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PREFACE

The aim of this project has been to gain experience in electron
microscopy and to investigate selected problems of ultrastructure in
root tips using techniques of thin sectioning and freeze-etching,

The work was conducted while employed as a full time University
Lecturer. Studies began in 1963 and were continued in 1964 during
visits to the Physics and Engineering Laboratory (P.E.L.) D.S.I.R.,
Lower Hutt, ‘Towards the end of 1965 practical work began at Canterbury
following the acquisition of equipment and improved facilities. In.
1968 a further visit was made to P.E.L. to use the recently installed

freeze-etoh equipment.

In the absence éf experienced ultrastructural plant cytologists
for guidance throughout most of the study, one of the principal tasks
has been the selection of material and problems amenable for
investigation. Exploratory work was carried out on the fine structure
of meristem and differentiating root cap cells (Fineran, 1966 - included
here as an appendix). From this stud& a more detailed investigation
developed on the ultrastructure of vacuoles. The final results and
discussions of this work on the vacuole and the necessary preliminary
experiments on the preparation of root tips for freeze-etching form the
basis of this dissertation. Each chapter represents a unified topiec
within the framework of the project. The literature relevant to each

topic is reviewed in the chapter concerned.

An integral part of the project involved the establishment of an
electron microscope laboratory in the Botany Department of this

University.



I am grateful to Messrs WeS. Bertaud and D.M. Hall for basic
instruction in electron microscopy; to Miss Suzanne Bullock for
technical assistance during the later stages of the work; +to
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D.Go Lloyd for assistance with the statistical analysis; to Professor
Ann Wylie for literature translations and constructive criticism of
the work and to my wife Judith for critical reading of the manuscript.
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I. INTRODUCTION

The development of the electron microscope (see Hall, 1966)
and associated techniques (see Pease, 19643 Kay, 19655
Sjostrand, 1967) has led to the growth of a whole mew field of
biological researchs Prior to 1930 cytological inquiry was
limited to resolutions mainly above 1,000 ﬁ, Today, with modern
electron mioroscopes,it is possible to resolve particles to within
a few,gngstroms (see Wischnitzer, 1962, 1967)e In early years
diff'iculties in sectioning limited the application of electron
microscopy to cytology but since the late 1940's, with the develop-
ment of ultramicrotomes (see Porter; 196l ; Soxvall, 19653

Sjgstrand 1967),prograss has been rapid.

Because material prepared for thin sectioning is treated
chemically, preparations are subject to artifacts. The artifact
problem is diminishing as more observations are confirmed using
different techniques, but the fact that dead oells are studied
remains a source of oriticisme. A technique which largely circumvents
chemical treatment of ocells for electron mioroscopy is freeze-etching
(Steeres, 1957; Moor et al., 1961; Moor, 1966b; Koehler, 1968).

In freeze-etching, living cells are very rapidly froszen, then fractured,
etohed and a replica of the exposed surface studied. | The tachnique
 provides an independent approach for assessing results from thin
sectioning; it also provides new information in the form of three

dimengional imeges and surface views of cell structures.
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The appliocation of electron microscopy to plant cytology
developed late compared with its application to animal oytology
(Buvat, 1963a); +this was due partly to difficulties of specimen
preporation (Pease, 1964) and to the small number of workers in the
fields The first important papers describing fine structure of
cells in seed plants appesred in the late 1950s (e.ge Buvat, 1958;
Lance, 1958; Sitte, 1958; Perner, 1958; Schnepf, 1959;
Wholey et al., 19592 & b,1960a & b; Porter & Machado, 1960;
Hohl, 1960. TFor other references see "The International Pibliography
of Electron Microscopy" vols. 1 & 2 and Sitte, 1961). During this
period studies were confined mainly to meristemstic cells (e.z. Sitte,
1957; Buvat, 1958; Whaley et al., 1960a; Hohl, 1960); difficulties
in preparing highly vacuolated cells hindered progress with other
tissues, Even in 1963 informetion on the ultrastructure of
differentiated tissue in higher plants was scant (Buvat, 1963a3
Eseu, 1963)s  Since then, however, research papers have appeared at
an inocressing rate (see texts by Cété, 1965; Frey-Wyssling &
Muhlethaler, 1965; Clowes & Juniper, 1968; Pridham, 1968).

An organelle characteristic of plant cells is the vacuole. The
word 'vacuole' was first applied to contractile vacuoles of protoszoa
by Spallanzani, in 1776, but it was not until about the mid-nineteenth
century that the name became applied to the more stationary structures
of plant cells (see Zirkle, 1937).  Vacuoles have been regarded as
cell inclusions (e.g. Holman & Robbins, 1§5AJ but modern research
has clearly shown that they ave cytoplesmic in nature (e.g. Frey-iiyssling

& Muhlethaler, 1965; Clowes & Juniper, 1968). The vacuole is o single
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membrane bounded organelle which usually contains a large amaunt,af
waters During cell differentiation, the vacuoles enlarge, fuse

end eventually occupy a large proportion of the cell. Unlike animal
cells which grow by increasing the mass of protoplasm,; plant cells
expand‘with great economy of protoplasm production by filling much of
the cell with vacuolar material. In addition to wétér, vacuoles
contain various ﬁi@galved and colloidal substances, and solid matter
in the form of orystals and portions of oytoplasm. The nature of
the contents is, however, variable among vacuoles of a cell and in
one vacuole at different stagea of differentiation, Vacuoles perform

a variety of functions. They ave important in the support

of primary tissues by means of the turgor pressure developed within
thems Vacuoles are also sites for storage, synthesis and deposition
of waaté products., Current studies indicate that vacuoles often

contein enzymes and mey function as lysosomes (e.g. Matile & Moor,

1968),

Since the 1880's a vast literature has accumulated on the physiology
and cytology of vacuoles (veviewed by Bailey, 1930; Zirkle, 1932,
1937; Guilliermond, 19413 Drawert, 1955a & b; Kramer, 1955;
Pisek, 1955; Dangeard, 1956; Voeller, 196L4; Dainty, 1968), During -
the past decade observations have been extended to the ultrastructural
levels However, compared with other organelles of the cell (aaa
Frey-Wyssling and Mihlethaler, 1965; Clowes & Juniper, 1968)
comparatively little work haaEbenxdavated‘spaoifiaally'to the fine
structure of vaouoles. Studies have been made in an attempt to
explain the origin of vacuoles (e.g. Buvat, 1958; Poux, 1962;

Marinos, 1963a; Barton 1965; Rowes, 1965b; Ueda, 1966).
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Observations have been made on the tonoplast in thin section
(6sge Grun, 1963). Recently there has been a growing interest
in the cytoplasmic inclusions found within vacuoles (e.g. Gifford
& Stewart, 4968; Buvat & Coulomb, 1968).

However, few systematio investigations have been made (1)‘ta
evaluate the shape of vacuoles in electron mioroscope preparations,
(2) to determine the effect of various conditions of fixation on
the presérvatian of vacuoles (3), to exemine the organization of the
tonoplast in freeze-eteh replicas and (4) to survey the various types
of cytoplasmic inclusions found within vacuoles of root tips. In
this project these aspects of the vacuole have been studled using thin
sectioning and freeze-etoh techniques. Root tips from five species were
useds. Before freeze-etching could be applied to problems of vacuole
ultrastructure methods of preparing root tips for freeze-etching had
to be develeped, This preliminary work on freeze-etching is

presented first.
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2e  MATERIAL AND METHODS: GENERAL

Technical details not previously published (Fineran, 1966 =
see Appendix I) are outlined belows Schedules applying to
partioular experiments are described in the relevant chapters.
General information was obtained from texts by Mercer and Birbeck
(1961), Kay (1964, 1965), Pease (1960, 196L), Sjdstrand (1967),
Sorvall (1965), Vogel (1946), Hall (1966) and Wischnitzer (1962).

241 Lant Material

Root tips were taken from Lonicera nitida, Mentha citrata,

Allium cepa (onion), Zea mays (corn), Triticum vulgare (wheat) and

Avena sativa (oat). Species selected were those found to be most

suitable for study at the time. Allium, Zea, Triticum &nd Avena

were introduced after difficulty was experienced in handling the other
species for freeze-etoching. Lonicers and Mentha were derived from
clonal stocks and roots obtained adventitiously. Cuttings of
Lonicera were struck in soil in pots and roots took several weeks to
develop, Cuttings of Mentha were placed in % strength Hoagland's
nutrient solutlon and roots were initiated within about a week,
Whenever possible plants were transferred from the greenhouse or
laboratory to a controlled environment (provided by a growth cabinet)

prior to experiments,

Roots of Zea, Triticum and Avena were obtained from seeds
germinated in an incubator in the dark for 12 to 24 hours at 259C,
The Allium roots were produecsd adventitiously on bulbs grown on watere

All seeds and bulbs were purchased locally,
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2.2 Chemicals and Solutions

Analar and laboratory grade chemicals were used wherever
 possible. Glass distilled water was employed in prepsring agueous
solutions.

2.3 Prepersbion of Material for Thin Sectioning

251 Fixation

Root tips 1~2 mm long were selected for most studies.
Occasionally median longitudinal slices 1 mm thick were
used; otherwise specimens comprised excised whole root
tips. Speoimens were cut in tap water prior to KMnO)

fixation and in the fixative for other schedules.

Potassium permanganate (KMnO#) (Luft, 1956; 7
Mollenhauer, 1959), osmium tetroxide (0s0)) (Palade, 1952)
and gluteraldehyde (ebbreviated GA) (Sabatini et al., 1963)
were the principal fixatives employed, singly and in
combination. Three main or "standard"” schedules were
followeds
1. Standard aqueous KMnO)s 2% solution (0.126M; pH ca 8.5)

with fixatibh for 2 hours at room temperature (16-20°C).

2, Standard buffered KMn0y, 2¥ solution made up in
0,140 M veronal acétata—ﬂCl buffer pH(s) 6.5-7.5) with
fixation for 2 hours at room temperature.

3. Standard GA/0s0,: 6% GA (Biological grade) in 0,066 I
Sorensen's phosphate buffer (pﬂ 6+8) for L hours,
followed by washing in buffer (3 changes during 3
hours), then post fixed in 1% 080, in buffer for 12

hours  followed by buffer washes againg all stages
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were conducted at 4°C,

pHs were checked using a radiometer (Copenhagen)s
During the first 30 minutes of fixatlon specimens were
evacuated at 64 om mercury (provided by a water vacuum
pump) to remove air from intercellular spaces and to
assist penetration of fixative.

Dehydration and Embedding
Among various methods tested (Davis, 1959; Mollenhauer,

1959, 19643 Juniper, 1962; Mohr & Cocking, 1968) the
procedure using Araldite (Glavert & Glavert, 1958; ILuft,
1961) outlined by Merrillees st al. (1963; Merrillees pers.
camm. %o WeS. Bertaud, 1962) proved to be the most suitable
after some modification (Fineran, 1966). Speoimens were
enbedded in gelatin and BEEM capsules.
Ultramicrotomy

After 1964 sections were cut on an LKB Ultratome II
using glass and diamond knives.* Glass knives were prepared
on anlKB glass bresker. Most of the illustrations presented
are based on sections cut with dlemond knives.

Sections were picked up from the trough using SjBstrand
Type one~hole grids and after staining transferred to
standard mesh grids (Method adapted after Galey & Nilsson,
1966).
"Staining"

Specimens were block stained during dehydration in

saturated uranyl acetate in 70% acetone overnight (method

“Diamond knives obtained from Friedrich Dehmer, 8202 Bad
Ailbing, Germany.
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modifed after Jensen, 196l and Wooding & Northcote,
1965)s  Sections were postestained by floating the
one=holed grids on drops of stain on a wax blocks The
drops of stain were placed around a hollbw conteining
pellets of NaOH (%o absorb CO02) and the whole covered with
the 11d of a petrd dish pressed into the waxe Stains
were centrifuged for 10 minutes before use, Millonig's
(1961a) lead tartrate snd Reynolds' (1963) lead citrate
wore the principal stains employed. The micrographs
presented are based on sections stained with lead tartrate,
A staining time of 10 minutes was used for Kin0j, ~fixed
tissue and upwards of 2 hours for GA/0s0) preserved

maberial,

2.4  Preparation of Materisl fo

Pretreatment of Specimens

" Two procedures were adopted: (a) Roots were
grown in glycerol at different concentrations and
for verious periods prior to freeze-fixation. (b)
Specimens weve prefixed in GA in glycerol followed by
freeze-fixation. The experiments involved in preparation
of root tips for freeze~stching are desoribed in chapter 3.
Freeze-Etching

Root tips 1=2 mm. long were excised in glycerol of

the same concentration used for pretreatments Large
roots were further cut to remove the median | mm, thick
longitudinal slice using an appavatus similer to that
figured by Branton and Moor (1964).
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Specimens were placed on % mm copper discs and orientated
under a stereoscopic microscope. The copper disc was then
plunged into liquid Freon - 12 for a few seconds and quickly
transferred to liquid nitrogen for storage, Freeze-stching
was cerried out on a Baluzers apparatus similar to that
desoribed elsewhere (Moor, gt al., 1961, 1963; Moor, 196k;
Hall, 1967)s Root tips were fractured, etched for 1
ninute aé;bOGOC, shadowed with platinum/carbon (Moor, 1959)
at an angle of 30 degrees and then ‘carbon was applied from
a vertical position. Silver was occasionally evaporated
on to this replica to give added strength during subsequent
handlings. The yield of specimens with good shadowing
was low bubt towards the end of the work some improvement
was achieved by increasing the length of platinum wire from
5 to 8 om with the carbon fixed at 5 mm. Affer etching
and shadowing, replicas were floated on to distilled water
containing s drop of detergent.
Three methods were used to digest adhering plant
-material from the veplicas
1e Water supporting the replica was gradually replaced
over + hour by concentrated nitric aeid and left for
1 houre The concentrated acid was then progressively
replaced by fuming nitric acid and the replica left in
this for 45-60 minubtes, - Sometimes the replice was
placed in a water bath at 76°C during this period.
On cooling, the fuming acid was cautioﬁsly diluted
with water until all frae@ of acigigemoved. This

method (modifed sfter Hall, 1967). gave mainly clean
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replicas within a few hours but care was required in

hand;ing specimens.
Z.k The fepli&a was transferred from»distiiléd wafar’to
75% sulphuric aeld (L hours), The acid was then
ailuted to about 107 and the replica placed in 5%
chromic 5% nitric acid overnight. Next morning the
replica was brought down to water and thoroughly washed
o in sever&l‘ohangés before being grad¢ﬁ$ly transferred to
| bleach (é‘commeraial produsﬁ similar to "Janola"
containing a concentrated solution of sodium
hypochlorite and NaOH), Replicas remain in the bleach
for % hour before being returned to water, The method
pro&ﬁoea reasonably intact replicas though specimens
were sometimes contaminated.
3e Replicas were prepared following the gehéral gchedule
outlined by Branton and Moor (1964) using bleach for
2 hours and 70% HpS0), for 4 hours.  Variable results
were abtained‘usiﬁg this aché&ulea
Solutions were 6hanged using a fine pipétte,  VWhere possible
fép1ica5 weré‘transferred between solutions using a small loop of
platinum wire..
_ : 2.5 Guids
Copper grids were used throughodt the study. Sections were
mounted on 100 mesh grids covered with a collodion film (see Kay,
1965 p;62) reinforced Wiﬁh carbon. Other types of griés were used
‘OGcasionally for special purposes, An Hitachi Vacuum evaporator

(mypé HUS-3B) was used for preparation of carbon £ilms,
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Freeze-etch replicas were mounted on bare 400 mesh grids and

ococasionally on 200 mesh grids with a support £ilm of collodion.
246 Microscopes

Sections and replicas were examined using Philips (EM 100B &
EY 200) and Hitachi (HS-7 & HU11-B) electron microscopess Thick ~
thin sections were observed under phase contrast microscopy with e
Reichert Z@topan;

2.7 Photographic Procedures

35 mm Kodak fine grain positive film, developed in D16 for 4
minutes, was used in the Philips electron microscopes. Ilford plates
N 60, N 50 & N 40, developed in ID2, were employed with the Hitachi
instruments. Ocoasionally for specisl purposes Kodak Electron Image
plates were used, :

Electron micrographs were prin%e& on Ilford papers. The freeze-
etch illustrations presented are printed so that the shadow is white
with the direction of shadowing indicated Yy an arrow near the botiom
right corner. TFor the dissertation the original plates were photo-
copied and printed on Agfawéevaert preﬁection duplex papers
Catalogue numbers of negatives used in preparation of the plates are
given in Appendix II. The numbering of the illustrations continues
on from that of the prsliminaty work (Appendix I) and startshere at

15

Besides direct observations under the electron mloroscope,
regults are based on examination of over 2500 electron milorographs.
Approximately 300 different fixationswere prepared and about 1500
specimens sectioneds A total of 57 freeze=etchings were made énd 130

grids prepared, One to four root tips, depending on size, were
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 frozen~etched each time.

Qualitative and quantiﬁative sampling of cell structures was
made from mierégraphs ﬁaken at fixeé‘magnifioatiana and directly

from the soreen of the Philips EM 100B electron mioroscopes
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3o  EXPERINMENTS ON THE PRETREATMENT OF ROOT TIPS FOR FRERZE-ETCHING

3.1 Introduction

The faahniqua of freeze-etching is finding increasing use in
botanical research (see Koehler, 1968). The method, based in principle
on the work of Hall (1950), was first applied to biolozical objects
by Steere (1957) and improved by Moor and assoclates (Moor gt al., 1961,
19635 Moor, 1964; 1965, 1966a & b)s While several studies have
been devoted to bacteris (e.g. Giesbrecht & Drews, 1966; Moor, 19664;
Remsen, 1966; Remsen & Lundren, 1966; Remsen et al., 1967a, 1968;
Nanninga, 1968), fungi (e.g. Moor & Mihlethaler, 1963; Moor, 196k, 1967;
Matile ot ale, 19653 Hess et als, 1966, 1968; Branton & Sauﬁhworth,
1967; Matile & Wiemken, 1967; Remsen et al., 1967b; Sassen ef al.,
1967; Hess, 1968; Hess & Stocks, 1968), algae (Bttlinger gt al., 1965;
Herrmann & Staehelin 1965; Jést & Zehnder, 1966; Staehelin, 1966,
1968a & b, Lesk & Burke, 1967; Leak, 1968a), structure of plastids
(Frey-Wyssling & Schwegler, 1965; Mihlethaler &t ale, 1965; Bamberger
& Park, 19665 Bronton & Park, 1967; Dilley et 2ley 1967; Pork &
Brenton, 1967; Guerin~Dumartain, 1968) and'other éapects of planﬁ
ultrastructure (e.g. Eggmen, 1966; Moor, 19660;  Hall, 1967; Johnson,
1968) comparatively little work has been done on root tip tissue.

