules which suggest smooth ER.
Nuclear pore (arrow) still visible.

x 45,000

RLS of a mature sieve tube. Nucleus is in
an advanced state of degeneration. Nuclear
envelope is ruptured at one end whilst the

rest remains intact. Nuclear content is now

aggregated along the periphery of the

nucleus and nuclear pore (arrow) is perhaps
evident in the inner layer. From stem

sampled in late June, 1976 x 42,000






Fig. iv.47

Fig. iv.48

124.

TLS of a sieve tube which is about to
perforate. Nuclear envelope is ruptured
at one side and pores are still evident in
some places (arrows). Appearance suggests
that the cytoplasm has penetrated into the
nuclcar space. The nuclear material is
present as dense aggrcgates. From stem

sampled in late July, 1975 x 18,000

Plastids are rounded and bigger than the
mitochondrion. Their stroma is rather electron
dense and fibrous iﬁ texture, some tubules

are present probably indicating an unorganised
internal membrane system. Electron dense bodies
can be seen, perhaps lipid in nature. From TLS
of a young sieve tube whose callose platelets
have not even been laid down on the future

pore sites. X 46,450
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Fig. iv.49

Fig. iv.50

TLS of a young sieve element. Plastids

are rounded and contain numcrous starch
grains. Stroma is rather clecctron dense
and fibrous or granular. An electron dense
body is present in one of the plastids.

The starch grains have an even boundary.
From stem sampled in late May,1975

x 9,750

TLS of a young sieve element. Plastids
are rounded and have a very electron
dense stroma. There is an electron
dense membrancus structure inside the
plastid on the right. Starch appears
whitish and has a halo. From stem

sampled in late May, 1975 x 27,000
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Fig. iv.51

Fig. iv.52

126.

Plastid from a maturc sieve tubec. The
outline of the plastid is indented and the
shape is a little flattened. Note the
tubules within, some forming a ladder-like
body. Starch grains appear white. From
stem sampled in mid-September, 1975

x 18,000

Plastids have a stroma containing a good deal
of tubular membrane structures. Some
plastoglobuli are conspicuous. Note the shape
of the starch grains and the scparated membranes
of the plastid envelope near the sieve tube
wall. From a TLS of étem’sampled in early

October, 1975 x 27,000






) ‘ 127.

Fig. iv.53 TLS of a mature sicve tube. The membrancs of
the plastid at A are partially separated and
its starch has a fissured margin. Starch in
plastid B appears similarly coarsely granular,
Tonoplast has broken down. Note the dispersed
P-protein, the mitochondrion and the membrane
stack. From stem sampled in late April, 1976

x 13,000

Fig. iv.54 TLS of a mature sieve tube with fully
perforated sieve plate. The stroma material
has disappcared from the plastid leaving the
interior electron transparent. Starch appears
fissured at the margin and some appcar granular
when the section is giancing. Note the
irregular outline of the plastid envelope.

The plas&ids appear to have lost their
turgidity. From stem sampled in late May,

1975 x 18,000
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Fig. iv.55

Fig. iv.56

128.

LTS of a young sieve element. The plastids
are distributed near the unperforated sieve
plate. The matrix of these plastids appear
electron dense. Note the dense cytoplasm.
From stem sampled in latec May, 1975

x 10,000

LTS of a young sieve tube. Plastids are
now situated along the periphery of the
sieve element. Note thal the sieve
element has a bigger vacuole. From

stem sampled in mid-July, 1975

X 3,250
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2. COMPANION CELLS

-~
Companion cells are a very characteristic component of the phloem

tissue of angiosperms. They can therefore be used as a distinguishing
feature for angiosperm sieve elements since gymnosperm sieve cells

léck them.

There is a close relationship between companion cells and their
sieve elements for a cambial cell gives rise 46 a phloem mother cell
which in turn divides unequally, usually to form a bigger sieve element
and a smaller companion cell. Gill (1932) rcported that the companion
cell of Fraxinus was formed by a radial longitudinal wall between the
two tangential walls of a phloem mother cell and not by an angled wall
(but see belo&,.Fig. 2.1) cutting off a corner of the mother cell as

_suggested by Eames and MacDaniels (1925) as general in angiosperms.

In Fraxinus, the size and number of the companion cells vary
aceording to the time of the year. During the active growing season,
companion cells are generally smaller and limited to one sieve elcment.
The companion cells normally lie next to the ray cells (Fig. 2.1);
occasionally a phloem parencyma cell comes between them. Those formed
at the beginning of the resting seas;n, however, have two or more
 companion cells to each sieve element and the former are very similar
in size to the sieve element itself (Fig. 2.2). Here the companion
cells lie on eitﬁer side of the sieve element i.e. are tangentially
disposed. Besides cases where companion cells extend along the whole
length of their sieve elements (Fig. 2.3) there are others where
because of transverse divisions, a sieve element possesses a chain of
companion cells (Fig. 2.4). The former tend-to occur in the very early
summer phloem, the latter in the phleem formed later in the season.

In the minor veins and endings of the vascular bundles in leaves the

relative widths of the sieve elements and companion cells are reversed

-
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(Morrettes 1962).