The first successful attempt to freeze~ebch root tips was made by
Branton and Moor (41964) and Moor (1966b)s In preliminary experiments
Branton end Yoor found that root tips were more difficult to freeze
than y@ast‘sells‘(mbor & Wihlethaler, 1963) but th@y'wére:finalxy
successful in freeze-stohing roots of Allium geps which had been

initiated and
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grown in 20% glycerol for 5 dayss Other {1llustrations of £rozen»
etohed root tips have appeared (Moor, 1965: Branton, 19663 Hortheote,
19673 TFrey-Wyssling, 1966, 1967) but no dstailed study had been
published at the start of the present work, Since then, other papers
have appeared (Matile, 1968; Matile & Moor, 1968; Northoote &
Lewis, 1968)s The difficulty of pretreating root tips for freesze-
etching, in fact anything except unicells and fungi, appears to be one
reason for the paucity of investigetions on root tips and other organs
of higher plants. Also, because fracturing is random, there is the
problem of working out the location of cells in replicas of a
multicelluler tissue,

Before freeze-etching can be successfully carried out freeze=
fixation must be perfected (Moor, 1966b). For this, biological
material must be rapidly and uniformly frozen throughout and fulfill
two physical vequirements; it should (i) be freezesble without
production of ice crystals and (ii) be etchable. As most plant tissue
contains above 807 water, freeze~fixation without freezing demage is not
possible unless either extremely high freezing speeds are used or an anti-
freeve agent can be intraduoea to increase the frost hordiness of the
specimens The use of an anti~freeze agent is usuilly preferred. This
process involves the gradual impregnation of a nontoxic hydrophilic substance
into the cytoplasm and vecuole in such a way that the metabolism of the
cell is not destroyed, Prefersbly, the tissue should become adjusted to
the presence of the anti-freeze agent and continue growth so that the
freeze-etoh replica ultimately prepared represents the condition in a
viable cells So far, glycerol has‘proved to be the most successaful

anti-freeze agent for plants (Moor, 1964, 1966b)s If the tissue need



not be viable at the time of freeze-stching chemical pre~fixation
(Moor, 1966b) may be employed with subsequent or simultaneous glycerol

impregnation,

This éhapter reports results of experimeﬁ%é carried out while
aftempiihg‘ﬁo prepéra vaot tips for fréeze*etching. ZThe'wbrk was
exploratdny and nob ihtended as a éyatemaﬁic Stﬁﬁ& of the pratraafmént
of root‘ﬁibs.:'xA;Varieﬁy of plant material and approaches were tested
‘before a suitable method was found of proparing living roots for this
ﬁfocass¢ ‘The investigations also included the preparatibn of root tips

Por freeze-etohing using combined chemical and physical fixations

3«2 Pretreatment of specimens

Ten main groups of experiments were carried out in an endeavour
to impregnate roots with glycerol prior to fresze~fixation. Controls
were established under similar conditions but without glycerol., Plants
were grown at room temperature.
(1) Unrooted shoots (Tsble 1)and

(2) rooted plants (Table 2) of Lonicera nitide, Mentha citrata and

and Allium ocepa were placed in 5% --20% glycerol in water (V/V)
or half ‘strength Hoaglands (V/V) for two months or more. In one
set of experiments the plents remained in 5%, 10%, 15% and 20%
solutions throughout this period.
(3) Other series of plants (Table 3) were first placed in 5% glycerol
and over a period of weeks brought up to 20% glycerol at 5% stages.
(4) Stolons of Menths weve layered into 5%, 10%, 15% and 20% glycerol
in water for 3 weeks. Light was exoluded from the lmmersed.
portion of the stolone

(5) lLonicera and Mentha grown in soil in pots were pre~conditioned to



(6)
(7

(8)
(9)

(10)

(11)
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glycerol by watering with a 5% solution every second day for
1 to L weeks. One set of plants was returned to normal watering
after a week's treatment with glyaeémlq
Rooted outtings of Lonicera and M were placed in 15% and
20% glycerol omrnight and for up to 3 days (Table 4).
Exolsed roots of Mentha, 5 om long, were floated on to 207
glycerol for 6 hours.
Seeds of Zea mnys, Triti;:um vulgare and Avena sativa were left
to g@ﬁninate on filter paper covered with 20% glycerol for
several weeks (Table 1)+
Seedlings of Zea, Tritioum and Avena with roots each 1 om long
were allowed o grow with the baaa of the s@e& and maﬁ sovered
by 2054 glycemls | |
Roo*ba of‘ ?aa Trﬁ:t;iaum and Avena saeﬁlimgs germinated in water
were placma on f‘:ilter paper ﬂmp‘regnam& with. glyaeral and
arranged “bs &110‘617 seration of the roots ('l‘abl@ 5)e This was
achieved by placing seedlings on top of narrow tubes of filter
papar (inée?‘tzed inaid@ glass tubing for suppcrt);w;lth the base
of the tﬁbe standing in glycerol. Specimens were left Yo
inoubate for 5 and 7 days in contact with 20 glycerol. In
other experiments the roots were exposed to 20% glycerol for 3
days then to 25% for 3 days. At the beginning of the experiments
Zes roots were 0,5 - 1,0 om long, those of Triticus 2 - 5 mm long.
Masﬁ roots of Avena hed not emerged from ﬁ;e coleorhiza, |
Rem% tips of Lonicera, Menths, Avena and Triticum were prefixed
(%mov, 1966bg; Matile, 1968) for 1% to 3 houi*g%re :f‘rewing in 3%

and 6% GA in 0,025 M phosphate buffer, containing 0,001 ¥ GaClg,
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made up in 30% glycerol (Table 6). 30% glycerol was used to

engsure good freezing.

3« 3 Observations end Experiments

343 4 Attempta to_initiate roots in glycerol

If living roots are to be successfully frozen-etched
they must absorb sufficient anti-freeze agent to prevent the
formation of ice orystalss At the same time growth must be

maintained though perhaps at reduced levels.

Concentrations of glycerol between 5% and 20% were
applied to ocuttings of Lonicera and Menthe but all attempts
to initiate new roots failed (Table 1), This approach
was unsuccessful irrespective of whether plants were placed
immediately in concentrations of 15% and 20% or béought up
over a period of weeks to 20% glycerol at 5% stages. Seeds
of Zea, Tritiocum and Avena placed in 20% glycercl failed to
gorminate (Table 1) and could not be induced to germinate
when subsequently transferved to water. These results
demonstrate the diffioulty of initiating roots in glycerol for

freeze-otoh studies.

In a later series of experiments, limited success was
obtained initiating roots of Mentha and Allium in 15% glycerol
using previously rooted plants placed in glycerol for several
weeks (Table 3), At this concentration imsufficient glycerol
had been sbsorbed to prevent extensive freeze damage (Pig. 15).
(See also illustrations by Moor, 1966b). Although 15%

glycerol is therefore too low a concentration for root tips,
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fungel contaminants growing on the material had absorbed
enough anti-freeze agent to glve reasonable freeze fixation,

343 2  Attempts to initiate roots on stolons of Mentha

The results of the sbove experiments suggested that
exposing the whole plant ﬁo glycerol was too severe for the
organism to adjust its metabolism, If only part of the
plant were exposed to glycerol, leaving the remainder to grow

as normal, perhaps a better response might be expected.

Stolons of Mentha, from plants growing in pots, were
therefore layered into glycerol of different concentrations.
After several weeks no roots had been produced from the
stolons, The distal portion died but the rest of the plant
was waffected by glycerol, This result shows that even a

part of a plant may be intolerant to glycerola.

33 3  Attempts to impregnate established roots by prolonged
exposure to glyoerol

Although Branton and Moor (1964.) and Moor. (196k, 1966b)
found water-grown root tips of Allium cepa to be useless for
freeze~etoh studies, it was not stated whether this applied to

other species,

Rooted plants of Allium, Lonicera and }Mentha placed in
5%, 10%, 15% and 20% glycerol were all adversely affected
(Table 2). The symptoms beaamehmnre marked with inereasing
concentration and duration of exposure. Plants brought wp
graduslly to 20% glycerol at 5% stages over a peried of weeks
(Table 3) were less severely affected than those placed directly
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in solutions above 10% concentration. In all instances
roots lost turgidity and most did not recover; only a few
showed signs of re-growth on transferring to glycerols
After several weeks, shoots of Mentha had died above the

level of the solution but those of Lonicers remained alive

apart from severe wilting at the tips, 0f the rooted

cuttings, Lonicera indicated better tolerance towards glycerol
than did Mentha, No difference in response was observed
between plants grown in glycerol/water or glycerol/nalf strength
Hoaglana‘s nutrient solution, Added nutrients thus offer no
advantage in promoting growth of roots in glycerols. The use

of half strength Hoagland's nutrient solution was disoontinued

in subsequent experiments.

Frozen=etehod Roots of Lonicera, Mentha and Allium placed

in 15% and 20% glycerol for several weeks showed extensive
on Preeze ~etehin

freeze damagebﬁcf. Fige 19)s By contrast fungal contaminants =
which of'ten heavily infested the solutions = exhibited good
freeze~fixation (Figs. 16, 44)e The frozen-etched root tips
showed little oellular detail, but it was not known whether
this had been destroyed by prolonged treatment with glycerol
or whether the structures had not been revealed during
fracturing. To determine this, root tips from these
experiments were prepared for ultramicrotomy. The sections
indicated that while some oells showed fair preservation
(Fige 17), despite the reaction of KinO) with glycerol (see
Pease, 1967), most were disorganised, often with disintegrated
cell walls (Fig. 18). These results indicate that prolonged

exposure to glycerol is deleterious and explains the paucity
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of cytoplasmic detail in the frozen-etched material,

Attempts to dmpresnate established roots by short exposure
to_glycerol

As prolonged exposure to glycerol proved harmful,

subsequent experiments were carrled out using shorter periods
of exposure (Table 4). It seemed possible that sufficient
glycerol might be absorbed before the tissue began to
degenerate.

Rooted plants of lonicers and Mentha placed in 15% and
20% glycerol overnight, and for up to 3 days,‘lést turgldity.
Most roots of ﬁégﬁgg exhibited poor freese-fixation with
extensive development of ice (Fige 19), although a few cells
contained peripheral cytoplasm with some preservation (Fig. 20).

Roots of Lonicers showed fair preservation in places (Fig.. 21)

but results were inconsistent. Despite freezing damage, the
tissues, in contrast to those exposed to glycerol for long
poriods,; revealed organelles. The plasmalemma,»toncplast and
membranes of other organelles were occasionally seen in face
view. The membranes of'ten showed é slightly dimpled appesrance
suggestive of shrinkage of the membrane over underlying large
orystals of ice or of plasmolysis caused by the glycerol (ef. Fig.
24).

The experiments show that roots of lonicera end Mentha are

incapable of giving reliable freeze~fixation on short exposure
to glygerol. However, fungi show reasonable ﬁresarvation

(Pig. 22). From this it may be concluded that fungi are better

adapted to grow in glycerol; a 15% solution overnight will give

good preservation.
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The poor response of rooted plants to glycerol indicated
that the transition from normal growth to that in glycerol was
too abrupts If the change were graduai perhaps an improve-

meht might result,

To test this, established plants of Lonlcera and Mentha
growing in soil in pots were pre-conditioned by watering with
5% glycerols Within o few days the plants developed the
usual ayﬁptcmﬁﬁof exposure to glycerol, Mentha being affected
more than Lonicera. ‘?1anta returned to normal watering after
a week's treatment with glycerol failed to recover.

Glycerination of excised roots

Impregnation of (excised: ' plant material for freeze-
etching has been carried out using concentrations of glycerol
from 5 to 4O% for 2 hours and up to 3 days (Moor, 1966b;

Bamberger & Park, 1966; Branton et al., 1967; Hall, 1967),

Excised roots of Mentha placed in 20% glycerol for 6
hours showed extensive freeszing damage (Figs. 23 & 24)
similar to that in intact roots exposed to 20% glycerol over-
night (Fige 19). This suggests that the level of glycerol
capable sf being absorbed by Mentha roots is quickly attained.
Organelles with a high cancent?atien of waﬁér exhibited coarse
reticuléte pétterns of’ica;g@aunaﬁla&nshpwed<smaller crystals
whilé orgénelles with a low aqueous content displayed only
slight‘éffaefs of freezing (Fig. 23). Fracturing in such
badly fixed fooﬁ tips is often better than in well frozen

materiale Also, specimens are more deeply etched,
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While this schedule gave mainly poor results, smaller
pieces of tissue, longer soaking periods, higher concentrations
of glycerol or gradusl infiltration (of Richter, 1968a & b)
might prove %o be more suitable.

Glycevination and freeze-fixation

i Of in roots of germinated
seeds ’

Preliminary trials were carried out using seeds germinated
overnight in water then placed on filter paper covered with
20% glycerols Roots touching the impregnated paper, but not
immersed in the solution, remained healthy while those covered
by glycerol softened and eventually darkened = possibly due to
insufficient oxygens

Using the method outlined (p. 16), which allowed adequate
aeration, many roots showed slight growth and remained turgid
on exposure to glycerol (Table 5)s Zea and Triticum roots
grew a few mme,  Although Avena ioaﬁa did not emerge from the
coleorhiza, the eoleorhiza grew slightly. The worst symptoms

of exposure to glycerol were shown by Zea.

Good freeze-fixation and cellular detail was obtained
from Avena and Tritioum grown in 20% glycerol for 7 days (Figs.

25 & 26)s Results in Zes were varisble; a few roots showed

‘reasonable preservation (Fig. 27) but most were only fair to

poor (Fig, 28)s In other experiments using Ayens end Triticun
grown in zqﬁ‘gxyceral for 5 days, freezawfixafion was poor
compared with roots exposed for 7 days. Avena showed better
presexvation then Triticum but many specimens still exhibited

effects of freezing. Only a few roots of Triticum showed good
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free ze-fixation (Fig, 29), otherwise preservation was faivp

to poor.

To determine whether higher concentrations of glycerol
would improve preservation, seedlings of Zea, Iritloum and
Avena were exposed to 20% glycerol for 3 days followed by
25% glycerol for 3 days. Apart from occasional specimens
(Fig. 30), Avena and Tritioum displayed mainly good freeze-
fixation (Fige 31) similar to roots grewn in 20% for 7 days.
Zea showed improvement over earlier experiments (Fig. 32)e
Nevertheless, results with Zea were variable, some spedimens

showing effects of freezing (Fige 34).

Although fresze~fixation was generally good in Avens and
Triticum variation occured between specimens of a given trials
Poor preservation was ocoasionally present towards the
periphery of a speocimen and at the out end of the root., A
higher concentration of water in peripheral cells than in those
near the meristem may explain this variation. In most experi-
ments a few cells also showed plasmolysis, either as small blebs
between the cell wall and plasmalemma, or aslarge contracted
areas (Fige 33). Ocoaaionally one cell would be affected
in this way although adjoining cells exhiblited good preservation
(Fig. 33)s Different physiological conditions and different
abilities to absorb glycerol among cells probably accounts for
some of this variation in freeze~fixation. '

3.3 8 Prefixation with glutaraldehyde during glycerination prior

To overcome the difficulty of growling plants in glycerol

some workers have employed chemical fixation prior to freesze-
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fixation (Moor, 1966b; Park & Branton, 1967; Pamberger &

Park, 1966; Matile, 1968, Matile & Moor, 1968).

Glutaraldehyde is usually favoured as it is known to effect

cross~linkage of protein with minimal disturbance to cell
struoture (Sabatini et als, 1963)s The asbove workers

prefixed material in GA and then soaked in glycerols This
schedule was modified ih the present experiments by making

up the GA in 30% glycerol to allow simultaneous prefixation and

glycarination.:

In all exp@riménta (Table 6) using Lonicera, Mentha, Avena,
Triticoum and Zea pretreated with GA/glycerol good freezing
was obtained throughout (Figs. 35-44). The groundplasm and
contents of organelles showed a finely granular appearance
becoming slightly coarser in large vacuoles, but seldom did the
granularity approach that frequently seen in well preserved
vacuoles of frogzen living cells. The indistinet radiate
‘pat§$rn of freezing sometimes rioted in well frozen living roota
(Fige 31) is often present in prefixed materiél interspersed
with non-etohed areas (Fig. 39). The use of 30% glycerol in
prefixed preparations, compared with 20% glycaral, probably

accounts for the small degree of etching,

The quality of freegze~fixation in the different species
is similar (Figs. 35, 36, 38). No difference is noted between
specimens frozen as whole voot tips and thase'prepare& as median
longitudinal slices 1 mm thick. Equally good preservation
was obtained by using 3% and 6% GA and by fixing for 1% tb 3
hours, Within the limits of these trlals, it appears that



TABLE 1
ATTEMPTS TO INITIATE ROOTS IN SOLUTIONS OF GLYCEROL

Number of cut- |[Trials using|Trials using |Durat-
tings, bulbs and}glycerol injglycerol injion of Reaction of Growth
Trial] Species |seeds used at water % Hoaglands |trials| plants to growth of
each concentra- % conc. % conc. in in glycerol controls
tion of glycerol{5 10 15 2015 10 15 20 | weeks
No roots produced.
shoot tips wilted R
. . oots
within a few days, sroduced
Lonicera 6-8 ca. defoliation began If .

1 nitida - X x x x x X x X 12 after ca. a week, a tcg
Deterioration Ca;k
faster in higher WeeKs.
concentration.

Most plants dead by
end of experiment.
As above. Plants Roots
5 Mentha 6.3 x x x xlx x x =x ca. |wilted and dicd produced
citrata 8 before those of within a
Lonicera. week.
Seeds
. Seeds failed to germinatel
3 |Zea mays 12-20 x X x x > |germinate. within
12-24 hrs.
4 Triticum 24-30 3 A A
vulpare 24~ X X X X s above. s above,
Avena .
5 sativa 24-30 X X X X 3 As above. As above




TABLE 2

REACTION OF ROOTED PLANTS TO GROWIH IN GLYCEROL OF DIFFERENT CONCENTRATION

Trial] Species

Plants
per
trial

Concentrations of glycerol
tested

Glycerol/
water

5%_10% 15% 20%

Glycerol/
% Hoaglands

5% 10% 15% 20%

Duration

of
trials

(weeks)

Reaction of plants to
glycerol treatment

1 |A. _cepa

N
i
=~

(@)

Little evidence of re-growth
of roots at any concen-
tration'. Most roots lost
turgidity. All bulbs
failed to sprout further on
transfer to waler.

——f

2 L. nitida

Shoot tips wilted and in
higher concentration
eventually died. Some
defoliation occurred at all
levels becoming greater
with increased concen-
tration. Little sign of
regrowth of roots and most
lost turgidity.

3 M.citrata

T

All shoots died above level
of solutions. Little sign
of regrowth of roots; most
showed loss of turgidity.
Effects of glycerol bzacame
evident earlier than in
Lonicera.




TABLE 3

REACTION OF ROOTED PLANTS ON GRADUAL EXPOSURE TO GLYCEROL OF INCREASING CONCENTRATION FROM 5-20%

Freeze-etch

Plants| Reaction of shoots| Coadition of roots
Trial| Species p=r on exposure to after exposure Material Number
trial glycerol to glycerol freeze-fixed freeze-|Observations freeze-fixation
Loss of turgidity in Walls and some organelles
most but some showed |Root tips visible; little stcuctural
gradual and partial initiated in 1 detail preserved. Gross
recovery. A few mm 15% glycerol freezing damage in vacuole
Bulbs ceased ?f regrowth occurred and groundplasm (Fig.|’)
1 |A, cepa 5 sprouting on in some after 4
weeks in 15%. Som= Established
transfer to -
glycerol new roots were also roots showing
produced by that slight regrowth 1 A b
stage. No sign of in 157 before S above.
growth on transfer transferring to
to 20% glycerol. 20% glycerol.
Most lost turgidity
Most tips wilted and did not fully
and some died. recover. Many becam=2}Roots from 15% Occasional outline of
9 L. nitida 6 Remainder of shoot | soft and brownish in [glycerol with 1 cell N
= = DLEIAA 5 . A s seen. o
persisted with appearance. No new slight ° 1L identified
various amounts roots initiated. regrowth. rganelles tdentitied.
of defoliation. Little regrowth of
existing roots.
Most lost turgidity . Licttle tissu= fractured.
Wilted within a and became brownish Roots showing Some freeze damage. Bacterial
few days. After 3 |in appearance. A few|slight regrowth 4 and fungal contaminants
weeks in glycerol | showed slight recovemyjin 15% glycerol showed good freeze-fixation.
all were dcad but little regrowth. (Fig. 15)
above level of A small number of
3 M, citrata 8 solution. Beneath | roots 5-10mm gevehuxd Fractured shoot tissue not
the glycergl.stems on the new ax111§ry ] found. Microbial
remained living & | shoots and occasion- |Shoot tips contaminants showed fair
developed in 1

on some a few new
axillary shoots
1-2cm long

developed.

ally elsewhere on the
stem in 15% glycerol.
No change on transfer

to 20% glycerol.

15% glycerol

freeze-fixation but
considerable freezing in
surrounding media (cf. Figl?)

]




ROOTED PLANTS PLACED

TABLE 4

IN GLYCEROL FOR SHORT DURATIONS PRIOR TO FREEZE-FIXATION

Freeze-etch
Trial| Species é?g:?:;ﬁf Reaction to treatmant [|Number
Freeze- Observations freeze-fixation
etched -
Cell walls visible in cross
Plants wilted & most fracture. Extensive effects of
15% for |E°°ts lost turgidity. freezing throughout. Peripheral
1 M. citrata 3 davs Many roots darkena=d 1 cytoplasm poorly pressrved in
Y in growing zonz= some cells (Fig.20). Microbial
behind tip. contaminants with reasonable
fixation
- —_ e ——
. Good cross fracture of cells and
Plaztslw1tted and tissue but extensive freszing
2 M. citra 20% Eﬁggidiz;; sgzseral 3 damage throughout (Fig.19).
======lovernight roots darkened in Plasmalgmma & other.mambranes
erowing zon= show fair preservation.
o Reasonable preservation in
microbial contaminants.
) 20% Shoots showed a little Fair preservation in places
3 |L. nitida overnight|wilting. Roots lost 1 (Fig.7?1). Overall fixation
& some turgidity. better than in Mentha.




TABLE 5

FREEZE-FIXATION OF SEEDLING ROOTS EXPOSED TO GLYCEROL

Roots in contact with 20% glycerol for 7 days

* Number
Trial|Spacies Effect on exposure to glycerol [freeze- Observations freeze-fixation
etched
Some roots grew a few mm. The Results variable, Some roots
radicle of several seeds had displayed fair preservation of
emerged before treatment but gross structure but with
1 1z showed slight growth there- 3 freezing damage (Fig. 28 ).

&, [avs after, Roots remained turgid Others showed a few cells with
except for some which darkened reasonable fixation, One group
and softened, of root tips showed good preser-

vation throughout (Fig. 27)
Very good preservation through-
Roots did not emerge from out (Fig. 25) except for one Fip
2 A._sati coleorhiza, which showed slight 3 which showed freezing damage in
LS growth in some specimens. Roots peripheral cells. Mostly fine
remained turgid. textured appearance in ground-
plasm and vacuoles.
Roots had emerged from ;
coleorhiza prior to treatment ?gi; r;ggf Shzwﬁzwgggipiz;zgign
3 L. vulgare|but displayed only slight 3 smali amount of freezing in
growth afterwards., Most roots 1
remained turgid. places.

Roots in contact with 20% glycerol for 3 days followed

by 25% for 3 days

. Number
Trial|Species Effect on exposure to glycerol |freeze- Observations freeze-fixation
] etched
Shoots grew 1/4"-1" and
developad adventitious roots at Some batches showed fairly good
base, The primary roots grew preservation (Fig. 32) while
4 4. mays 1-3 mm. Some roots in contact 4 others displayed various effects
with glycerol darkened and of freezing (Fig. 34). Results
became soft, others remained better than in trial 1,
turgid.
o R |
Only . slight growth of Good preservation throughout,
5 |T,._yulearelroot detected. Roots 2 Some effect of freezing towards
remained turgid, periphery of a few specimens.
Roots remained turgid but did Very good preservation in most
not emerge from coleorhiza. cells and root tips (Fig. 31).
6 A, sativa [The coleorhiza showed a slight 5 A few showed slight freezing
amount of growth. damage in peripheral cells
(Fig. 30).

Roots in contact with 20%

glycerol for 5 days

—

A few root tips showed good

7 |I,_vulgare|Similar to Trial 2, 2 preservation (Fig, 29), other-
wise fair to poor,
) Reasonably good to fair preser-
8 |A._satival Similar to Trial 3 2 vation, Poor in peripheral cells

of some root tips.

¥*

20 - 30 seedlings were

used per trial,



TABLE 6
PREFIXATION WITH GLUTARALDEHYDE PRIOR TO FREEZE FIXATION

Duration Number
. . % Conc, of
Trial| Species Source of root tips Portion of root tip glutaral- [fixation freeze-
used etched
dehyde | (hours)
. Cutting in % A '
1 Mentha c1trataﬁ Hoaglands Whole tips 6 3 1
2 M. citrata as above as above 6 2 1
3 Lonicera nitida Plants p?tted in Wholg tips andnpdlan 6 3 2
_ soil longitudinal slices
4 |L. nitida as above Whole tips 6 1% 2
5 L, nitida as above as above 6 2 1
6 Zea wavys Germinated seeds Medial longitudinal 5 1% 1
slices
7 Z. wmays as above as above 6 2 5
8 Z. mays as above lmm3 of promeristem 6 2 4
9 Z. _mays as above as above 3 2 1
. . Whole tips and median
10 AveQa sativa Germinated seeds longitudinal slices 6 2 1
Germinated seeds 6 2 1

11

Triticum vulgare

Whole tips
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conditions necessary for prefixation are not oriticals

Vhile preservation of cellular sitructure in prefixed

root tips of Avena, Triticum and Zea is comparable to that

of well frozen living roots (of Figs, 36 & 26) = indicating the
validity of prefixation (Parkk& Branton, 1957; Branton & Park, -
19673 Matile & Moor, 1968) - differences are navérthaleag
noted. Some organelles failed to show the smooth cutlines of
those in frozen living ﬁoots (Pigs. 38, 40, 42), Tuclei
ocoasionally aiaplayed.envelopea with a wavy outline in cross
fracture (Fig. 41) or a deeply indented surface in face view;
although this condition is often seen in sectioned material it
is uncommon in interphase nuclei of well preserved frogen=
etehed living cells, The endoplasmic reticulum is sometimes
angular in form, while vacuoles (Fig. 40), end plastids |
(Figs 41) ooccasionally show small surface indentations or
irpegular extensions (Fig. 42). Therappearance of these
aﬁrueturéa suggests that disturbances have ocourred during
pretreatment, probably as a result of shrinkeage. However,

. not all components are affected suggesting that organelles
react differﬁntxy to fixafion depending on the structure and
its physiologlcal activity at the time of killing.

344 Discussion and Conclusions
These experiments show that root growth of Avena sativa, Lonicers

nitida, Mentha ecitrats, Tritioum vulgare and Zea mays is inhibited by

glycercls The effects of exposure are wmainly irreversible and confirm
previous obsar#aﬁimns (Moor, 196)., 1966b). Moor found that roots grown

'in the normal way and then transferred to glycerol would not absorb
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sufficient anti-freeze agent, irrespective of whether complete
roots were used or sections: Even when concentrations of glycerol
were gradually inoreased, an irrveversible plasmolysis occurved beyond
o certain level. Recent studies by Richter (1968a & b), however,
have shown that the epidermis of Campsnula and certain other plants
will absorb glycerol without irreversible effects provided the glycer-

ination is done very gradually,

The response to growth in glycerol of plants examined in the
present study seems to depend on: the presence of established roots,
the area exposed for transpiration, reserve material, and the
condition of the plant. Rooted plants placed in glycerol reacted
less severely than unrooted material, indicating thé%%%raaance of
roots reduces the effects of the anti~freeze agent. Presumably some
water is absorbed from the glycerol solution which minimises the loss
caused by transpiration., As Mentha is a plant of wet habitats, this
may explain 1ts low resistance to water loss on exposure to‘glycarol;
this 18 in contrast to Loniceras. DBulbs and seeds offer advantages
over cuttings in that follar transpiration is absent. The reserve
material of bulbs and seeds may alao help sustain growth after plants
are placed in glycerols The state of growth of the plant is probably

also important if material is to be grown in glycerol,

For successful freeze=-stching, organs should be initiated in
glycerol so that their growth becomes adjgatea to the presence of the
anti~freeze agent (Moor, 1964, 1966b; Branton & Moor, 1964). However,
the present experiments show that the radicles of seeds gérminated in
water can become edjusted to glycerol if +transferred at an early sfage,

provided the roots are adequately asrateds Northoote and Lewis (1968)
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have independently obtained good vesults with pea roots using similér
~methods. mh@‘pofentialities of very gradual infiltration with glycerol
(e.g. Richter, 1968a & b) have not been fully explored in the present

ml’ko

| Not all roots of saédlings appear to be equally suiﬁable for growth
in glycerol, The large primary root of Zea, in contrast to the small
ones of Avena and Triticum, absorbs glycerol with difficulty. Roots
within the coleorhiza become better impregnated with glycerol than

those at leter stages of development,

Twenty percent glycerol gives good freeze fixation of viable root
~bips, aonfirming other studies (Branton & Moor, 1964; Northcote &
Lewis; 1968). However, for some roots, ©.g. Zea,concentrations up to
25% may be necessary. In addition, the time required to absorb
glycerol apparently varies in different roots and among organisms.
Whereas eafablishad roots absorb glycerol within a few hours, a
’ - lonzer ?erﬁad is required if they are to\bécome fully aﬁjusted‘to
glycerol and resume growth. This is shown by Avena and T&itioum
which require about 7 days incubation in the anti-freeze agent to give
good freegze~fixation. Compared with rooet tips, fungl and bacteria
readily metabolize glycerol within a few hours and from solutions of
low concentration. Therefors, in their pretreatment for freeze-
etching, these organisms present few difficulties compared with tissues

of higher plants (e.g. Moor & Mihlethaler, 1963; Hess, 1968).

Chemiocal fixation prior to freeze fixation glves reliable freezing
of root tipse It offers an alternative approach for plants difficult

to grow in glycerols The uniform freezing of prefixed material is
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apparently due to (a) use of a high-concentration of glycerel
(30%), and (b) easy penetration of glycerol as a result of the
lowered permeability conferred by chemical fixation. Although
prefixation givea results comparable to those in frozen viable material
(Park & Branton, 19673 Watile, 1968; Matile & Moor, 19683 Nanninga,
1968) the possibility of artifacts caused by combined chemical/physical
fixation must nevertheless be considereds. The present root tips show
slight alteration, appavently ocaused through shrinkage, in the
morphology of some organelles., This is probably due to dehydration
by glycerol on death of the cell before the struotures have become
fully steblized by GA, To avoid shrinkage glycerination should
probably follow prefixation (Park & Branton, 1967; Matile, 1968;
Matile & Moor, 1968)s  Although simultaneous prefixation and
glycerination sometimes causes slight damage, the degree of distumbance
is small ocomparable to that seen in so called "well preserved"

sectioned materiale

» Summary
Results of preliginany experiments on pretreatment of root tips

of Lonicera, Mentha, é;@gg@, Zea, Avena and Triticum for freeze~etching
are outlineds Attempts to initiate roots in solutions of glycerol

were moinly unsuccessfuls Established roots of Lonicera, Mentha and
Allium transferred to glycerol of different concentrations and for
various durations failed to give sétiaf%o#ony fra@ze fixation. Bxelsed

voots transferred to glycerol alse gave poor resulis.

Successful freeze=fixation of viable roots was obtained using

seedlings of Avena, Tritioum end Zea., The seeds were germinated 12 to

2 hours in contact with water, then placed on top of tubes of filter
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paper impregnated with glycerol; this allowed aeration of the roots.
Most roots grew slightly on exposure to glycerol and remained turgid.

Avena and Triticum gave good freeze-fixation after (a) 7 days in contact

with 20% glycerol, and (b) in 20% glycerol for 3 days followed by 25%
glycerol for 3 days. Good preservation was also obtained with Zea

but results were more variable than in Avena and Triticume.

Root tips prefixed in 3% and 6% phosphate buffered GA in 30%
glycerol gave consistent freeze-fixation in all species. Results were

in general comparable to those obtained from frozen living roots.



Fig. 15

Fig. 16

Fig. 17

Fig. 18

Allium cepa root tip initiated in 15% glycerol.
Cell walls and a few organelles are visible other-

wise the tissue exhibits considerable freezing
damage (x 9,400).

Cross fracture of a fungal contaminant growing on
roots of Mentha citrata placed in 15% glycerol for
several weeks. The protoplast shows good freeze
fixation compared with roots grown under these
conditions (x 15,800).

Cells from M. citrata root tips placed in 15%
glycerol for several weeks and prepared for ultra
microtomy (KMnO4 fixation). Some cellular
organisation is still evident after long exposure
to glycerol (x 6,000).

Degeneration of cell contents and walls in root

tip cells of Lonicera nitida placed in 15% glycerol
for several weeks. Material prepared for thin
sectioning and fixed in KMnO, (x 10,000 appr.).
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Fig.19 Root tip of M. citrata placed in 20% glycerol
overnight showing extensive freezing damage
throughout the tissus (x 9,400).

Fig.20 Portion of two root tip cells of M, citrata exposed
to 15% glycerol for 3 days. The peripheral
cytoplasm on each side of the cell wall shows good
preservation but extensive freezing damage occurs
in the vacuoles (x 33,000).

Fig.21 Fair freeze fixation in portion of a root tip cell
of L, nitida placed in 20% glycerol overnight.
Some freezing damage is evident in the ground plasm,
Note the platelet-like structures on the exposed

faces of ths membranes (x 38,500).

Fig.22 A fungal contaminant growing on roots of M, citrata
placed in 20% glycerol overnight., The cell shows
good freeze fixation compared with root tips

exposed to the same conditions (cf. Fig.;9) (x 36,300).






Figures 23 - 34 Freeze-etch living root tip tissue.
g p

Fig. 23 Portion of a cell from an excised root of M, citrata
placed in 20% glycerol for 6 hours. Extensive
freezing damage is present but many organelles
remain visible. Structures containing a high
concentration of water, as in the large vacuole (V),
show poor freezing in comparison with organelles of

a lower watet content (bottom) (x 9,400).

Fig. 24 Cortical cell of M, citrata from the above material
showing tonoplasts (T) in face view surrounded by
badly frozen cytoplasm, Note the slightly dimpled
appearance of the membrane. This is also apparent
in Fig.23 and is characteristic of poorly frozen
cells (x 22,800).

Fig. 2 Good freeze-fixation in meristem cell of Avena

(91

sativa grown in 20% glycerol for 7 days. Note the
fine textured appearance of the ground plasm and
contents of vacuole (V) (x 15,800).