Observations made on the companion cells of other speciés show
that their cytoplasm is typically very dense. This is also true in
Fraxinus. The cytoplasm appears more dense in the companion cells
formed.during the onset of the resting season. It is often the
abundance of ribosomecs (Fig. 2.2) which accounts for this denseness
and probably the cytoplasmic ground substance at this time of the year
also takes up more stain. Fig. 2.5 shows ribosomes which sometimes

group together in clusters, usually in the vicinity of ER.

Vacuoles, delimited by a tonoplast, are small and numerous
especially in newly formed companion cells and in companion cells formed
over the resting season (Fig. 2.2). Vacuoles often enclose membranous

material (see élso Fig. 2.4).

The nucleus is also a prominent feature of companion cells for
iq many vicws it occupies a large proportion of the cell (Fig. 2.6).
The nucleus usually has an even outline and its nucleoplasm appears to

be slightly electron dense than the cytoplasm-of the companion cell.

As the companion cell-ages with the maturing sieve element, its
nucleus undergoes degenerating chapges. The size is relatively
reduced (Fig. 2.7). Some of the nuclear envelope appears to be inflated
(Figs. 2.5 and 2f8). As suggested by Esau (1973) who also reported of

inflated nuclear envelopes in companion cells of Mimosa pudica, these

may probably be artifacts. What happens to the nucleus when the

companion cell degenerates has not been traced.

A well established fact about the companion cell is the absence
(except in rare cases) of starch grains in their plastids. Starch

grains have in fact only been found in a few genera e.g. Cucurbita
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(Esau and Cronshaw 1968b). In Fraxinus the plastids appear to be

typical i.e. none were observed to carry starch grains.

The plastids in the companion cells of the present species assume
different shapes. Among those found ére the ovoid (Figs. 2.9 and 2.11)
and the stretched elliptical (Figs. 2.12 and 2.13). The stroma of
these plastids is so electron dense, especially in young companion
cells, that it sometimes obscures any internal structures present.
Thylakoids, if they are present, are not organised into the grana-fret
system. They appear in the simple form (Fig. 2.9), or beaded (Fig.2.14)
and may be filled with electron dense material (Figs. 2.12 and 2.14).
Rounded membrane—bouﬂd and electron dense bodies are sometimes observed
within these plastids (Fig. 2.11). Plastoglobuli are common, more so in
plastids of mature companion cells (Fié. 2.15). Figs..2.16 and 2.17 show.
a peculiar type of body regularly found in companion cells. It appears
to be a plastid for it has a double membrane. Within it and occupying
a large proportion of its volume are electron dense masses, which
may be lipoprotein in nature as suggested by Srivastava (1966). These
masses are reminiscent of the intralamellar inclusions of the plastids
in the cambium of F. americana Degeneration of these masses has also

been observed (Fig. 2.17).

Mitochondria, abundant in companion cells, support a belief in
their high metabolic activity. They are frequéntly ovoid and have
well developed cristae (Fig. 2.16). Dumb-bell shapes are also common
(Fig. 2.18). When companion cells are about to degeﬁerate in step
with their associated sieve tubes, mitochondria normaliy become swollen
(Fig. 2.15) and their cristae fragment {Fig. 2.19). The latter may

eventually disappear 1eaviﬁg the mitochondrion empty.
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Plasmatic connections between sieve elements and companion cells
were recognised as a special feature as early as 1908 by Hill. Their
ultrastructure, however, was not revealed until 1963 by Eschrich.
Observations made by many workers on other species have been found to
be parallel to the present study. Where a plasmodesma connects the
two Ceils it is always highly branched on the companion cell side.

The wall of the companion cell is usually thickened at this point

giving the final appearance of a delta (Fig. 2.20). On the sieve element
side, only a single branch is present and this meets with the branches
from the other side in the region of the middle lamella, often forming
median cavities (Fig. 2.21). Each plasmodesmatal branch is lined by
plasmalemma and sometimes may be penetrated by what appears to be a
membranous tubular structure (Fig. 2.22). Observations also showed
ccnnections ofER cisternae to these plasmodesmatal branches from both

the sieve element and companion cell sides (Fig. 2.20). Callose is

only encountered on the sieve element side of the plasmatic connections

(Figs. 2.22 and 2.23).

Another feature commonly observed in companion cells of Fraxinus
is a profusion of smooth ER (Figs. 2.24 and 2.25). This is probably
similar in nature to the ER stacks found in the periphery of mature
sieve tubes. As in the mature sieve tubes, electron dense material

appears between the narrcw alternating spaces of cisternae.

'Paramural bodies' which appear to ariSe from plasmalemmal
invaginations of the companion cells are also common (Fig. 2.26). These
small internal vesicles secmed to be very intimately associated with
the wall itself (see Chapter III, section (iv) (a)). Whether these
bodies detach themselves from the wall has not been ascertained yet.
HoWever, Fig. 2.27 shows multivesicular bodies without any apparent

connection to the plasmalemma. This may be, however, due merely to
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the plane of section.

’

When a sieve element nears the end of its life, or actuélly
ceases to function (as judged by its state or by its distance from
the cambium) the companion cell too undergoes further changes. There
is a general thinning of the cytoplasmic layer (Figs. 2.28 and 2.29)
which is now confined to the periphery, though the cytoplasm itself
may appear as dense as ever. Mitochondria, as mentioned earlier,
swell and lose their internal cristae, and the ER cisternae likewise
swell (Figs. 2.30 and 2.31). The fate of the plastids is still
doubtful. Fig. 2.15 suggests that the plastids become swollen as
well when the mitochoﬁdria swell. Plastpglobuli seemed to be more
abundant in these plgstids. However, Fig. 2.28 probably shows another
stage of plagtid disintegration. Hererthe type of plastid is similar
- to that of Fig. 2.10 in which electron dense material seemed to occupy
the central portion of the plastid. Both the inner content and the
dﬁpse matrix are in the process of loosening up and in Fig. 2.30, they
appear to be blending with the cytoplasm as the latter disintegrates.
This interpretation is borne out by the fact that the neighbouring
parenchyma cell has still itstomnoplast intact and appears well preserved
Tubule-like structures and vesicles éeem to occupy the space opened

out between the plasmalemma and the cell wall.

When the cytoplasm of the sieve tube is reduced to a congealed
residue which will finally be crushed or obliterated as the cambium
produces new phloem tissue (see Fig. 2.32), the compaﬁion cell contents
appear to undergo the same fate. Thus, a correlation séems to exist
to the end between the state of the sieve elements and that of their
companion cells which underlines the interdependence of these two
cell types. Whether such a correlation is present at the earlier

stages of development is more difficult to determine.
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Fig. 2.1 TS of the phloem region of  2-year old stem
sampled on 20th May, 1976. The size of the
companion cell is very small compared with that
of the large 'summer sieve element'. The
companion cell normally lies next to the ray-
cell. Note that the 'autumn phloem' (within
arrows) is still intact. In it, both of the

two companion cells and their sieve elements

are much more nearly equal in size. x 1,300
L
Fig. 2.2 TS of phloem region of " 2-year old stem sampled

in late March, 1976 ('autumn phloem'). Note
the relative sizes of the cells. Vacuoles in

the companion cells are numerous. x 9,750
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Fig. 2.3 ' TLS of phloem ¢fl+ year old stem
sampled in late May, 1975. The
companion cell extends along the
vhole length of the sieye element.
Note the plastids, vacuoles and
nucleus in the companion cell.

x 1,300






Fig. 2.4

136.

TLS.fromlé year old stem sampled in '
mid-May, 1976. The width of the
companion cell is as large as that

of the sieve tube which suggests that
this is part of the 'autumn phloem'.

The companion cells forma chain. No
signs of disintegration of the

companion cell appecar yet at this stage.
The dark bodies in the phloem parenchyma
are probably tannin. Notec the inclusions
within the vacuoles of the companion

cell. x 1,200



#7

se

#m

ary

S



Fig. 2.5

Fig. 2.6

137.

TS of a companion cell from 'autumn

phloem' of stem sampled in late October,
1976. Groups of ribosomes are situated
near the ER cisternae. Arrow indicates

inflated nuclear envelope. x 39,000

TS of a companion cell from stem sampled
in late March, 1975. The nucleus occupies
a large proportion of the cell and its
nucleolus appears to be double. Plastids

are very clectron dense. x 9,750
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Fig.2.7

Fig. 2.8

138.

TS of a companion cell of summer phloem
from stem sampled in late June, 1976.

The nucleus apparently is very much reduced
in size. Nucleoplasm is as dense as the
cytoplasm. Arrow indicates nuclear pore.

x 39,000

TLS of a companion cell. The nuclear
envelope appcars inflated (arrow). Nucleolus
is showing sign of disorganisation.
Nucleoplasm almost identical in density

with the cytoplasm. From stem sampled

in early October, 1976 x 19,500
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Fig. 2.9 TLS of a companion cell showing one of the
few plastids scen with simple thylakoids.
Note the abundance of plastoglobuli (pg).
From stem sampled in early October, 1975

x 40,500

Fig. 2.10 TS of a companion cell showing possibly the
same type of plastid as that in Fig. 2.9
From stem sampled in late April, 1975.

X 32,500
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Fig. 2.11

Fig. 2.12

140.

TLS of a companion cell showing plastids.
Note the continuity of thc inner of the two
membranes with the internal membrane system
(arrow). Note also the presence of rounded
membranc-bound electron dense bedies and
thylakoids filled with dark material. From
stem sampled in late May, 1975

x 43,750

TLS of a companion cell. Plastid is stretched-
elliptical with sparse internal membranc
system. Note the electron dense filled

structures, possibly thylakoids. From

stem sampled in late May, 1975 x 43,750






Fig. 2.13

Fig. 2.14

141.