[N
(@)Y

Fig. Portion of a maristem cell of Triticum vulgare

grown in 20% glycerol for 7 days showing good
preservation of cellular detail. (x 12,000).






Fig. 27

Fig. 28

Fig. 29

Fig. 30

Zea mays grown in 20% glycerol for 7 days showing
good freeze fixation. The specimen is weakly
shadowed (x 27,600).

Portion of a cell of Zea grown in 20% glycerol for
7 days showing fair preservation. The specimen is
weakly shadowed (x 15,800).

T, vulgare grown in 20% glycerol for 5 days
illustrating good freeze fixation (x 91,000).

An example of fair preservation found in A, sativa
grown in 20% glycerol for 3 days followed by 25%
glycerol for 3 days. Note the effect of freeszing
in the vacuoles and in some areas of immediate
groundplasm where a vacuole appears to have
ruptured (arrow) (x 33,000).






Fig. 31 Portion of a cell of A,sativa grown under the same
conditions as those cited for Fig. 30 but showing
good freeze-fixation in the vacuole and adjacent
cytoplasm. The contents of the vacuole display a
fine texture and a slightly radiate pattern of

freezing. (x 15,800).

Figs. 32 and 34 Variation in the preservation of specimens
of Z, mways roots grown in 20% glycerol for 3 days
followed by 25% for 3 days. Fig. 32 shows good
freeze-fixation; that in Fig. 34 is poor.

(Fig. 32, x 7,200; Fig. 33, x 13,500).

Fig. 33 An example of the variation in preservation within
' a specimen. Th= cell on the left shows good freeze-
fixation but the other is poorly preserved with a
large plasmolysed area (arrows) (x 12,000),
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Figures 35 - 44 Root tips prefixed in

>glutaraldehyde/prior to freeze-fixation.

:“:,l«-._'{fr f‘;'?l

Cortical cell of L, nitida with good preservation

of contents. The specimen is weakly shadowed.
(x 9,400).

General preservation in tissue of Z. _mays (x 12,000).

Higher magnification of Zea cytoplasm. Note how
the overall preservation is similar to that in
frozen viable roots (cf. Fig. 27). (x 22,800).

An example from T, vulgare illustrating the

irregular appesarance of organelles in some prefixed

material. (x 37,100)






Fig. 39

Fig. 40

Figs. 41

T.vualgare. Appearance of the goundplasm as it
is commonly seen in prefixed material. Note the
clustered radiate pattern of freezing interpersed
with non-etched areas. (x 55,000).

A cell of L, nitida showing portion of a vacuole
(V) with a slightly indented surface (x 53,600).

and 42 Cells of Z, mays showing the rather
irregular appearance of cellular components found
in some prefixed material. Fig. 41 shows a
nuclear envelope (arrows) with a wavy outline and
irregularly fractured membrane faces in some
organelles (double arrow). Fig. 42 depicts an
irregularly shaped organelle (arcow) probably a
vacuole. (Fig. 41, x 15,800; Fig. 42, x 23,100).






Fig. 43

Fig. 44

Fig. 45

Fig. 46

Vacuoles in prefixed cells of L, nitida showing
tonoplasts bearing slightly raised platelet-like
structures (x 54,600).

Platelet-like structures on the membrane of a
vacuole (?) of a fungal hypha growing as a
contaminant on roots placed for several weeks in
20% glycerol (x 84,000).

Figures 43 - 43 Root tip cells of Triticum
vulgare grown in 20% zlycerol for 7 days followed
by fixation in glutaraldehyde/OsOA.

General preservation. Most organelles show a
normal appearance; the cytoplaém contains abundant
ribosomes (x 19,800).

Portion of a cell showing detailed preservation of
components. Certain organelles show irregularities,
probably through reaction between glycerol and the
fixative (x 23,100).
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Le AN BVALUATION OF THE FORM OF VACUOLES IN ULTRATHIN
SECTIONS AND FRUB/E-RTCH REPLICAS

4ol Introduction
A feature typicél of many vacuoles in thin seotions is their
irvegular appearance. Vacuoles of irregular form have been
illustrated since thin sections were first prepsred for electron microscopy.
They are shown in a wide range of organisms: algse (Ueda, 1966

Pickett-leaps, 1967), fungi (Vitols gt al., 1961; Hawker & Hondy,
19633 Peyton & Brown, 1963), bryophytes (Manton, 1961, 1962; Diers,

1965) and pteridophytes (Michaux, 1968). In seed plants, irregularly
shaped vacuoles have been described in various cells and tissues at
different stages of development. Examples may be seen in papers ons
embryology (Jensen, 1963, 1965; Mar@yama, 1965), differentiating xylem
(Cronshaw & Bouck, 1965) and phloem elements (Bouck & Cronshaw, 1965;
Esau, 1965; BEvert & Murmanis, 1965; Evert etal., 1966), apices of the
root (Buvaet & Moussaaﬁ, 1960; Porter & Machado, 19603 Bouck, 19633
Barton, 1965; Hriel, 1966; Buvat, 1968b; Mescuita, 1968) and shoot
(Buvat, 1958; Lance, 1958; Holl, 1960; Marinos, 1963a & bj
Nougarede, 1963b; Powes, 1965a & bj Hréel; 1965a; Gifford & Stewart,
1967), and in a diversity of other tissues (e.g. Sun, 19643 Wardrop &
Foster, 196l; Srivestava & 0'Brien, 1966). Irregular vacuoles ocour
in tissues fixed in osmium tetroxide, aqueous and buffered KMnO) ,
GA/OSOA and in other fixative combinations. Many of these irregularly
shaped vacuoles have an angular appearance, often with fine projections
extending into the surrounding cytoplasme. This is pafticularly COmmon

in cells fixed in Kﬁnoh,

Several interpretations have been advanced to account for the

presence of vacuoles of irregular form in thin sections. Some believe
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that the narrow-extensions represent continuity with ER., This was
suggested by Buvat (1957, 1958) %o explain the origin of vacuoles
from rough elements of ER; later it was extended to include smooth
membrane profiles (Buvat & Mousseau, 1960; Poux, 1961, 1962), These
investigators still accept the concept (Buvat, 1960, 1961, 1963a).
It has been adopted also by other workers for a variety of plant
material (e.gs HrSel, 1961b, 1965a & b, 1966; Bowes, 1965b; Pickett-
Heaps, 1967)« ‘

Other workers consider that the irregular form of vacuoles
represents o stage in their development (Whaley et al., 1960a; Barton,
1965; Gifford & Stewart; 1967) and that ER is not involved in their
origin@%ﬂﬂathalef, 1960; Manton, 1962), The irregular vacuoles found
'in meristem cells are sometimes regarded as "emoeboid" stages of

growthe In Anthoceros, Manton was unable to explain satisfactorily

the ocourrence of tentacle~like outgrowths in her preparationé. As
the tonoplast is a living membrane capable of independent growth, she
suggested that once vacuoles are formed the tonoplast could grow
rapidly so that closely apposed extensions dsveloped, Other
investigators adopt similar views but suggest also that the extensions
are formed in anticipation of vacuolar expansion; the vacuole then
enlarges by distending the space within the extgnsions (Barton, 1965),
Gifford and Stewart (4967) suggest that angular vacuoles may represent
active stages of enlargement and spherical vacuoles a less active
condition. This concept recalls the light mioraseopa‘studies of
Bailey (1930) and Zirkle (1932)s In root tip cells of various speciles,
Zirkle found that vacuoles were normally spherical but could be drawn
into rods, threads and anastomosing reticula on the initiation of

eyeclosise.
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Some investigators assoociate lrregular vacusles with anssrigiﬁ
from ‘the golgi apparatus, According to Marinos (1963a), individual
oisternae in shoot apiéles of barley expand into young vacucles
charscterized by tentacle~like protrusions. Fresumably, the
extensions represent unexpanded portions of the original olsterna,
or outgrowths developed by the enlarging tonoplaste The origin of
vacuoles from the golgl apparatus in associstion with ER has recently
been suggested by Ueda (1966) in the alga Chlorggonium, According
to his diagrem, irregular young vacuoles would arise through fusion of

golgi vesicles with already formed provacuolar bodies,

In contrast to the above views, my work indicates that many of
the irregular vacuoles in thin sections are the result éf specinen
preparation.  Other workers have also suggested recently that
irregular vacuoles might be artifacts (Moor & ilinlethaler, 1963;
Branton & Moor, 1964; Moor, 1966b; Gifford & Stewart, 1967; Hess,
1968; Matile & Moor, 1968), but little work has been devoied
specifically to the ?roblam. Vhereas most cell components exhibit
a fundamental morphology irrespective of the fixative used, vacuoles in
contrast are often variasble in shape. Their image changes according
to the method of fixation, the state of development of the tissue and
the condition of individual vacuoles. Observations on five species
suggested that the fundamental form of vaocuoles is round in section with
an entire outline to the tonoplast. IHowever, it wasseldom possible
to preserve all vacuoles as rounded sﬁrucfuw@s. . The possibility that
some vacuoles of angular shape might represent stages of development

could not therefore be discounted from work on sections alone.

To evaluate the form of vacuoles in thin sections, material needs

to be examined by an independent technique, Although light microscope
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observations of living root tips show spherical vacuoles (Zirkle, 1932),
optleal microscopy is unsultable as an alternative method because it is
difficult to resolve vacuoles approaching the size of mitochondrig.
And it is vacuoles of about this size that frequently appear irregular
in thin sections. TFurthermore, if living cells deep within the roots
are to be studied sections must be cut and some means of enhancing the
vacuoiggy%iﬂgéoessany such ss staining with neutral red (See Bailey,
1930; Guilliermond, 1941). The possibility of mechanical and chemical
damoge to the cells cannot therefore be discounted, Instead, a technique
is required by means of which vacuoles can be studied at magnifications
compsrable to those used for thin sections. At the same time, the method
must avoid chemical fixation, dehydration and embedding., The
technique of freeze-etching (Steere, 1957; Moor et ale, 1961; Moor &
Mihlethaler, 1963; Moor, 1964, 1966b; Koshler, 1968) fulfils these
requirements. Living tissues are rapidly frozen, fractured, etoched

and o replica made with minimal alterations to the specimen,

There ave several advantages in adopting freeze-etch procedures to
supplement work on vacuoles by sectioning, It is difficult to determine
the overall form of vacuoles from sections except by preparing models
from serial sections whereas a three-dimensional imege Qf the structures
is readily provided by freeze-etching, It is also ecasier to see the
spatial relationship between different vacuoles of a cell in fraéan—
etched preparations. In sections it is often hard to determine whether
adjacenﬁ vacuoles are separate or re§resanf divefticula‘af a common
structures This applies particularly to situations where fixations
induce vacuoles of lrregular shape, Another advantage of freesze=

etching is that it avoids dehydration. Vacuoles contain a high
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proportion of water (see Drawert, 1955b), and because specimens prepared
for electron microscopy must be thorodghly dried, we must always bear
in mind the possibility that the form of the vacuole may be modifie&
when conventional techniques of thin secfioning are used. Freeze~

etohing olrcumvents this difficulty.

In this chapter, the vacuolar images produced by "standard"
fixatives are desoribed and compared with those obtalned from freere-
etching, The shape of‘vaauolea in thin seoctions and freeze-etoch
replicas of yeast cells (Moor,1966b) and the hyphae of the fungus

Pyrenochaeta terrestris (Hess, 1968) have been compared briefly, but

similar comparisons have not been published for root tips.

Le2 QObservations
Le2 1

ggeezeweteé replicas

Vacuoles are distinguished from other orgenelles of the

cell by their size, the structure of the bounding membrane (tono-
plast) and the appearance of their contents. Apart from early
stages of development, vacuoles are typically larger than most

other membrans-boundsd organslles.

In section, their single limiting membrane clearly
~distinguishes vacuoles from mitochondria, plestids and the
nucleus all of which are bounded by a doublekm@mhrane or
envelope (Figs. 47, 52, 62, 66). Identification of small
vacuoles approaching the sise of spherosomes, gékgi vesicles
and ER vesicles is ococasionally difficult because all these
components are surrounded by a single membrene (Figs. 56, 58,

59, 63)s Sometimes, the reaction of different fixatives with
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the contents of vacuoles can ald identifications Vacuoles
fixed in GA/080), or 0s0,, usually appear electron transparent
with little precipitation of the contents (Figss 47, 65+70)«
By contrast, vacuoles preserved in KMnO,, normally show
precipitates (Figs. 51=-64)s The density of the precipitstes
varies in different species, in different tissues of a root tip
and within a cell depending on the composition of the vacuoles.
In actively differentiating cells, the contents are often dense
(Figse 51, 52-fl, 57~60).

In freeze=etch replicas, vaoucles are exposed by fracturing
the specimen. Since fracturing is o random process, various
portions of vacuoles are seen., When a vacuole is cross~fractured
it exhibits an appearance similar to that seen in thin section
(Fige 48)s Small vacuoles are often distinguished from other
craas«fvastured organelles bounded by single membranes by the
presence of large ice orystals within the vacuole (Figs. 73, 75,
78)«  The direction of shadowing and the position of shadow
relative to the vacuole indicate whether vacuoles ave represented
by raised or hollowed=-out structures (Figs. 49, 50, 71«75).

The outer and inner surfaces of the tonoplast are established

from these views.

L2 2

The greatest diversity of
vacuole shape is found in material p#aaerva& in aqueous
KMn0), of the various fixatives tested (compare Figs. 51-60
with 61«70)s  Although the fundamental shape of vacuoléa
is round in seotion, only a small propertion exhibit an

entire outline; most vacuoles have various lrregularities,
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This is found in all species studied irrespective of how
the plants are grown, Between species some wariation
nevertheless ocours; for example, small vacuoles in
~#ﬁi§£@rﬁntiating cells of Triticum are usﬁally less
irfééular than comparable vacuoles in Ayena. The agghm
blologleal factors which appear ﬁo influgnee the image of
_fixed vacuoles are the staﬁe of growth of the root tip and
the physiological acti§ity of indiviéual vacualés; :Thﬁs
in actively growingkrocta vacuoles are usually more irregular
than those in roots growing more slole. Also, the larger
the vacuole the iesa irregular is its outline (Fig.‘BB).
This relationship of size and irregularity to sfate‘of
activity appliea to specimens fixed in elther aqueous ox
buffered KMnOk, but irregularity is normally less with
buffered solutions,

Figurea’51~60 illustrate the typical appearamce of vacuoles
in cells from actively growing tissue fixed in aqueous KMnO).
In the promeristem the small vacuoles are irveguler (Fig. 51)
resembling those described elsewhere (Whaley ot al., 1960a).
Small irregular vacuoles also ocour in actively differentiating
tissues at some distance from the promeristem (Figs. 52 & 58).
A few vacuoles show radiate patterns (Figss 53 & 55) reminiscent
of so called "%%ellataﬁ vacuoles (Manton, 1961, 1962). Attenuated
prooesses running into long narrmﬁ‘@xtensions gre shown by other
vacuoies (Figs. 53 & 54). In vacuoles where the contents
are not electron dense these extensions superficielly

resemble FR cisternae (Fig. 55) but in no instance has
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continuity been found between the tonoplest and ER,
Other vaguoles oocasionally show small villus~like protuber-
ances (Fig. 57)« Vaouwoles of irregular shape, similar to
those described asbove, are illustrated in many papers
dealing with plant tissues fixed in aqueous KMn0).

‘The irregular form of vacuoles is sometimes due to
ripture of the organelle (Figs. 55 & 58)s Rupture is
particularly evident in vacuoles whioch contain dense
precipitates after fixation with KMn0). The groundplasm
near such vacuoles becomes darkened through release of
vacuolar precipitates (Fig. 58)., Other vacuoles contain
portions of oytoplasm in the form of small vesicles of
groundplasm bounded by a membrane (Fig. 60), or larger
masses containing various organelles (Fig., 58)s  Although
vacuoles are known to engulf small portions of oytoplasm to
form inclusion bodies (Gifford & Stewart, 1968; Matile &
Moor, 19683 Chapter 7), the high frequeney of these
inelusions in poorly preserved material suggests that mapy
have been artificially produced on collapse of the vacuoles
during specimen preparation.

Vacuoles of irreguler form are often olosely assoclated.
A common condition is that where an attenuated process of
one vacuole protrudes into a neighbouring vacuole in the
form of a delta-like indentation (Fige 5L4).. With some
vacuoles, the protuberances extend towards each other
(Pig. 59)s VWhere a small vacuole abuts on to a larger one
there is frequently a local invagination of the small

vacuole by the larger, This small vacuole may assume a



Be

Co

- 38 -
orescentic form (Fig. 56) resembling that of certain

peripheral vaouoles in cultured cells of Pigss glauca

(White, 1968).

Other components of the cell are occesionally

associated with vacuoles of irregular shape. Organelles;

particularly mitochondria and plastids, may exhibit a

radiate aligmment towards the vacuoles The ER may follow
the contour of the vacuole (Eig. 60). However, in the
immediate enﬁirens,of large irregular vacuoles, organelles
are sometimes sparse (Fig; 54)9

ixe " with buffe wf )¢ Vacuoles preserved in
buffered KMno4 usually exhibit a different appearance from
those fixed in aqueous permangenate; s greater proportion
of vacuoles are rounded with entire tonoplests (Figse 61 &
62)s Both large and small vacuoles in a cellmay be
rounded (Fig. 62), While irvegularly sheped vacuoles still
ocour (Fig. 6l), the degree af‘irragqlariﬁf is normally less
than in veouoles fixed in aqueous permanganate. Long

prafile*likééQXJ%??ﬂﬁﬁE are seldom found and vacuoles with

protrusions extending towards each oﬁhe? are infrequently
seens Vaocuoles in promeristemn cells fixed in buffered
solution sre slightly less irrvegular (Fig. 63) than those
fixed with aqueous KMn0;.

h Glutaraldehyde/osmivm tetroxide: Diffioulty

Fixation wi

was sometimes experienced in handling this fixative

combinations In some root tips the cells exhibited piasmolysia

. while the nuclear envelope and ER showed swellings.