TLS of a companion cell. DPlastids
have clcctron dense stroma and possibly
thylakoid. From stem sampled in late

May, 1975 x 19,500

An array of plastids in companion cell in
TS. One plastid (A) has a very electron
dense stroma; another (B) appears to be
cup-shaped; another (C) has plastoglobuli
and electron dense thylakoids and in

(D) thylakoids appear 5eaded. From stem

sampled in early May, 1975 x 26,250
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Fig. 2.15

Fig. 2.16

142,

Plastidg with abundant plastoglobuli
from a relatively mature companien cell
as judged by the swollen mitochondria.
From stem sampled in early October, 1976

X 26.250

'Peculiar body' found within a companion
cell, possibly a plastid (note its double
membrane). Contents are very electron
dense. From TLS of stem sampled in late

July 1976 x 26.250






Fig. 2.17

Fig. 2.18

143,

The 'peculiar body' again but its membrane
is ruptured and the contents have
degenerated (cf 2.16). From TS of
companion cell of stem sampled in mid-

Octcber, 1976  x 26.250

Dumb-bell shaped mitochondrion in a
corpanion cell. Note the multivesicular
body near it. From TLS of stem sampled

in late May, 1975 x 52,000
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Fig. 2.19

Fig. 2.20

144,

TLS of mitochondria in a companion cell.
Cristacec of mitochondrion on the lower

side are partially disorganised and matrix
has almost disappeared. ER cisternae also
appear swollen. From stem sampled in early

October, 1976 x 39,000

Plasmatic connection between a companion
cell and a sieve element; note the feature
which rescmbles a delta. Plasmalemma lines
these channels throughout. ER conspicuous
on the sieve element gide especially.

From stem sampled in late April, 1975

x 52,000






Fig. 2.21

Fig. 2.22

145.

TS of plasmodesmatal connection belween
mature sieve element and companion cell.
Note median cavity at the level of the
middle lamella. Plasmalemma lines the
branches. Prominent multivesicular body
present within the sieve element. From
stem sampled in late April, 1976

x 39,000

Plasmatic connection between mature sieve
element and companion cell. Note
conspicuous callose (ca) on the sieve
element side. From TS of stem sampled

in mid-May, 1976 x 52,000
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Fig. 2.23

Fig. 2.24

146.

TLS of plasmatic connections between
companion cell and maturc sieve element.
Callose conspicuous on the sieve elcment
side. From stem sampled in mid-May,

1976 x 26,000

TLS of a companion cell shewing profusion
of coiled ER. Notice the similarity to
the FR stacks in mature sieve tubes,
especially in the narrow, electron dense
intercisternae. From stem sampled in

carly October, 1976 X 26,250
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Fig. 2.25
Fig. 2.26

147.

TS of a companion cell wilh ER filling a
corner of the cell. Note the dark groups
of ribosomes and the electron dense

intercisternal spaces. From stem sampled

in mid-October, 1976 x 13,000

TS of a companion cell showing plasmalcmmal
invaginations. Vesicles are numerous
within these invaginations. Note the
smaller vesicles and tubules almost within
the cell wall itself. From stem sampled

in mid-March, 1975 x 19,500






Fig. 2.27

Fig. 2.28

148.

TLS of a companion cell showing multi-
vesicular bodies. Membrancs bounding
them are single. From stem sampled

in late May, 1975 x 26,000

TS of companion cell from stem sampled
in late October, 1976. Cytoplasm thinly
lines the periphery and there is only
one large vacuole. Mitochondria appcar
swollen and plastid is disintegrating (p)

x 19,500
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Fig. 2.29

Fig.

2

.30

149.

TS of a companion cecll. The state of the

companion cell is comparatively similar to

that of its sieve element. Cytoplasm thinly

lines the periphery of the companion cell.
From stem sampled in mid-May, 1976

x 19,500

TS of‘companion cell probably at the
beginning of disintegration. The ER
cisternae appear swollen and the plastid
has disintegrated. Note that the
neighbouring parenchyma cell (a) is

well preserved. From stem sampled in

late May, 1976 x 19,500
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Fig. 2.31 TLS of an ageing companion cell. ER
cisternaec become swollen and mitochondrial
cristae fragment. From stem sampled in

late October, 1976 X 43,750

Fig. 2.32 TS of stem sampled in late June, 1976.
Note the interdependence of the sieve
elements and the ccﬁpanion cells,
especially within arrowed region.

x 1,300
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3. PARENCHYMA CELLS

The parenchyma of the secéndary phloem is organised in two systems -
the axial and the ray (see Fig. 1.1). The axial parenchyma arises
from fusiform initials (Fig. 31.) which are also the precursors of
the sieve elements proper. The ray parenchyma originates from ray

initials.

In the secordary phloem of Fraxinus, the axial parenchyma appears
in tangential bands alternating with similar bands of sieve elements
(see Fig. i.3). 1In a longitudinal section (Fig. 3.2) the axial
parenchyma cells form longitudinal strands, the individual cells
are usually shorter than the sieve elements. The rays are either

uniseriate or biseriate and are many cells in vertical extent (Fig. 3.2).

Modifications take place in both systems when the sieve elements
collapse in thc obsolete region of the phloem. The axial parenchyma
cells become dilated (see Fig. 2.32) while the ray cells increase their
size and number in the tangential direction (Fig. 3.3). By these means
the phloem is adjusted to the increase in circumference of the axis

resulting from seccndary growth.