However, vacuoles were generally better preserved than those



fixed in KMn0). This has also been noted by Gifford and
Stewart (1967) and Hess (1968). Poorer preservation was

experienced with seedling roots of Avena, Triticum and Zea

than with root tips of Mentha and Lonicers.

In well preserved cells the vacuole is rounded with a
smoothoutline (Figs.65-69), Hven small vacuoles of
promeristem cells often appear rounded, (Figs. 47, 67).

Some irregularly shaped young vacuoles still ocecur but these
are usually less irregular than small vacuoles of promeristem
cells fixed in KMn0j.

In some root tips almost all vacuoles are irregular
(Fige 70), but in other specimens or individual cells
irregularity is restrioted to only a proportlon of the
vaouoles. Where rounded vacuoles are in close proximity
the irrvegularity may take the form of a small inpushing of
~one vacuole by the other (Fige 70); this is ocoasionally
seen in published electron micrographs (e.g. Marinos, 1963a).
The tonoplast may often have a wrinkled asppearance (Fig. 70),
a form illustrated in several papers (e.g. Pouck & Cronshew,
1965)s In g@nerélg vacuoles fixed in GA/0504 are less
angular in shape than those preserved in aqueous or buffered

K¥in0 Lo

A feature characteristic of several irregularly shaped
vacuoles fixed in GA is the presence of variously srranged
membranes within the vacuole. In some instances these
comprise the tonoplast where it has pulled away from the
boundary of thé vacuole during fixetion (ef Fig. 130).

In other examples the internsl membranes are not directly
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connected to the tonoplast and appear fo represent
collapsedrmembranea surrounding vacuolar inclusion bodies.

Le2 3 Form of Vacuoles in Freeze-etch Replicas’

In both frozen-etched fresh root ti;és and prefixed material
vacuoles are mainly spherical (Figs. 71-77) The spherical
shape is found in large and small vacuoles in cells from all
parts of the root +ip irrespective of the species sudied.

In cells at the surface of the cap the main vacuole has a regular
contour in cross fracture and is smooth in surface views; small
vacuoles in the cytoplasm surrounding large vacuoles are also
spherical (Fig. 74)» Before fusing to form the main vacuole,
vacuoles in differentiatihg cells remain distinct and are
spherical (Fig. 75 & 76). Even vacuoles approaching the size

of mitochondria and smaller are spherical (Fig.‘75). The
identity of such VaouolesAi& obnfirmed when the agueous contents
freeze as large ice orystals (Fig. 27). The small vacuoles

in cells of the promeristem are spherical.

| - In well frozen tissue the only departure from the spherical
condition is where vaouoles‘havé recently fusedk(Fig. 50) or
where the form has been mbdﬁfié&'to‘acgammodate dtﬁer components
of the cell, Ocecasionally slightly elongated vacuoles occur

but these retain a rounded eppearance (Fig. 73). Elongated
ﬁaeuales have also been shown in other frogzen~etched root tips
(Branton, 1966; Matile & Moor, 1968). Vacuoles forming
diverticula, tentecle-like extensions or other outgrowths similar
to those in seotioned material were not found. This applies to
vacuoles at various stages of daveiepment and in all tissues of

the root tip.
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The few instances where vacuoles are net spherical and
entire are these found occasionally in root tips fixed with GA
at the time of glycerination prior to freezing (cf.: Figs. 40, 42)
and in frozen-etched fresh roots poorly impregnated with glycerol,
Such vacuoles in prefixed material may show a slightly indented
surfacey; sometimes with small projeotionss However, the
maéifications are small compared with those of vacuoles in
"well fixed" sectloned root tipss In poorly frozen fresh roots
vacuoles are sometimes ruptured and the contents released, causing
a heterogeneous freesing of adjoining groundplasm (ef. Fige 30).
 Infrequently, in poorly frozen specimens, vecuoles exhibit a
slightly irregular appearance (Fig,. 77)s Occasionally small
vaguoles in the peripheral cytoplasm appear crescentic in oross
fracture (Figs 56)s Another feature of poorly frozen material
is the dimpled appearance of the surface of the tonoplast.
This is apparently caused through contraction of the membrane

over underlying large ice crystals (cf. Figs. 23, 24)s

43 Discussion

The form of vacuoles in freeze~etch replicas and in sectioned

material shows striking differences., Whersas in frozen root tips vacuoles

are predominantly spherical, those in thin sections present a diversity

of shapes over the range of fixations useds In sections, vacuole shape

ranges from predominantly angular (Fig. 55) to rounded (Fige 47)e The

guestion arising is: which vacuole shape in electron micrographs most

closely resembles that in the living cell?

Le3 1 Evaluation of the shape of vacuoles in thin sections

The angular shape seen in thin sedtions may be an artifact;

this is shown by comparing vacuoles preserved under different
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conditions. Most organelles retain their fundamentsl form
irrespective of the fixative useds Dy contrast vecuoles essume
Various ibrmé in &ifférent fixetives, Even with thé one
fixativa‘e.g, Kin0, , their shape may dhange éﬁp@ﬁéing on the
condition o f thﬁ‘raai tips Oh the other hand, éhmn Gﬁ/baoa
is usea foaﬁ tips at‘Varimua stégas of éevélapmént ﬁéually show
vécuéleéﬁwith 4 more cénsistént shaye; Thasa ubsérﬁétions
indicate fhat Vaeﬁalés are more aenaiti&e‘té differanf fixatives
than are other organellesg many of +the irregular shapes ars
undoubtedly caused through resction of the fixative with the
vacuola.

The absence of a fundamental shape for angular vacuoles
implies that these forms may not be normal, Apart from ER most
other components of the cell heve a fundamental fom, In
sections the only consistent shape of vaouoles is vound and
entires Although this suggests that vaouoles are normally
rounfi, the possibility that some of the irrvegular forms might
represent stages of development cannot be exoluded. Fbr example,
light microscope studies indicate that vacuoles can be irregular
at certain stages of growth (Bailey, 1930; Zirkle, 1932, 1937).

Nonsmiscible liguids in water tend to adept the form of
spherical droplets since this gives the most stable volume to
surface area relationship. By snalogy, irregular vacuoles may
be wnstable and may change %o a spherical form. ~ Observations
on vacuolar fusion support this; the lobed shape of recently
fused vacuoles (Figs. 65-69) soon rounds off into a single
spherical entire vacuole. Although the tonoplast is a living

system capable of lndependent growth = which may be localized
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(see Chapter 6) = it is difficult to explain how the tonoplast
could grow out into fine projections and at the same time
maintain the vacuole as a turgld structure., If the vacuole
grows by such extensions why should the surface area of the
membrane be increased before the contents are able to fill the
potential volume® Surely the surface area and volume of the
vacuole would increase oconcomltantly as in many growing
systems. However, vaocuoles mesy assume irregular shapes when the
turgor pressure 1s suddenly lowered. A reduction in volume
results without a corresponding decrease in surface area of the
tonoplast = although this probably occurs laters Irregularly
shaped vaouoles of this kind are illustrated by White (1968) in
living cells grown in culture media.

Evidence from thin sections suggests that the engularly
shaped vacuoles are formed from spherical vacuoles which have
collapsed, This condition is apparently due to shrinkage through
extraction of water and/or other vacuoler contents. The degree
of irregularity af a vacuole thus reflects the amount of shrinkage
which has taken place, | With extrems shrinksge portions of the
tonoplast become apposed and form the charaoteristie fine
extensions superficially resembling profiles of ER, The space
within these vacuolar extensions is variable, however, end seldom
corresponds to the dimensions of the intra-cisternal space oI
enchylema (Frey-Wyssling & Miilethaler, 1965) of ER membrames:
This is neted slso by Barton (1965).

If we accept that angular vacuoles are the result of shrinkage,
how can this condition b@*ﬁﬁgi&%ﬁé&%l~ Gifford and Stewart (1967)

and Hess (1968) suggest that it might be due to fixation and my
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observations support this notion. For example, vacuoles of
diverse form occurred when the fixative was varied and methods

of dehydration and embedding kept constante But this does not
exclude the possibility that dehydration might not ultimately

have ocaused shrinkege, as different fixatives probably vary in
their ability to atabilize the vacuole against subsequent
processing. . However, proof that fixation rather than

dehydration is involved is shown by frozen—~etched prefixed roet
tips. | In these, fheuciea occasionally exhibit slight
irvegularity although theve héa been no chemiocal dehydration
during preparations The other instance of irresguler vacuoles

in frozen-etohed material is that found in living cells which

have incompletely assimilated glycerol. Under these ciroumstances
the glycercl tends to behave as a dehydrant causing the vacuoles

to collapse slightly. This probably explains the situation

shown in figures 77 and 78,

On cémparing results from different fixatives it is evident
that certain conditions of fixation cause greater collapse than
others, A systematic evaluationo f the various conditions of
fixation affecting vacuolar preservation is outlined in Chapter 5.
In the present chapter it is clearly shown that aqueocus KMnGh
pvauses greatest distortionof vacuoles. The Vaeﬁolga are less
distorted when Kin0) is buffered but the best results, noted also
by Gifford and Stewart (1967) and Hess (1968), were obtained
using GA/0s0) fixatdons |

With any one fixative it is seldom posaible to obtain
consistent preservation of &ll vaocuoles in root tips of a

particular experiment, all cells within a single specimen or all
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vacuoles in anindividual cells This variation appears to be
influenced mainly by the physiclégiml atate of the tissue and
- of the individual vacuoless For example, vacuoles in actively
differentiating tissue are usually more collapsed then those
from leas actively growing root tipss It is probably for this
reason that small vacuoles show greater shrinkege than large
vacuoles. = Thet physiological activity is more important than
the size of‘ vacuoles i8 demonstrated by comparing small vacuoles
in meristem cells with structures of a comparable size in
diff’efentiaﬁng tissuess For instance, small peripheral
vacuoles in reot cap cells are usually rounded when fixed in
buffered K¥n0 L whereas those from the promeristem are irregular.
Since vacuoles of a cell differ physiologically (see Bailey,

1930; Zirkle, 1937; White, 1968) this probebly explains why
various shapes are obtained under the same conditions of fixation.
While aqueous KinQ,, givas poor preservation of vacuoles in
actively growing tissue compared with GA/0s0), ressonable fixation
may be achleved in dormant root tips. When roots are |
metabolically inasctive vaocuoles ere usually less sensitive %o
fixation damage,; possibly because the ionic strenght of the
vaguole more closely corresponds to that of the fixative.

The distribution of cell components surrounding vacuoles
is also an indication that the angular shapes may be artifacts.
The paueity of organelles near badly shrunken vacuoles (Fige 5i.)
implies that when the vacuole collepsed the distribution of
organelles nearby was unaffected, the volume originally occupied
by the vacuole belng filled by groundplasm flowing into the space,
In KinO) fixed material little difference in density of groundplasm
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surrounding collapsed vacuoles is usually noted compared with

- the rest of the cell but in 6A/0s0, fixed specimens ribosomes

are sometimes reduced in density near shrunken vacuoles, Some-

times empty spaces ocour which suggest that,ﬁhe,vaeuale probably
collapsed suddenlys In other instances the radiate alignment

of mitoohondrie and plastids around shrunken vacuoles indicates
that the organelles have been drawn towards the vacuole when it

collapsed. Profiles of IR following the lrregular outline of

‘the vacwole (Figs 60) have undoubtedly arisen in a similar

nanners

Evaluation of
root tips

ahge f vact

oles in frozen-etche

Freeze~etching provided the most convincing evidence that
the fundamental shape of vacuoles isspherical, Recently several
workers using this technique have suggested that the irregular

forms seen in section migh% be artifaots of specimen preparation

' (Moor & Mihlethaler, 1963; Branton & Moor, 196k; Hoor, 1966b

Hess, 1968; Matile & Moor 1968), but the problem has not
received systematic attention, |

| In early studies using frozen=etched yeast cells, Moor &
Mihlethalor (1963) found only spherical vacuoles which lacked the
irrégular proéeasas daséribe& in chemically fixed material
(Vitols gt ale, 1961; Wallace et al., 1968). From such
obserVationé Moor and Mihlethaler implied that the ilrregular
form mmﬂ: be due to shrinkage. Branton and Moor (1964), working
with frozen-etched ot tips of Vﬁcig fabas alaso noted that
although vacuoles occasionally showed "bump-like" surface
irregularities vacuoles were conspicuously rounded by comparison

with structures seen in mosk chemically fixed material,
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Collapsed protrusions which in fixed material might be confused
with membranes of ER were not seen in these freeze~etch replicas.
Recently; spherical vacuoles characterized as lysosomes have
baen aescribeﬂ in yeast cells (Matile & Wiemken , 1967) and ey,
root tips (Matile, 1968; Wotile & Moor, 1968)s  Apart from
modifications in shape caused through fusion, these vacuoles
were found to be mainly spherical. The ballooning of ER
repeatedly seen in seotioned material (e.g. Buvat, 19613 Poux,
19623 Bowaa,‘ﬁﬁéﬁh; Buvat 1968b) was not found in the
preparations, Comparisons: of the form of vacuoles in frozen=
etched replicas and sectioned material of a fungal protoplast
led Hess (1968) also to consider thet the irregular shapes in
chemically fixed material are due to specimen preparation,
Spherical rather that irvegular vacuoles are shown in illustrations
by other workers using freeze-etohing (Moor, 196k, 1965, 1967;
Jost, 1965; Hess et al., 1966; Northoote, 1967; Remsen et al.,
1967b:  Sassen et al., 1967; Northcote & Lewis, 1968).

The present work demonstrates that vacuoles in frozen-
etched root tips are basically spherical.  Since vacuoles as
well as other cell components vetain o fundamental shape this
indicates that freeze-stoching is a more reliable method for
obtaining consistent preservation of vacuolar form than thin
sectioning,

However, before results from freeze-gtohing can be fully
accepted the validity of the method must be evaluated. Since
freeze=etohing involves a physical process artifacts caused by
chemical fixatlon, dehydration and embedding ave avoided (Steere,
1957; Moor gt al., 1961; Moor & Mbhlethaler, 1963; Moor, 196k,
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1965, 1966a & b). Because substances are not washed away
shrinkage is prevented. Although freezing intpoduces potenﬁial
artifacts it haa been shown that these do not present a major
obstacle (Sakal, 1966) and should at 1east be aifferent from
those caused by chemical fixation (Btesre, 1957). Also
subsequent steps in the freeze~-stch procedure do hot seriously
modify the specimen (Moor & Mhlethaler, 1963; Moor, 196k,
1966b; Koehler, 1968). The ﬁost important évidance
‘Qemonstrating the validity of freeze-etch results is that frozen
cells remain viable on thawing (Moor & Mihlethaler, 1963; Moor,
19645 Moor, 1966b; Nanninga, 1968). Vhile this has been
established for frogzen yeast cells and bacteria, it is usually
diffiocult to prove survival in animgl and plant tissues unless
the objects can be cultured (Moor, 1966b). The presence or
absence of ice crystal images in the replica nevertheless
provides a basis for judging the quality of preservation,

One of the chief criticisms of results dbtéined from
freeze~etching is that an anti-freeze agent such as glycerol must
be employed to prevent formation of ilce crystals in tissues
containing above 75% water (Moor, 1966b), While the root tips
of many plants sbsorb glycerol only with difficulty (Branton &
Moor, 1964 Moor, 1966b; see Chapter 3) those of certain
species will grow, albeit slowly, in a 20% solution. Further-
more, it has been found that various cultures of animal and human
tissues impregnated with glycerol survive after freeze-fixation
(for references see Moor, 1966b)s It has been shown also that
glycerol does not significantly affect the dimenslons of
chloroplast membranes (Dllley et al., 1967)s  Recent work by
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Richter (1968a & b) has demonstrated that epidermal cells of
various species of Campanula will withsband high concentrations
of glycerol and remsin visble provided that the glycerol is
introduced gradually. Nanninga (1968) haé,fsnﬁdlﬁhat bacteria
' grown in glycerol and then frozen resume growith on thawing,
From these studies 1t is reasonable to assume that the presence
of glycerol in root tip tissue does not appreciably alter the
fundemental form of g¢ell components.