Ultrastructurally, parenchyma cells are of less interest when the
structure of phloem is considered. Neverthless, parenchyma cells contain
all the cellular components characteristic of metébolically active plant

cells.

Parenchyma cells in Fraxinus phloem are highly vacuolated, the
vacuoles being either visually empty (Fig. 3.4)or containing tannin-
like inclusions (Fig. 3.5), or crystals (Fig. 3.6). Tanniniferous

cells do not occur in specific zones in Fraxinus. In Pinus strobus

(Murmanis and Evert 1967) however, these are mostly stored in the

mature axial parenchyma and younger ray cells.
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Crystal formation occurs in both the parenchyma systems in
Fraxinus (Fig. 3.6). Accumulations are more frequently found in cells
contiguous with those undergoing sclerefication and with sieve
elements in the process of obliteration (see Fig. 2.32). In Pyrus
malus (Evert 1963) the crystal containing cells occur in tangential

bands and are commonly associated with fibre sclereids.

Holdheide (1951) who examined 77 species for crystal, categorised
the masses in crystals in Fraxinus as '"crystal sand". The shapes of
the individual crystals vary from elongated to isodiametric (Fig.3.6).
When observed under the electron microscope, most of the crystals are
visualised as the spaEes vacated by them; presumably they have been
removed during microtomy or preparation of the tissue. 80 % of these

crystals were found to be calcium salts (Holdheide 1951),

The protoplast of a crystal-containing cell in Fraxinus however,
is not lost as in Eucalyptus (Chattaway 1953) or eventually disorganised

as in Pyrus communis and P. malus (Evert 1960 and 1963); it remains as

a dark and very thin peripheral layer (see Fig. 3.6).

The nucleus in these parenchymacells varies from spherical to
elliptical (Fig. 3.7) with variouslj dispersed chromatin. It has also
been observed that some ray cells contain crystals (presumably protein)
often appearing. rhomboi dal or hexagonal included within the nucleus.

The crystal often lies close to the enlarged nucleolus (Fig. 3.7).

Parenchyma cells also exhibit plastids with a vafiety of shapes
ranging from ovoid (Fig. 3.8), elongated (Fig. 3.9) to dumb-bell
(Fig. 3.10.). These plastids, as usual, are quite distinct from those
of the sieve elements. They have more elaborate internal structures

as well as a different type of starch grain.
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Among the internal structures are elctron dense bodies in the form
which can be described as conglomerate (Fig. 3.10) or granular (Fig.
3.11). Membranous systems also occur single layered (Fig. 3.11) and
stacked (Figs. 3.8 and 3.15). The stacks appcar to be similar to the
grana of chloroplasts. Chloroplasts in fact have been observed in ray
cells (Fig. 3.12) with the usual grana and fret system. Ferritin is
quite common in parenchyma cells (Figs. 3.8 and 3.9) as are plastoglobuli
(Fig. 3.9). The structures described above are mostly found in plastids

devoid of starch grains.

The presence of starch grains in plastids of parenchyma cells is
interesting in that it shows seasonal fluctuation. In Fraxinus there
is no very clear demarcation in the times when they appear and
disappear, but they ;re particularly abundant during £he inactive

season. The reverse, however, happens in Pinus strobus (Murmanis and

Evert 1967).

The size and number of starch grains‘per plastid varies too.
They are normally large and numerous, almost filling the entire plastid
during the inactive season. Fig. 3.13 was fr&m tissue sampled in
December. Starch is nearly absent in the growing season. Frequently

electron dense structures appear to sheath these starch grains.

Lipid droplets (Figs. 3.4 and 3.9) too are common. Probably like
the starch grains, they form the winter food reserve. Variation in

their numbers with time of year was however not observed.

An organclle bounded by a single unit membrane and containing a
fairly homogenous electron dense matrix, often with a crystalline
inclusion has frequently been observed, in parenchyma cells. They

would seem to be a type of microbody (Fig. 3.14).
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Plasmodesmata are either distributed regularly or in primary
pit-fields. Plasmodesmata in pit-fields are often branched (Fig. 3.15)
in contrast to those distributed regularly. These branches meet at

the median nodule (arrow) as in Fig. 3.15.

A scattered distribution of plasmodesmata is usually found in
transverse and tangential walls of axial parenchyma; in radial walls
the plasmodesmata are more frequent and are clustered in pit-fields
(Fig. 3.16). Plasmatic connections between parenchyma cells and sieve
elements however, have not been observed. The only connection between
these cells may possibly be via the companion cells. Fig. 3.17 shows
plasmodesmatal connection between a ray cell and a companion cell.

There appears to be more branches on the companion cell side.



Fig. 3.2

TLS of vascular cambium sampled in late
February, 1975. The fusiform initials (fi)
give rise to the axial system of the phloem
and xylem which also includesthe axial
parenchyma. Ray initials (ri) which are
either uniseriate or biscriate give rise to
the ray cells. Section (lum thick) stained

with toluidine blue. X 592

TLS of the same specimen of bark (about 10um
away) as in Fig. 3.1. The ray cells (rc)
may somctimes appear biseriate. The axial

parenchyma cells (a) are rather shorter than

-the sieve elements, which are distinguished

by their sieve plates, plastids and by

the appearance of surge effects. x 384






Fig. 3.4

TS of bark sampled in late February, 1975.
Here, ray cclls (rc) have increascd in

numbers and size in the tangential direction.