It may'be argued that the spherical shapa‘éf vacuoles in
frozen visble cells need ot be typical of roots grown under
natural conditions beaauaa wot growth is retarded in the presence
of glycerols According to some light microscope stg&ies
spherical vacuoles are characteristic of inactive cells, the
irregular forms sppearing on initiation of cyclosis (see Voeller,
1964)s  Since the presence of glycerol inhibits oyclosis
(Richter, 1968a) this might explain the occurrence of spherical
foﬁms in frozen-etched preparations. Although vaouole. shape
undoubtedly changes during pericds of cellular activity, it seems
'unlikely that all the diverse forms found in thin sections represent
such phases of activity, Proof thst the spherical vacuoles in
frozen-etched cells resemble those of roots g@nﬁn without glycerol
is obtained by comparing frozen-etched fresh material grown in
glycerol with prefixed actively growing rcot tips, In both
fﬁeah and prefixed frozen-stohed roots spherical vacuoles abound.
This clearly demonstrates that spherical vacuoles are equally
characteristic of insctive and active root tips. However,
vacuoles may be modified in shape to sccommodste other organelles,

during stages of fusion and during phases of cell activity (e.g.
oyclosis).
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The shspe of vacuoles in promeristem cells has been
clarified by freege-etching, Inlgédtianaﬂ‘matﬁrial these arve

typieally irreguler (Whaley et g;,; 4360&;, Fingran9‘1966)»
During the present study verious fixatives were used in an
endeavour to preserve the true image of these vacuoles but no
consistent shape ocould be obtained, When freeze-etching was
first spplied to the problem raaulta were éiaappginﬁing as
fracturing seldem revealed the promeristem. To overcome this
difficulty, the promeristem was isolated as small cubes sbout
1 m3, Root tips of Zea were used as thesa‘az@ known to have
a large promeristem (Clowes, 1961)s In both frozen-stched
living tissue and prefixed specimens promeristem cells showed
only spherical vacuoles, It is therefore concluded that
vacuoles in promsristem are fundamentally sphefioal‘as in other
tissues of thie root tip;l

43 3 r_vacuoles from optical s

valuation of irvegule
| A fundamental spherical‘ghapé for vacuoles in thé ro0t tip
has been demonstrated. ‘EQW‘may tha.irreguiar forms seen with
the light microscope be explained? |

Zirkle (1932) faﬁnd fhat the shape and size of vacuoles in
living and fixed ra&t tips was conditioned primarily by the
activity of the oytoplosm. When the cytoplasm was quiescent
vacuoles tended to be spherical in the smaller cells whereas in
cells with active protoplesmic streaming the vacuoles became rod=
like, were drawn out into "Holmgren canals", or formed a retioulate
apperatuss.  Vacuoles of irvegular shape arve figured elso by
Kﬁat@r (1927). Btag&a in ﬁha‘déveleymant of vacuoles from

filamentous structures have been illustrated in the growing leaflet
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of rose by Guilliermond (4944ii
Irregularly shaped vacuoles seen with the light microscope

have been taken as evidence for the validity of iryegular

vacuoles in thin sections (Whaley et al., 1960a). However,
examination of published illustrations indicfates that the
étructures are not usually comparable in form. Apart from
vacuoles with narrow proJjections drawn by some workers

(e.g. Kuster, 1927) most of the irregular vacuoles in optical
preparations are entire rather than angular and lack fine
projections, Instead elongated rounded bodies are usually

shown (e.g. Bailey, 1930; Zirkle, 1932; Guilliermond, 1941).
Possibly some of these correspond to chains of fusing ﬁaauoles
which in thin sections xﬁay be diffieult to interpret, The
conditions shown in figures 65 and 69 may correspond to thread or
rod sheped vacuoles seen at the light mioroscope level of
observation, Néfertheless, there still remains the possibility
that aoﬁe vacuoles expand from spheres into elongated bodies.
However, there is no evidence to suggest that this occurs by prior
formetion of membrane apposed extemsions., Elongated vécuoles
appear to develop mainly through fusion of spherical Vaeuoieaq The
reticulate vacuoles seen with the 1light microscope may in some
instances represent superimposed chains of fusing or oloé?y contiguous
vacuoles which eventually develop into the main central vacuole of

the cell.

boli Summary
A comparison is made of the form of vacuoles in thin séaﬁions
and freeze-etoh replicas of root tips, In sections vacuoles exhibit

a diversity of shapes, the greatest irregularity being found

with aqueous KMn0) fixation. In contrast, vaculiles of
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frozen-etched roots are spherical or occasionally elongated.
Vacuoles were not found with profile-like extensions or other
irregularities but retained a turgid appearance with a smooth
contour to the tonoplast, except in some poorly frozen cellse
As freezé-etching avoids the artifacts of chemical fixation, it
is considered that the shape of veacuoles in frozen-etched cells
more closely resembles than in a normal living cell than does
than shown in sectioned moterial. In sections, vacuoles of
irregular shape are apparently caused during fixation through
the shrinkage of mainly sphericel vacuoless  When shrinkage

is severe portions of the tonoplast become apposed and

superficislly resemble profiles of LR



Fig. 47

Fig., 48

Fig. 49

Fig, 50

Figures 47 - 50 Identity of vacuoles in section
and frozen-etched replicas of root tips.

Vacuoles in thin section of promeristem cells of
M.citrata fixed in glutaraldehyde/0sO,. The single
limiting membrane distinguishes vacuoles from the
other organelles visible. The electron-transparent
contents are also characteristic after this fixation.
(x 26,800).

Surface and cross-fractured views of a group of

vacuoles in A.sativa. The three upper vacuoles are
cross-fractured and show a single limiting membrane.

The inner surface of another vacuole is visible at
bottom right; part of the outer surface of the adjoining
vacuole is shown here also. (x 37,500).

Portion of three fractured vacuoles in T.vulgare.
The lower organelle is identifiable as a vacuole
from the appearance of contents in cross fracture
and presence of a single bounding membrane. As the
shadow is on the right and extends slightly beyond
the vacuole (shadowing is from left to right) the
structure is raised above the surrounding groundplasm;
the surface fractured portion shown therefore
represents the outer face of the tonoplast, The
surface shown by the widdle vacuole is also an outer
face. In the top left vacuole the inner surface of
the tonoplast is visible. (x 40,000 approx.).

A dumb-bell shaped vacuole in A,sativa formed by
fusion of two spherical vacuoles. In the lower
portion contents bounded by a single membrane are
visible in cross fracture; in the upper half
contents have been removed exposing the inner
surface of the tonoplast. The upper half of the
vacuole represents a hollow; this is shown by the
position and direction of shadowing (right to left).
(x 45,600).
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Figures 51 - 60 Root tip cells fixed in 2%
aqueous KMnOa.

Small vacuoles (V) of irregular shape in a

Portion of a root cap cell from an actively
growing root of Avena sativa. Numerous small
angular-shaped vacuoles are distributed through-
out the cytoplasm. Well developed amyloplasts
are also present ( x ca. 18,000).






Fig. 53 Vacuoles of irregular form in an early differen-
tiating cortical cell of L.nitida. As depicted
by the "stellate" vacuole (arrow) small vacuoles
show greater irregularity than the large vacuole,
At the upper end of the large vacuole fine project-
ions extend both out from and into the vacuole
(x 22,500),

Fig. 54 Vacuoles of diverse form in procambial cell of
L.nitida. Note the narrow vacuolar extensions
forming "delté-like" in-pushings into neighbouring
vacuoles, and the paucity of organelles between
the vacuoles (x 18,400).

Fig. 55 Portion of a root cap cell of Z,mays. The collaps-
ed vacuole shows narrow extensions which super-
ficially resemble profiles of ER. Ruptured areas
are also visible (arrows) (x 38,400).

Fig. 56 A small crescentic-shaped vacuole (arrow) border-
ing a larger vacuole in an outer root cap cell of
IT.vulgare. The tonoplast of the large vacuole
evaginates towards the smaller one (x 20,900).

Fig. 57 An enlarging vacuole in a root cap cell of L.,nitida
showing portion of the tonoplast with villus-like
processes (x 26,400),
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Fig. 58

Fig. 59

Fig. 60

Numerous vacuoles of irregular shape in a root
tip cell of A.,sativa near the surface of the

cap. Masses of cytoplasm and fragments of organ-
elles are contained within the vacuoles. Some of
these appsar to have been sucked into the vacuole
on collapse of the organelle during fixation.
Ruptured areas are visible in some vacuoles
(arrow ) (x 18,400),

Vacuoles with processes extending towards each
other in a root cap cell at A,sativa (x 26,400).
A collapsed vacuole in a root cap cell of A,sativa.
The adjoining ER follows the contour of the
partially shrunken vacuole (x 43,200).






Fig. 61
Fig., 62
Fig. 63

Figures 61 - 64 Root tip cells fixed in buffered

KMnOA.

A root cap cell of Z. mays showing vacuoles more
rounded in outline than vacuoles from similar cells
fixed in aqueous KMnO, (cf. Figs 52 & 60) (x ca. 18,000).

Portion of a root tip cell of Z. _mays containing both
large and small vacuoles (arrows) round in section.

Dense lipid bodies are also present (x ca. 23,000).

Small vacuoles of irregular form in a promeristem
cell of A, sativa. The young vacuoles are less
irregular than corresponding vacuoles fixed in
aqueous KMnO, (x 26,400)
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64

65

66

Portion of a root tip cell of A. sativa showing
vacuoles of angular irregular shapes as found in
some buffered preparations of KMnO, (x 20,100)

Figures 65 . 70 Root tip cells fixed in
Glutaraldehyde / 0304.

Vacuoles at one end of a differentiating procambial
cell of Mentha citrata. The vacuoles are round in
section except where they have fused (x 20,000)

A cortical cell of M, citrata at an early stage of
differentiation showing a large rounded vacuole at
one end of the cell. This and the other small
vacuoles are conspicuous because of electron

transparent contents (x 15,600).
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Fig. 67 Small vacuoles in portion of a promeristem cell
of M, citrata. The vacuoles are rounded in
comparison with vacuoles from promeristem cells
fixed in KMnO, (cf. Fig. 51 ) (x 20,200)

Fig. 68 Portion of a promeristem cell of M, citrata
showing rounded vacuoles about the size of
mitochondria and smaller (x 28,300)

Fig. 59 Vacuoles at various stages of fusion in a cell
of M. citrata. The vacuoles are rounded, mainly
entire and lack fine projections characteristic
of many vacuoles preserved in KMnOa. The
large vacuole shows slight irregularity through
shrinkage (arrows) (x 23,000). |

Fig. 70 Root tip cell of A, sativa showing vacuoles shrunken
as a result of poor preservation (x 23,000).
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Figures 71 - 74 Frozen-etched vacuoles in root

tip cells of Avena sativa.

Cell showing several spherical vacuoles (V) in
surface view and cross fracture (x 17,400).

A spherical vacuole (upper right) showing both
surface and cross fractured views in the same
structures. The cross fractured portion reveals
the frozen contents of the vacuole bounded by a
single membrane. The lower left vacuole is seen
in cross fracture (x 28,500)
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Fig. 73 Portion of a cell showing spherical vacuoles and
one which is slightly elongated. The aqueous
contents of the vacuoles show large ice crystals
and serve to distinguish the vacuoles from other
cellular structures (cf also Fig. 75 ) (x16,500)

Fig. 74 A cell containing a large main vacuole (right)
and portion of peripheral cytoplasm. Small
spherical vacuoles (V) are visible in both cross
fractured and surface views in the cytoplasm
(x ca. 36,000).

Fig. 75 Portion of a cell showing small spherical vacuoles
in cross fracture and surface views. A few

mitochondria (M) are scattered amongst the vacuoles

(x 16,500)

Fig. 76 A small spherical vacuole contained in the cytoplasm
between three larger vacuoles of a root cap cell.

Note the entire outline of the tonoplast in all

vacuoles (x 23,300)
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Fig.

77

78

Vacuoles slightly irregular in shape. These
are occasionally found in viable cells with
moderately poor freezing (x 24,900),.

Peripheral cytoplasm in highly vacuolated
badly frozen cell of M. citrata. The small
vacuole in the cytoplasm in crescentic in
shape and the tonoplast of the main vacuole
invaginates towards it. The condition
resembles that seen in some sectioned material

(cf. Fig.556 ) (x 20,900)
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5 EFFECT OF VARIOUS CONDITIONS OF FIXATION ON
PRESERVATION OF VACUOTES FOR EIFCTRON MICROSCOPY

5.1 Intgaéucgign

Methods of fixation oy‘f’ biolegieal ﬁaté‘rié.l for electron microscopy
have been developed principelly from work on animal tissue (}s‘e@ Poase,
19645 Trump & Ericsson, 1965; Gléuart, 19?}363 S-jgstmnd, 1967)s
Comparatively few fun&amemtal studies have been made on plant material
(eege Mollenhauer, 1959; MoLean, 1960). Experiments on the fixation of
plant tissues (e.g. Hairston, 1956; Caulfield, 1957; Ehrlich, 19583
ledbettes & Porter, 1963; Sun, 1963; Bsau, 19650; Diers & Schbtz, 1966;
Hess, 19665 Rosen & Gawlik, 1966) have usually been incidental to other
studies, few of which have been concerned with vacuoles.

No systematio study appears to have been made of how ths various
conditions of fixatio:; affect the image of vacuolesin thin sections, The
diverse interpretations of vacuole structure in electron microscopy (eege
Buvat, 1957, 1958, 1961; Buvat & Mousseau, 1960; Poux, 1961, 1962; Manton,
 1{9’62; _BQW@% ‘196513), are probably the consequence of this lack of knowledge
‘of vacuole behaviour during fixation. Reoent observations on freeze-etoh
preparations suggest that many of the irregular forms seen in ‘ehemiwlly
fixed material ave artifacts (Bran‘boh‘ & Moor, 19643 Matile & Moor, 1968;
Chapter 5. . |

In this chapter the resulis of investigations on preservation of
vacuoles in root tips ave outlined. A aamplétéaﬁué,y m:ﬁ’ all possible paramete:r:
has not bheen mades instaa& certain factors éommaniy varied during fixation
have been examined,

The effects on fine strusiture of various cmﬁi‘mqns of fitian have

been studied by several workers and reviewed by Trump and Ericsson (1965).
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Temperature X Opinion differs regarding the importanse of temperature
during fikation (See Pease, 19624_; Sj»gatrana, 19675 Wischnitzery 1967).
Some investigators find that temperature is tﬁiﬁmpcsr‘tan{: (Milionig, 1 962;
Baker, 1965; Béker &‘ﬁ‘eﬂae y 1966); others maintain that fixation should
be at\lpé’ﬁ.,;becauae c,‘aliula‘r activitiaa and spontaneous post~mortem changes
ére decreased a“b"t.ﬁhia tempe?a‘bura. A f‘ev\r oytologists have found better
pre:sarvm::ian at temperatures above ambient (c,‘a.g,‘ Hanton, 1962),  According
to Glaﬁert (4 966), temperature is xﬁam important in fixing plant tissue
than it is for snimal materi&l but the reasons for *his are not given.

pli: Various views are held sbout the role of pH during fixation, Many
light microscopists maintain that pH is important (see Zirkle, 1928; Gray,
1954 Baker, 1958) acid fixation being preferred for nuclear studies and
alkaline fixation for eytoplasmic detail. Moss (1966) found & pH of 4O
suitable for fixing various higher plant tissues in GA for light microscopy.
Most work on the effect of pH on fixation for electron microscopy has
involved animal tissue fixed in 0s0y. Palede (1952) obtained best results
at pis 7.2 to 7e4s He introduced Micheaelis' veronal acetate buffer to
prevent the wave of acidity which precedes the penetration of 0s0), Claude
(1961) has also found that pH is imporﬁaﬁt in 080, fixation, In contrast,
Rhodin and Zetterqvist (see Sjostrand, 1956b) found that pH could be varied
from 5.1 to 9.5 without noticeable effect on the quality of preservation in
0s0), fixation. Othor workers similarly find that pHl is unimportant during
fixation (Malhotre, 1962a, 19633 Baker, 1965; Schultz & Kerlssonm, 1965).
sjostrand (1956a, b, 6y 1967) has conocludéd from these various studies that
while 2 certain control of pH is desirable it is not as oritical as Palade
maintained.

Buffers: Several different buffers have been used for adjusting pH
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during fixation (see Pease, 1964; Glauert, 1966; 8j8strand, 1967),
‘Veronal acetate - HCl is commonly used for this puﬁpqse because of its
phyéiogical properties, ﬁqwever, the use of veronal acetate has been
criticised on the grounds that ité buffering capacity falls off in extreme
ranges (Malhotra, 1963; Baker, 1965; Sohultz & Kerlsson, 1965; see also
West, 1963). ?aoausevof thia; other buffers more effective in extreme pHs
have baen‘introdﬁced for certain purposes. . Phosphate buffers exist in
living systems (Millonig, 1962; Glauert, 1966)s It has therefore been
found convenient to use them as buffers with 0304.(Millenig, 1961b, 1962),
aldehydes (Holt & Hicks, 1961a & b; Sabatini et al., 1963), and KMn0), (Sedar,
1962), The effeots on fine struéture of various buffers have been studied
in animal tissues (e.g. Palade, 1952; Millonig, 1962, 1966; Luft & Wood,
1963; BEriosson et als, 1965; Trump & Ericsson, 1965; Wood & Luft, 1965;
Machado, 1967). Some workers attribute little importance to the particular
buffer (e.g. Palade, 1952) but others find specific ion effects (e.g. Wood &
Luft, 1965), The infuluence of different concentrations of buffer has also
been examined (Vial & Orrego, 1966).
Concentration and Duration of Fixation: Several workers have examined the
effects of fixative concentration and duration of fixation (e.g. Trump &
Ericsson, 1965; Baker & McRae, 1966). The main result of inereasing the
concentration of KMhOhhana 0504 is to enhance the contrast of the specimen
(Palay & Palade, 1955; Palade, 19563 Afzelius, 1957, 1959; Pease, 196k)e
Within reasonable limits, variation in aldehyde concentration has little
effect on fine structure preservation (Schultz & Kerlsson, 1965; Baker &
McRue, 1966; Maunsbach, 1966; Rosen & Gawlik, 1966; Machado, 1967). Studies
with several fixatives indicate that duwration of fixation is not oritical
(esgs Palade, 1952; Manton, 1962; Baker, 1965; Baker & McRae, 1966;
Paolillo et ale, 1967), although prolonged exposure will cause extraction of
some cell material (e.gs Falk & Sitte, 1963; Sj8strand, 1967; Wischnitzer,
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1967) , ,
Addition of indifferegﬁ compoundsz Accerding to some researchers (SJSstrand,

1953, 19568, b, c, 1958; Rangan, 1960; Tahmisian, 1964) fixatives should
be isqtonic with respect to the tissue. This is achieved by addition of
either salts (see Sjostrand, 1967) or non-ionic substances such as sucrose

(Caulfisld, 1957)s Zetterqvist's "balanced salts"(see Pease, 196L) and
sucrose have been added to fixatives for plant tisswes (e.g. Melean, 1960;
Porter & Machade, 1960; Wooding & Northoote, 1965, 1966; Pickett-Heaps &
Northoote, 1966) but the effect on preservation has not been evaluated.

5¢3 Materials and Methods
In initial experiments rootsof Lonicera nitidas were used. In later trials

Menths citrata and Avena sativa were substituted, as material at the same stage
of differentiation could be more readily selected. All root tips used were
at comparable stages of growth.

Over 120 different fixations were made for the study. An average of 6
root tips were prapaéed per fixation. At leasttwo blocks were sectioned per
fixation and 2 to 6 grids examined from each blocks Observations were con=
fined to the root ocap and the first 0.5 %6 1.0 mm of basipetal tissues.