The sieve elements do not yet seem to have been

obliterated completely. Section (lum thick)

stained with toluidine blue. x 266

A typical axial parenchyma céll of
secondary phloem from TS of bark sampled

in late April, 1975. The cell is highly
vacuolated. The protoplast contains the
normal organelles: nucleus, plastids, lipid
droplets (1d) and mitochoﬁdria. Note the
obliterated sieve tube and companion cell

to the right above. x 6,500






Fig. 3.5

Fig. 3.6

157.

TS of bark sampled in late May, 1975.
Note the prescnce of tannin-like
inclusions in some of the axial

parenchyma cells. x 1,300

TS of bark sampled in mid-December, 1976.

Both the parenchyma systems contain masses

of crystal cavities. The crystals are

reported to be mainly calcium salts, probably
oxalate (Holdheide 1951). Note that protoplast
remains as a very thin pefipheral layer

with visible organelles. x 3,250






Fig. 3.7

Fig. 3.8

158.

Nucleus in ray cell (rc). Note the enlarged
nucleolus and the crystal within the nucleus.
Chromatin is evenly dispersed. From TLS

of stem sampled in late May, 1975.

x 13,000

Ray parenchyma cell. Plastid is ovoid

with electron dense stacked internal structure
which probably represents grana. Note also
the ferritin (f) within the plastid. Stroma
is electron dense. From TLS of section of

stem sampled in mid-July, 1975 x 52,000






Fig. 3.9

Fig. 3.10

159,

Elongated plastid from axial parenchyma
cecll. Note the internal membrane system,
ferritin (f) and plastoglobuli (pg).
Lipid body (1d) is also present close to
the plastid. From TLS of stem sampled in

late April, 1975 x 39,000

Dumb-bell plastid in ray cell (rc). Stroma
is not so electron dense as those in the
plastids of young sieve elements and

companion cells. Internal membrane system

forming part of an electron dense conglomecrate.

Note the plasmodesmata connecting the ray cell
to the axial parenchyma cell (a). From TLS

of stem sampled in late May, 1976 x 19,500






Fig. 3.11

Fig. 3.12

160.

Plastid in axial parenchyma cell. Stroma
is less dense than usual. Note the
contents of the plastid: a granular mass,
a small rounded body and an elongated
membrane formatlion. From TS of stem

sampled in mid-May, 1976 x 32,500

Chloroplasts in ray cell. Néte the usual
grana and fret system, some of the grana
being scen in surface view. Starch grains
are present in some of the chloroplasts.
From TLS of stem sampled in late May,

1975 x 19,000
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Fig. 3.13

Fig. 3.14

161.

Plastid from axial parenchyma ccll. Starch
grains almost completely fill the plastid.
A membrane appears to sheath some of these
starch prains. From TS of stem sampled

in mid-December, 1976 x 19,500

Microbodies with a dcnse graﬁular matrix
bounded by a single membrane, onc containing
a crystal. Note the presence of a lipid
body (1d) in the vicinity. From TS of an
axial parenchyma cell of stem sampled in

late January, 1977 x 28,500






Fig. 3.15

Fig. 3.16

l62.

Plasmodesmata in a primary pit-field betwecen
axial parenchyma and ray cells. Note the
branching of the plasmodesmata at the small
mcdian nodule (arrow). Plastid contains a
starch grain and electron dense stacked
structure, probably grana. From TLS of

stem sampled in late May x 32,500

TS of secondary phloem sampléd in late May.
Arrows indicate primary pit-fields which
arc mostly on the radial walls of the axial
parenchyma cells. Note crystal cavities

in the vacuoles of parenchyma cells. x 2,850
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Fig. 3.17

163.

Plaématic connections between ray cell and
companion cell (arrow). More tranches

appear on the companion cell side than on

the ray cell side. Note that the ray cell is
enlarged. TS of stem sampled in mid-December,

1976 x 3,250
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N CHAPTER IV

DISCUSSION

The present investigation has managed to throw some light on the

developmental sequences as well as on some of the features of the mature

sieve tubes in Fraxinus excelsior.

There are no major differences in the differentiation of the sieve
element when Fraxinus is compared with other species that have been
investigated. The developmental sequence of the sieve-plate pores, the
ultrastructure of the plasmodesmata, companion cells, parenchyma cells
and the fate of the nucleus, tonoplast, plastids and ER when the sieve

elements mature all follow the established trend.

Two unmistakeable types of sieve elements are present: the wider
type of the '"summer phloem'" and the narrower of the "autumn phloem'". The
difference in size is probably related to the intensity of translocation
at the different times of the year. The ultrastructure of the sieve
elements of the "autumn phloem" also suggests that they overwinter in
a more or less functional state and remain so until new sieve elements

are formed in early spring.

The P-protein originates somewhat similarly to that outlined by
Behnke (1974). He was the first to reveal the close co-existence of
ribosomes and P-protein during the early stages of the sieve element
differentiation. Prior to this, there were only Specuiations but no

direct evidence on the mode of formation of the first P-protein filaments.

From the micrographs presented, there is evidence to substantiate
the view that polysomes are the source of the P-protein fibrils which
may constitute the ontogenetically earliest P-protein material in

Fraxinus. The micrographs which show the fibrils terminating on

~
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polysomes are about the most cogent eyidence. Polysomes exhibiting a
helical appearance are numerous in most of the micrographs bearing on
this point and this again is possibly suggestive of a relation with

the helical P-protein fibrils. The previous origin of these polysomes
themselves is uncertain but there is an indication that they may have

been sloughed off from the nearby ER cisternae.

The granular P-protein masses also observed may be comparable with
the early P-protein bodies seen in other species mentioned in Chapter
IIT, section (ii). But granular masses surrounded by polysomes and
the fibrillar material already discussed have been found to occur
together, side by side. This probably means that the two types of
elemental P-protein Which may both have originated from polysomes have
developed simﬁltaneously along two différent paths deéending on the
- local density of the cytoplasm. Some of these early fibrils already

showed the characteristic banded structure, also seen in other trees.

Fibrillar and tubular P-protein have.both been observed from
fixed sections and negative staining studies. There is also some kind
of internal transformation of the fibrillar to‘the tubular form taking
place in the well-developed larger P-protein bodies. As suggested by
Parthasarathy and Muhlethaler (1969) the transformation probably involves
the tightening of two helically-arranged filaments. In this study, two
fibrils, loosecly Wound together in a helix, have been revealed in

negatively stained phloem exudate.

Dispersal of the larger P-protein bodies also at first results
in the usual tightly-packed flocculi which show the well-known semi
crystalline banded structure (e.g. as in Ulmus) whose periodicity is

made prominent by the lateral registration of the bands.
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The differentiation of the sieve plate pore in Fraxinus, which is
centred around a plasmodesmatal canal, is basically similar to other
angiosperms already extensively investigated eg Cucurbita and Acer

pseudoplatanus. However, diffcrences exist in the deposition of the

callose and the perforation of the pores.

Deposition of callose takes place quite early in the development
of the sieve plates. As in Saxifraga (Deshpande 1974) and Cucurbita
(Deshpande 1975) the wall underlying the callose persists until the
final perforation. This disagrees with the earlier description of the
process in Cucurbita by Esau et al (1962) who suggested that the two
opposing callose platelets grow inwards in depth until they meet,
dissolving the cellulose wall (middle lamellae) away as they do so.

In both underétandings of the process an open channeliis formed which
. is lined completely (Esau)or paftially (Deshpande) by callose from its

inception.

In Acer, Northcote and Wooding (19665 had found it difficult to
tell whether there is any lysis of wall material to make room for
inwardly directed callose deposition, or whethér there is a continuous
outwardly directed increase in callose to keep pace with the general
thickening of the cell well. Perforation began by the proliferation
of the ER in the middle lamella region forming a nodule, followed by
_erosion of the callose under the apposed ER. Thus a pore did not have

to be lined completely by callose from its inception.

In this study, it is inferred (from the present micrographs) that
once the callose is laid down, further growth of the cellulosic wall
beneath the callose is stOpped. Growth in thickness of the callose
and intervening wall, however, takes place simultaneously, probably at

rates which are out of step, for a pore site which appears sunken at
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first (Fig. iii.3) later comes to protrude above the level of the

intervening wall.

The process of widening of the pores is not fully documented
here, especially whether it involves the removal of part or all of

the callose cylinder.

ER cisternae were observed at the site of the sieve pore through-
out its development. They were also found to be continuous with the
plasmodesmata. They gave the impression of having to do with lysis
of the callose and the middle lamella during the process of perforation,

as suggested by Esau (1969) and Northcote and Wooding (1966).

A state of occlusion with P-protein seemed to be the natural one
in the mature.sieve plates of Fraxinus, judged by the ﬁany micrographs
.- taken. This is an extremely controversial point; but in the present
work the impression gained was that these were not artifacts due to the
relecase of turgor pressure on excision. The appearance was tao
dissimilar from that of undoubted surge artifacts (see Anderson and
Cronshaw 1969, Siddiqui and Spanner 1970, Eschrich et al 1971).
However, other workers such as Anderscon and Cronshaw (1969) take a
different view. They believe that as a result of sudden release of
pressure, the initially open pores became blocked by sieve element
components such as P-protein and starch grains. Their sieve plates
distant from the cut surface however showed-occluded pores with
peripheral plastids intact. The present writer believes that this is

probably the natural state of affairs in a functioning sieve plate.

Many of the micrographs presented hére show P-protein strands
extending from the plate on its apparently downstream side and sometimes

on its upstream side as well. Again this has a bearing on the nature
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of the functioning sieve plates for an artifact due to sudden
displacement would almost certainly produce P-protein dispositions

very different on the two sides of the plate.