The following conditions were varied and the effect on vacuole preser-
vation examined,

1o  Evacuation during fixation: Roots of Lonicers were fixed in standard

(see Section 2.3 1) buffered KMn0y, one group without evacuation, the
other evacuated at 6L om pressure of mercury for the first 30 minutes of
fixation.

2. Temperature during fixation: Specimens of Lonicera were preserved in
standard permsnganate fixatives and in standard GA/0s0,at the following
temperatures (°C):=
(a) aqueous KiMnOy: 4, 16, 20
(L) bBuffersd TMad, * L. 16. 20. 26. 20. 77
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() GA/Osth 4, 20

pH of fixative: Experiments using different buffers (see Vogel, 19463

Glauert, 1966; Sjostrand, 1967) in 2% Kiin0y, for 2 hours at room temper=

ature were conducted on Lonicera.

(a) Veronal acetate = HC1 ﬁuffer (0.14M) at pHs 2.0 to 13.5 at intervals
of pH 0,5, Most pH levels were tested at least twice; 40 fixatlons
were examined.

(b) Sodium acetate buffer at pHs 2.0 to 5.0 (intervals of pH 0.5).

(¢) Sorensen's phosphate buffer (0.066M) at pHs 505, 6.0, 7.0 and 8,0.

Concentration of fixative:

(a) Roots of lonicera were fixed in standard aqueous and buffered Kin0)
at % concentrations (W/V) of 0,25, 0.5, 1.0, 240, 340, 40, 540 and
saturated Kin0), (6.4% at 200C),

(b) Roots of Lonicera and jvena were fixed in standard QA/Osok (see
section 2.3 1) but at % concentrations of GA of 0,78, 1.56, 3.12,
6425, 1245, 25.0 and 50.0.  0s0) was kept constant at 1%

(6) Roots of Avena were fixed in standard GA/0s0) but at % caneentmtiéns
of anhtgf 160, 2,0 and 5,0, GA was kept constané at Gh.

Duration of Fixation: Specimens of Lonicera waré fika& in standard per-

manganate fixatives for durations ofi=

(a) aqueous KMnO,: 1584430 minutes; 1, 2, 3, L,and8 hours.

(b) buffered XMnOy: 2, 15 and 30 minutes; 1, 2, 3, Ly and 8 hours,

Addition of Zettergvist's "Dalanced Salts: 3ok ml of salt solution (see

Glauert, 1966 or SjBstrand, 1967) containing Na, X and Ca chlorides were

added to 46.6 ml of standard aqueous snd buffered KMn0), end to standard

GA/0s0), The molarity of the balanced salts in each fixative was about

6.003M, The experiments used Lonlcera and Mentha.

Addition of Sucrose: Root tips of Avena were fixed in 6% GA in 0.66M
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phosphate buffer made up in 10 sucrose, washed in buffer containing
107 sucrase, and pastfixed in 27 buffered 050, in 10% suorose.  Duration,
pH and temperature of fzxation fallawad that of standard GA/080y,.

ifferent Concentrations of Buffer: Roots of Mentha were fixed in 3%

'Kin0), (0.189M) in veronal acetate = HCL buffer of various concentrations,

Serial dilutions of buffer gave fixatives with buffer molarities oft 0,28

30‘0221}-, 0.168’ 0012‘}-’ 0.112, 00656, 00028 and 0,00, Fixations were for 2

" hours at room temperature. Trials uaipg,%.OQGM and 0.016¥ phosphate

bﬁff@r in GA/bsO# fixative were conducted on Avena ahﬂ Mentha,

Different buffers at the same molarit ka;d ﬁhe game pH: Root tips of

Avena were fixed with 2% KMnOh in O.10M buffer. Veronal acetate = HCL,

‘sodium saeodylate and Sorensen's phosphate buffers were used at pHs 6.8,

Fixations were for 2 hours at room temperature.

‘Osmivm tetroxide fixation: Root tips of Avena were preaer#ad on 2% (a0,

ﬁaﬁe up in water or in 0,284 ﬁexenal acetate = HCL buffer (pH 6.8) for 2
hours at rbem'temperature. Moi&rifies of the solutions were sbout 0.08M
and 0.36M,reapectively.

Buffefih‘ a  Differa. Stages in GA/0s0, Fixation: Root tips of Avena
were preserved in standard GA/0s0y,0 ?hosphate buffer (0,066M) was

present at stages indidated (x):e

GA Wash 080},
X X b4

GA/KNnQ) Fixation and Buffering at Different Stages: Roots of Avens were

fixed ' . at 4°C in 68 GA (4 hours) followed by a wash (3 hours), then
post fixed in 3% KMn0; (3 hours)s. Phosphate buffer (0,066M) was
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introduced at the following stages (x):-

GA _ Wash KMn@g}_,
X x X
X - x
5 ° }4— Re 8 ul §S

The effect on vacuolar preservation of the various conditions of fixation
tasted are outlined below.
Eyscuation

Vacuoles fixed without evacuation (Fige 79) exhibived a similar‘ range of
form to those preserved under vacuum (e.ge Fige 61)e
Temperature ‘

Vacuoles of Lonicera showed the same form irrespective of temperature
during fixation (compare Figs. 35 & 62 with 80, 81, 82)s Other cellular
organelles were also unaffected by ltemperature, | In aqueous KMnOA, irregular
vaouoles were oommon (Fige 80). Mainly rounded structures occurred in cells
preserved in buffered permanganate (Figs. 8% & 82) and in GA/baQA.

These observatlions show that temperature is not or:ifical. The ocomparison
between sgueocus and buffered material sugegests that presence of buffer is more
important in maintaining vaousles as rounded structures than is temperature
during fixation. Although Mgntop (1962) elaiméﬁ g;c)oc"i préﬁervation at 2500, ,
and at higher temperatures, in m@iatem eells of Aﬂthoceraa,tm vacuoles
displayed considerable shrinkage typical of cells fixeﬁ in aqueous mmw .

pH during KMn0) fixation .
-« HCL buffer: Vacuoles were little af'fected by pH (Figs.

83-90) except at ex me levels. Schultz and Karlsson (1965) have also

found adverse effects of high and low pHs in animal tiésue fixation.
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Between pHs 2,0 and 12.5 vacuoles were mainly rounded (Figse 83-89). At
high pHs (12,5 = 13.5) the structures were shrunken and pseudovacuoles
had developed withiﬁ the cytoplasm and nucleus (Fige 90)s The vacuolar
contents were not preserved at pH 2,0(Fig. 83) but at pHs above this
contents were usually precipitated as dense material (Figs. 84~90).  The
tonoplast was preserved over a wide range of pH; on the acid side of
neutrality it was fixed above pH 3.0 while in the alkaline range the
tonoplast was still visible at pH 12.5.

Sodium acetate = HCl buffer: Vacuoles were mainly round at pHs 2.0 to 5.0

(Figs. 91 & 92), but the tonoplast and contents were not fixed, Other
organelles were also poorly preserved at these pHs, |

Phosphate buffer: Vacuoles were fixed between pHs 5.5 and 8,0 (Figs. 91 &
92)s Vacuoles were more irregular'With the phosphate buffered fixative
than with the veronal-acetate fixation at corrvesponding pHs (ef. Figs. 91
& 92 with 85 & 87).

These experiments with Lonicers indicate that pH is not critical for
preserving vacuoles, Studies with animal tissues show that pH plays
little part in fixation (e.g. Sjostrand, 1956a; Malhotra, 1962a)s The
buffer seems to be more important in functioning as an "indifferent"
salt (Baker, 1960) than in maintaining pH. This conclusion is further
demonstrated by comparing vacuoles fixed in aqueous KMnOh with those in
the buffered solution. In ﬁha aqueous fixative vacuoles are mainly
irregulayr while in bufferea KMnO# they tend to be more rounded.

Gensral préaervation of fine structure is better at alkaline pHs than
on the acid side of néﬁ%;giity; Studies on animal tissues support this
observation (Palade, 1952; Baker, 1965; Bowes & Cater, 1966), In
contrast, some workers maintain the pH of the fixative should correspond
to that of the tissue (Millonig, 1962; Tahmisian, 1964); pis around

648 to 7ol are commonly selected for this reason. pHs between 5.0 and
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605 are normal for higher plants (see Hurd-Karrer, 19393 Drawert, 19§5a;
Voeller, 1964), but this study shows that such pHs are unsultable for

preseyvation of fine structure. Optimal preservation in Lonicera was

obtained at pHs 7.0 to 8.5, Observations on animal tissue confivm that
alkaline fixation is preferable for hydrated tissues (see Palade, 1956;
Trump & Ericsson, 1965).

The results with different buffers demonstrate that various ions have
specific effects on preservation of vaocuoles. Sodium acetate is
obviously unsuitable as a "physiological buffer" (Wood & Luft, 1965).
Sorensen's phosphate buffer is inferior to veronal acebate at the
molerities used. Vork with animal tissue fixed in 0s0y hes shomn that
phosphate buffer gives poorer results compared with veronal acetate

(Palade, 1952).

Sely b Fixetive concentration

As

Bo

Kin0y: In Lonicera irregular vacuoles occurred at all concentrations of
the aqueous fixative (Figzse. 95=97). Vacuolos preserved inthe buffered
solution were predominantly rounded irrespective of concentration (Figs.
98-100). The tonoplest was poorly fixed below 1% but well preserved at
higher levels (Fig. 100)s With increasing concentration, the vacuolax
contents become darker, optimal contrast lying between 2 and L% Kiln0),
At the same and different concentrations, however, the contents often
varied in appeerance depending on the composition of the vacuoles. In
actively diffeventiating cells the contents were denser (Fig. 79) than in
dormant cells (Fig, 250).

GA: Only small differenceswere noted in the shape of vacuoles fixed ai
different concentrationse At 50% GA vacuolss were slightly more irveg=
ular than those fixed at lower concentrations., DBut the degree of

shrinkage was small compared with vacuoles preserved in aqueous KMnOA.
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C. 08051 Vacuoles exhibited a similar form irrespective of the concentrat-
ion of osmium. The main effect of higher concentrations was an inoreased
contrasf”of contents; where these had been precipitated.

These observations indicate that fixative concentration plays little
part in preserving vacuoles as rounded structures. This confirms the
work of Manton (1962) for vacuoles of Anthoceros fixed in KMnO#; Studies
with other plant (Rosen & Gawlik, 1966) and animal tissues (Palay & Palade
19553 Palade, 1956; Afzelius, 1957, 1959; Schultz & Karlsson, 1965;
Haunsbach, 1966; Machado, 1967) preserved in different fixatives also
“show that fixative concentration is not critical for fine structure

preservation.

P _Kin @ﬂl‘m ‘
Vacuoles in lLonicera roots fixed for 2 minutes were indistinguishable in

shape from those preserved for 8 hours (Figss 101=107). In aqueous

- permanganate the structures were usually irvreguler (Figs. 106, 107) but in

" the buffered solutions rounded forms were dominant (Figs. 101-105). The

vacudlar contents became progressively darker uwp to about 3 hours fixation,
thereafter any further change was slight, Most cell structures were clearly
visible after 2 minutes fixation.

The observations show that duration of fixation is unimportant in
presefviﬁg vacuoles, The results agree with those obtained by‘Mantqn (1962)
using KWn0). The irregular shapes found after 2 minutes fixation in aqueous
solutions suggest that the vacuoles shrink almost immedistely after the moots
are placed in ihe fixative, Penetration of KMnOA_musﬁ ﬁﬁer&fmr@ be rapid.
This 1s in contrast to results published by Bradbury and Meek (1960) for
artificlal gels fixed in Kino).

Addition of indifferent compounds

In Lonicers and Mentha Zettergvist's "balanced" salts added to GA/OsOh

(Fig. 109), agueous KMnQAT(Fig. 108), and buffered Kin0,, produced no
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detectable offect on vacuolar preservation.  The vacuoles showed a similap
form to those praaer&ed in the standard fixetives (vompare Fig., 108 with
5l)e
Addition of sucrose to @A/O%O# produced varieble resultg in Mentha.
Some oells showed good preservation (Fig. 110) but in others iﬁregular
vacuoles were common (Fig. 111).  Many cells of the root cap displayed

severe shrinkage (Fig. 111)s These observations suggest that the fixative

‘was hypertonic for some cells but probably isotonic for others.

Diffarent concentrations of buffer

As Veronal acetate buffer: The shape of vaouoles changed as the concentrat-

ion of buffer wasdterved (Figs. 114~119).,  Differences were slight at
successive concentratlons but unmistakeable over the whole range
examineds At no concentration was it possible to preserve aoll vacuoles
sotisfactorily without shrinkage or rupture. Apart from large vaouoles
in outer cap cells, most of the structures beocame progressively more
irregular as the concentration of buffer was lowered. At high
concentrations vacuoles tended to buwrst, especially in cells near the
surface of the cap. Between 0,28M and 0,056M buffer vacuoles sbout the
size of amyloplasts were mainly vounded. Below 0.056M buffer few
vacuoles were preserved as rounded structures. Irvegularily was greatest
when buffer was sbsent (Fige 119).

B. Phosphate buffer: Noots of Avena fixed in @A/bsﬂa_containing 0, 066H

phosphate buffer showed meinly vounded vecuoles (Fig. 142)e At 0,016M
buffer slight irrvegularity occourred {Fig. 113).

These experiments demonstrate that the concentration of veronal
acetate buffer is lmportant for fixing vacuoles in Kifu0), The presence
of phosphate buffer ils, however, less critical for vacuoles preserved in

GA/ﬁaOQ, In Kin0), fixatlon, the buffer seems to behave as an indifferent
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~salt in raisinglthe ionie strength of the fixative.

Diffaxanﬁ,bufferswatwtha,aam@,malarit;“an& same pH
in Kiin0) fixation o

Roots preserved in permanganate conteining 0,144 veronal acetate buffer
showed some rounded and séme irvegular vacuoles, With O.14M phosphate buffer
results were more variabic. Some speeimens had vacuoles reszembling those
obtained with veronsl sceiste buffered fixative bub in other root tips few
vacuoles were visibles In these the tonoplast was not fiﬂma.and the vacuolar
contente merged with the grounﬁﬁiaém; Few vacuoles were preaerved vhen Q.14M
sodium cacodylate buffer was uged. The graundplasm and membranes showed a
coarse granular texture in both phosphate and cacodylate bufferad.materiala

The experiments show that various buffers at the same molarity and the
same pH mey have different offects on preservation of fine structure. For
fixation with Kin0)y , veronal acetate buffer gives better preservation of
vacuoles, and other cellular components, than do elther phosphate or cacodylate
buffors at Ouilifs | |
030, fixation

Roots of Avena fixed in aqueous 950# shoﬁed irregular vacuoles (Fige 121)
although ahrinkaga was less than in agqueous permanganate. When the fixative
wes buffered shrinkage was veduced (Fig. 12@) but irregular vacuoles still
remained common (Figs. 122, 123). In both flxativaa, vacuoles about the size

of mitbohan&ria showed better preservation than lavger structures (compare

Pigs. 120 & 12) with 122 & 123).  Coll walls, plastids and mitochondria

usnally had wrinkled outlines sugg@stihg hyp@rtonia conditions during fixation.

Difficulty in fixing plant tissue in 080y, ie noted by other workers (ledbetter

& Gunning, 1964).
Although these experiments show that presence of buffer is advantageous
when {ixing vaouwoles in 080), buffering is not as important as for KMn0,

fization. Tn studies with animal tissue some workers obtain better results
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using buffered 080, (esgs Palade, 1952; Schultz & Karlsson, 1965), but
others find 1ittle difference between the agueous and bufifered solutisns
(Claude, 1961§ Malhatm, 19622 & b, 1963; Baker, 1965@.
Buffering at diffggent‘stagﬁa during 6A/0s0, Ffixation

In'brodmtior; of veroiml ac«s’é&t@; buffer at {rariouﬁ mégm during fixation

produced only ’slight differences in the appearance of vacuoles (Figss 125-128),
In Avena, vacuoles preserved acocording to an entirely aqueous schedule were
mainly rounded (Fig, 525).‘ When buffer was present during washing vacuoles
were a little more irregular (Fig. 126) then those in the material fixed
according to the aqueous sohedules With buffering st the GA stage, the 0s0)
stage, or at all steps in fizetion vacuoles resembled those found when
buffering was confined to the washing stage.

Buffer ions thus appear to be unimportent for preserving vacuoles in
G’A/QSOI“ at any stage during fixation. In eon’d;iegat to buffered mxolp the GA
seems to msabf\liza the vacwle directly, Vhen buffer ions are present they
raise thé ionic strength of the fixative vehicle which may lead to shrinkage
of the vecuoles. Possibly the buffer lons penetrate faster than those of
the fixative (Millonig, 1962), causing the vacuoles to collapse before the
tonoplast and contents are properly fixed by GA. As slight shrinkage ocours
when agueous GA fixation is followed by stages which are buffered, this suggest:
that vacuoles are nof comple tely stahi}iaed by GAe  Schultz and Karlsson (1965)
have found that certaln énimal tissues are incompletely fixed by GA. M“bhcﬁgh

aquéous GA glve satisfactory fixation of vacuolar form it is unsuitable for

- general preservation because its lower pH causes some extrsction of grounds=

plasm (Figs. 125, 126, 128),

10), £ i foring at different stage
Reeenbiy GA combined with KMnO), has been used for fixation of plant tiasue
(Gifford & Stewart, 19673 Tucker & Hoefert, 1968),
- Root tips of Avena preserved in G»A/mm:ﬂ# retained some charasteristics
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of both fixative components, while others were modified (Figs. 129-133).
With GA fixation the tonoplast sometimes becomes detached from the vaocuole
(Fige 130) (Gifford & Stewart, 1967)s The vacuolar contents ave modified
by GA in that they fail to produce the dense precipitates often found after
standard permanganate fixation. However, general preservation of cellular
detail in GA/KMn0) more closely resembles that of Kin0) than that of GA/080),
fixation. The soft grainy appearance of groundplasm and membranes is typlcal
of phosphate-buffered KMn0) (Figs. 129=133).