These extensions of tﬁe P-protein strands from the sieve plates
are interprcted most readily as being consequences (rather than causes)
of fluid streaming through the pores. This is in line with how
Spanncr (1975) envisages the initiation of the sieve tube movement in
accordance with his electro-osmotic theory. However streamers long

enough to extend to the next sieve plate have not been traced.

The semi-crystalline appearance of the P-protein fibrils within

the sieve pores, also observed in other species (e.g. Acer and Salix)

again suggesls the likelihood of their being brought into position in
a rcgulated fashion rather than being traumatically forced there, the
electric potential created across the plate serving to align the

P-protein fibrils along the electric line of force.

The compactness of the P-protein seen within the pores has probably
been enhanced by the deposition of callose consequent on manipulation.
The presence of callose here, is still of uncertain significance, for
pores occluded with P-protein but with little callose have also been
observed. Some even have densely compacted P-protein but little callose.
Even though all the present micrographs were taken from tissues
selected for uniformity and sampled by the same procedure, the possibility
of the variable callose observed reflecting variations in the samples
and treatment cannot be ruled out. Not all samples, for instance, may

have been equally easily penetrated by the fixative.

In any case, it cannot be concluded that callose is only formed

as a response to killing or injury (see Chapter III, section (iii)(c)).
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for nearly all studies of sieve plate development have shown the presence
of callose platelets early in ontogeny. Whether these callose
platelets are removed completely during perforation and formed again

on manipulation is still not settled.

The presence of broken plastids in most of the mature sieve tubes
observed may be due to many causes. The obvious one is their sensitivity
to the osmotic changes occuring on manipulation. Plastids are also often
assumed to be rather unstable when they mature for nearly all the
plastids encountered in immature sieve tubes remain intact though this
may be a cohsequcnce of the closed nature of the immature sieve element
itself. But quite offen, intact plastid; were found in mature sieve
tubes especially in those whose sieve pores were somewhat occluded.

To be found iﬁtact near unoccluded poreé may suggest £hat the s}eve
. tubes were not caught actively translocating and hence that their sugar
content and osmotic pressure was relatively low so as to preclude the

possibility of sudden changes.

Another interesting feature of the plastics in mature sieve
tubes is that even though the peripheral plastids further inside the
sieve element remain intact, those nearer the plates are much more
likely to be ruptured. This is possibly to be attributed to some
activity taking place in the vicinity of the sieve plates, but the

point is very speculative.

The frequent occurrence of an empty space immediately above the
sieve plates and enclosing many starch grains, is difficult to explain.
It appears to be a sort of "barrier" preyenting additional P-protein
coming into closer contact with the already-occluded sieve-plates.

In some instances, a fairly definite edge scems to bound a mass of

released starch grains.
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The spaces are also obvious in the montages present; nearly all
the sequential sieve-plates in a file showing them. P-protein appears
to pile up above these spaces while the sieve plates are occluded with
unconnected P-protein. This certainly suggests that some translocation
common to them all is taking place. They may represent a peculiar
artifact. They have not been noticed before in the published work of

others.

‘The nucleus as usual undergoes degeneration as the sieve element
matures. In Fraxinus, no trace of the nucleus beyond the ruptured
stage has been observed. It is probable that the nucleus is ultimately
digested by enzymes which makes it difficult to detect any disintegrating
nuclear fragments. In some species, nucleus has been found to be
retained eithér.in a normal or necrotic>state in the ﬁature sieve
- elements. Nothing corresponding to the so called ”éxtruded nucleolus'

as in Salix has been found during the course of the work.

The plastids in Fraxinus exhibit the'S—type according to Behnkes'
(1971) classification i.e. without proteinaceous inclusions instead of,
or in addition to, the starch grains. The usuél morphological changes
like losing the turgidity and electron density of the matrix also
take place when the plastids mature. The old starch grains tco appear

etched at the margins as observed in other species.

Fraxinus, in common with other species, both arborescent and
herbaceous, shows the peculiar plasmalemmal 'blebs' whose nature and
function is obscure. They appear as invaginations of the plasmalemmal
membranes and differences exist in those found in the sieve elements and
parenchyma/ray cells. From.the micrographs presented, invaginations in
the sieve elements appear to have developed in a continuous endocytic

(pinocytotic) fashion as opposed to the exocytic direction which is
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elsewhere probable; but interpretation here is not agreed and must
be cautious. Pinocytosis is a mode of uptake of solutes and ions,

and this may be a clue to its possible significance in the sieve tubes.

Companion cells being the distinguishing feature of angiosperm
sieve elements show differences in size and numbers in the '"summer and
autumn phloem'". ''Summer phloem'" has only one smaller companion cell
and the "autumn phloem" normally two or more, equal in size to the
sieve elements. They do not differ much from the other companion cells
of other species ultrastructurally: the dense cytoplasm, enlarged
nucleus, an assortment of plastids without any starch grains, abundant
mitochondria and the usual 'delta' structure of the plasmatic connection

to their sieve element.

Parenchyma.cells are worth mentioning briefly for when sieve
elements of Fraxinus are obliterated, the axial parenchyma becomes
dilated and the ray cells increase in size and numbers to adjust to
these changes. Their contents are typicalhand include tannins and

crystals of calcium salt, probably oxalate.
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