When phosphate buffer was introduced at various stages of fixation there
was comparatively little effect on vacuolar preservation. Vacuoles were
mainly rounded, with some irregular forms, when buffer was present at all
stages in the schedule (Figs. 130, 131)s The vacuoles, however, were
slightly less irvegular than those in stendard buffered KMnOk, With aqueous
fixation throughout, vacuoles were less rounded than those in the buffered
series end preservetion of groundplasm was poor. When buffering was carried
out at the GA and washing stages (Fig. 132), the vacuoles resembled those seen
when all stages were buffered. When buffer was present only at the Kﬁﬁ@g
stege similar results were obtained (Fige 133).

These experiments indicate that fixation in GA prior to KMn0j is more
important in maintaining vacuoles as rounded structures than is presence of
buffer at any stage in the schedule. Post fixation in aqueous KMnGh, for
example, produces less irregular vacuwles than fixation in standard aqueous
KMnO). As with GA/0s0), buffering in the GA/KMn0), schedule raises the pH of

the GA and this appears to reduce extraction of groundplasm,

5.5 Discussion
The various shapes obtained under different conditions of fixation
demonstrate the aeﬁsitivity of vacuoles to specimen preparation. By contrast,

most other structures in root tip cells have a characteristic form irrespective



of the fixative useds Studies on animal tissues also indicate that certain

oéll components are more sensitive to fixation than others (Sjgstrand, 1967),

The high water content and asmociatgd osmotic properties probably pley an
important role in the behaviour of vacuoles on fixation, It seems unlikely
that shrinkege of vacuoles ls primarily caused by dehydration after specimens
have been fixed because throughout the project the schedule for dehydration
was standardised,

Vacuoles are diverse structures (Zirk}e, 1928i  19373 Bailey, 1930;
Matila,v1968; Matile & Moor, 1968), It is parhaés not surprising ther@fore
that diffioulty is experienced in obtaining good preservation of all vacuoles
within a cell, in different cells and invrgat tips at various stages of
developments

Preservation of vacuoles involves a reaction between the fixative, the
tonoplast and the vacuolar sap. The chief variable in this reaction is
probably the composition and concentration of vacuolar contents; this may
lead to differences in preservation, The Varioﬁs shapes and densities of
contents obtained - especially in aqueous KMn0) - therefore give a visuel
indication of the diversity of vacuoles within amd among cells.

When a cell is bathed in s fixative several changes may ocour (Bernard &
Wynn, 1965). Barly stages of fixation probably destroy the differential semi~
permeability of the tonoplast (MoLean, 1960) so that a new osmotic relation-
ship is established between the vacuole and fixative. Vaguoles might be
expected to shrink, burst or maintaein a rounded shape depending on whether
hypotonic, hypertonic or isotonic conﬂiﬁon& previal. - The difference in the
ogmﬂtic pressures of the fixative and the vacuole will probably influence ‘the¢

bahaviour of vacuoles on fixations

5.5 1 Importance of the various conditions of fixation examined
The present experiments show that only a few of the conditions of

fixation tested are dirvectly important in stabiilizing vaéuole& a8 rounded
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structures in thin aecti&na. - Bvacuation during fixation, temperature, pH,
duration of fixation and ooneantratian of the fixative are relatively

unimportant. In fact, variation in;presexwaﬁiun is often greater a8 a result

- of the different physiological conditions of the 59301man. The maln
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- consideration for gaaa fzx&ticn of vaeual&s seems to be the fixqtive itself.

- Pixatives based on GA are superior to those based on KMnO# or 0804 alone.
‘Effeat of molarikz

Although molarity is important in that it influences 0smctia conditions,

vit geems that molarity alone is not the main faotor 1nvolv@d in vaouolar

preservation. Vacuoles assume Various images in &1fferant finatlves of
comparable molarity. When % KMnQ# is buffered w1ﬁh dlffar@nt buf'fers of *the

same molarity preservation of vacuoles is also variable.

Effect of different lons
Variations in fiﬁa structure of animal tissues have been reporited when
different buffers are used (Palade, 19523 Ericsson.gﬁlg;,, 1965; Wood & ILuft,

1965). While‘same workers favour e particularbbuffer, othersplace little
importance on the nature of the buffer provided it is Physiological and the
tonicity of the fixative is maintained (Schultz & Karlsson, 1966). The
importance of non-buffer ions in fixation has also bé“ex&mined; for example,
permanganates of different medals have been found to affect the dimensions of
fixed membranes (Wetzel, 1961; Afzelius, 1962).

The present experiments suggest that the behaviour of specific ions in g
buffer is more important in the preservetion of vaewoles than is the total
molarity of the buffer. It has been stressed by Millonig (1962) that it is
erroneous to relate molarity to osmotic pressure because various substances
dissociate differently. Only osmotic pressure - as determined by freezming
point depression = should be used as a measure of tonicity. The most funda-

mental consideration for preserving vacuoles is probably the effective

concentration of csmotically‘aative ions in the fixative vehicle (see also



565 k4

- 69 =

Schultz & Earlsson; 19655 Maunsbachy 1966)s  Fixatives lsotonic to the
vaouole might be expected to be desivable, However, it is doubtful whether
this can be satisfactorily achieved owing to the diverse composition of
vacuoles. In enimal cytology, fixative osmolarity is stressed by some
groups of workers (Sj&atmnd, 1953, 19568, b & o, 1967; Caulfield, 19573
Elfin, 1962;  Maunsbach et ale, 1962; Schultz & Karlgson, 19655 Maunsbach,
19663 Vial & Orrego, 1966) but considered to be overemphasised by otlers
(Baker, 1958; Malhotra, 1962b, 1963; Tawoett, 196h)s The relative

. importance of various components in a Pixing solution will pra‘bably vary

depending on the par*hicmlar tissue and its phy&iélogical s tate at the time

of fixation.

The relaticnship between these properties is complicated; i1t does not
follow a simple linear sequence with increasing concentration (?Wll et al.,
19643 Maser gf al., 1967)s Furthermore, results do not always agree with
themoretical predictions from physical considerastions of the fixative.

Glutaraldehyde may be olted as an example. The concentration of GA used by

- meny workers is hypertonic (Pease, 196L4), in some instances with a very high

osmolaxity (Karnovsky, 1965), yet tissues mey exhibit little sign of shrinkage
This is shown also by the present experiments where increasing the concentrat-
ion of Gh from 0.78% to 50,00% produced relatively small changes in the
appearance of vacuoles. But when a small quantity of buffer (0.066M) was
added to 6% GA, shrinkage of some vacuoles inveriably oceurrved. In working
with animal tissue, Schultz & Karlsson (1965) and Maunsbach (1966) have found
that fixative concentration cen be changed over a wider range, without causing
cellular demage, than can the buffer. Total osmolarity of the fixative may
therefore be misleadings What should be known is the osmolarity of the

various compononts in the Fixative vehicle (Maunsbach, 1966),



5.5 5

-70 =

The relative importance of buffer and fixative lons is further
demonstrated by vacuwoles fixed in KMth. By keeping the molarity of buffer
constant while altering the concentration of Kin0O, (0.015M to 0.379M) the
appearance of vacuoles remained much the same (Figs. 98,100). Different
molarities of aqueous KMnOk similarly produced little change in the appearance
of vacuoles, except that the structures remained irregular (Figs. 95, 97)
In con@rast, when the molarity of buffer was changed (0.,028M to 0,26M) and
the concentration of K¥n0) was kept constant, marked differences ocourred in
the shape of vacuoles (Figs, 114-119). This clearly demonstrates the role of
different ions in fixation,

Kin0), fixation

Preservation of vacuoles in KMn()z+ involves reactlons different from
those oocurring in 080, and GA fixations. As a preservative for eléotron
microscopy (Luft, 19%6; Hollenhauer, 1959; Bradbury & Meek, 19603 Glauvert,
1966), KinO) differs from most other fixatives in that it is a strong oxidizing
agent which destroys RNA but unmasks lipo-protein. With sugars it interacts
to form dense precipitates (Johnson, 1966) which resemble the contents of many
veouoles fixed in KMn0j.

The formation of vacuolar precipitates on fixation in KMn@h seems to lower
the osmotic pressure within the vacuole., As a result, water apparently moves
from the vacuole causing the vacuole to collapse. The degree of shrinkage
will thus vary depending on the difference between the osmotic pressure of the
vacuole after fixation and that of the preservative. In contrast to KinO),

GA and 080), usually cause little precipitation of vacuolar contents. This may
explain, in part, why these fixatives give better preSQPVation of vacuoles
compared with permanganate.

Small vacuoles in embryonic cells and enlarging vacuoles of differentiatir

tissue appear to be less highly hydrated than fully enlarged vacubles or small
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vacuoles in root tips less active in growth, This probably explains why
vacuoles in embryonic and actively differentiating cells shrink more (in
aqueous KMnOA) than those in other parts of the root tips It would also
account for the reasonable preservation of vacuoles in dormant roots bompared
with those active in growth,.

When KM“°4 ig buffered the resotion between the vacuolar sap and the
permanganate is modified. The buffer lons seem to function as an indifferent
salt in ralsing the tonicity of the fixative (Tahmisian, 19643 Sjostrand,
1967). However, the relationship between buffer and fixative is complicated
owing to the strong reaction of the permanganate ions with the contents of the
vacuole. Exactly how the buffer operates is not fully understood. Possibly
the buffer replaces those ions and molecules rendered osmotically inactive
through precipitation by'KMh0h§ In this way an osmotic balance might be
established between the vacuole and the fixative and the volume of the vacuole
maintained. The establishment of such a balance will probably depend on

whether the buffer and the fixative ions reach the vacuole at the same or
different times. Work with 0s0), fixation has shown that ions of certain
buffers reach deeper parts of a tlssue before those of the fixative (Millonig,
1962)s  If the buffer entered the vacuole before the fixative, the osmotic
pressure of the vacuole would presumably be relsed through addition of ions.
This might explain why some vacuoles are prone to burst in buffered KMnOh,

On the other hand, if permanganate lons reached the wvacuole first, or if the
concentration of buffer was insuffisient to veplace all ions vemoved through
precipitation, then some vacuclar shrinkage might be expected to ocecur.

Some workers consider that the buffer in KMn04 fixation contributes no
important properties to the fixative (Pease, 1964). With plant tissue (e.g.

Mollenhaver, 1959), buffer is frequently omitted with results that are nesrly
indistinguishable from those obtained from buffered solutions (Pease, 1964.),
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. Although this applies to the preservation of most ergamelies, differences are

apparent invﬁhe‘appearanee of vacu91es; this feature seems to have been over-

lopked by most researchers. Anatﬁer noticeable effect of buffering is an

inoreased gramilerity of graunaplasﬁ and membranes ocompared with that in
agueous KMnOA.
Bffect of buffering in GA and 0s0), fixatlon

While buffer is important in functioning as an indifferent salt in Kin0)
preservation, bulfering is less eritical for GA and 0s0;, fixation of vacuoles,
The presence of buffer in GA fiiativ& vehicles serves mainly ta‘stdggize the pl
near neutrality; this improves preservation of groundplasme In fact, additio:
of buffer, or sucrose, seems to ralse the osmotic presaﬁre of the fixative;
this may lead to greater shrinkage of vacuoles. Probably the most important
factor in GA and 080, preservation is the nature of the Ffixative itself, Thesc
fixatives, especially GA, are usually regarded as good preservatives (see
Pease, 196k; Sﬁgstrand, 1967) in that they maintain celluler structure with
minimal alteration. When vacuoles ave first fixed in GA this seems to give

them a greater degree of stability to withstand post fixation procedures.

5.6 Conclusion

In root tips, vacuoles are found to be fhe most sensitive of the organelle:
to fixation damage, The appearance of the vacuoles seems to be ddermined
largely by thé reaction of the preservative wiﬁh the vacuolar sap. Since the
composition and concentration of sap varles among vacuoles it is often difficul:
to achleve satisfactory preservation of all vaeuoiea uging any one fixative.
Because of the diversity of cells in a améli masé of tissue, root tipsbposseas
certain disadventages for experiments on the preservation of vacuoles. Tﬁe
ideal tissue for such work would be homogeneous but this mey be unéttainable in
plant materiale

Vithin the limits of this study, the most important conditions affecting
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the preservation of vacuoles are the fixative itself and the concentration of
other lons contributing to the osmotic pressure of the fixative. Further
studies are required to evaluate more closely the role of the osmolarity of the
various ions in vacuolar preservation.

The best pressrvation of vacuoles was obtained with standerd GA/080y, of
the fixatives trieds Possibly this fixative ocould be improved if the buffer
were omitted and the GA neutrslized with some other compound that would not
greatly alter the osmo%ic pressure of the fixative. = Alternatively, neutral
GA might be useds With GA preservation, the aldehyde iteelf apparently plays
a direot rele in maintaining vacuoles as rounded struoctures. The presence of
Abuff@r increases the lonic strength of the solution and this may cause some
vacuoles to shrink. The main function of the buffer is apparently to
staé}ize the pH near neutrality end thus to minimize the extraction of ground-
plasm and other cellular material.

0s0), and KMnOh used singly ore poor fixatives for vacuoles. Aqueous KMnO,
was least suitable because of its resction @iﬁ& the vaocuolar sap to form
insoluble precipitates. The precipitates aeﬁﬁ to lower the osmotic pressure of
the vacusle causing the vacuoles to ecllap$é¢ The presence of buffer, acting
as an indifferent salt, appears to raise the ionic strength of the fixative;
this helps to maintain an osmotic balance between the vacuole and the fixative,
Although buffer lons were found suitable for this purpese, ions contributed by
Zettorgvist's balanced salts proved ineffective. The main advantage of using
Kin0), for fixing vacuoles is to demonstrate differences between vacuoles. With
agueous KMnQQ these are shown by the degree of irregularity in shape and the
differences in the density of contents among vecuoles.

The present study ls a contribution towards our understanding of the
preservation of vacuoles for thin sectioning. Some of the factors which

influence the preservetion of vacuoles in root tips have been established,
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5However,\huch fundamental work is still required to examine some of these
conditfons of fixation in detail and to determine other fhétors whicﬁ might‘
also be important in the preservation o f vacuoles. The¥ossible interaction
of fixative variables might be investigated; for instance, the effects of

buffer might well vary with temperature.

5.7 Summazy

A systematic survey has been made of the preservation of vacuoles in root
tips. KMnQy, 0s0), and GA were used as fixatives singly and in combination,
with and without buffer. Evacuation, temperature, concentration, dﬁration,
pH and addition of Zetterqvist's balanced salts had little effect on the
preservation of vacuoles. Variation in fixation was often more marked as a
result of the different physiological conditions of the vacuoles and the
specimens., The main consideration for good preservation of vacuoles seems to
be the fixative itself. With KMnOh, the presence of buffer ions functioning
as indifferent salts is also important; these raise the ionic strenzth of the
fixatives GA followed by Osoh or KMnOh is superior to fixative? containing
only KMnOk or OSOA. Molarity apparently affects vacuolar preservation mainly
through the contribution of individual ionse. Chah@ing the condéntvations of
fixative ions has less effect on quality of preservation than chaﬁging the
concentration of the buffer. 1In KMnOh fixation the precipitatiod of vacuolar
contents in many vacuoles sems to modify the osmotic relationshipifoetween the
vacuole and the fixative; +this usually leads to the shrinksge of the vacuole.
The additjon of buffer modifies the reaction between Kn0), and the vacuolar
sap and apparently helps maintain an osmotic balance between the vacuole und

fixative.




Figure 79 Effect of evacuation.

Fig. 79 Root cap cell prepared without evacuation during
fixation. The vacuoles are mainly rounded though
small ones show irregularity. (x 5,720).

Figures 80 - 82 Effect of temperature.

Fig. 80 Cortical cells near the promeristem fixed in
aqueous KMnO4 at 4°C. The vacuoles show the usual

irregular appearance on aqueous fixation. (x 19,360).
Fig. 81 Procambial cells in buffered KMnO4 at 4°C. (x 14,960),

Fig. 82 Root cap cell fixed in buffered KMnO4 at 37°c.
(x 13,750).

Figures 83 - 94  Effect of pH.

Figures 83 - 90 Veronal acetate-HCl buffered
KMnO4.
Fig. 83 pH 2.0, Mid root cap cell. Apart from starch grains
and the rounded outline of vacuoles little is pre-
served. (x 5,720).

Fig. 84 pH 2.5. Mid cap cell. Most cellular structures are
preserved but the appearance of the protoplast is
grainy. (x 9,240).
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90

pH 4.5

pH 6.5

pH 8.0

pH 11,0

pH 12.5

pH 13.0

Root cap initials (x 7,900)

Root cap initials (x 5,700)

Root cap cell (x 6,600).

Outer lateral root cap cell (x14,900)

Mid root cap cells (x 5,700).

Mid root cap showing shrunken vacuoles.
The high pH has also caused the developmwent

of pseudo-vacuoles within the cytoplasm and

nucleus (x 9,300)
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91

92

Figures 91 & 92. Sodium acetate-HCl buffered.

KMnO4.
pH 2.0, Mid cap cells. Apart frowm starch grains
and the outline of vacuoles little is preserved.

(x 5,700)

pH 4.5, Cortical cells atran early stage of differ-
entiation. Fixation is better than at pH 2.0 but
membranes remain unpreserved. (x 6,600).

Figures 93 & 94. Phosphate buffered KMnOa.

93 & 94, Root cap cells showing vacuoles fixed at

95

96

pHs 5.5 and 8.0 respectively. (Fig. 93 x 10,800;
Fig. 94 x 14900)

Figures 95 - 100 Effect of different concent-
rations of KMnOa.

Figures 95 - 97 Aqueous KMnOa.

0.5% conc. Cortical tissue near the promeristem,

Most organelles are preserved but contrast is low,
(x 13,200).

1% conc. Young cortical cell showing small dense
irregular vacuoles. At this concentration cellular
components show optimal contrast. (x 8,500)






Fig. 97 5% conc. Lateral root cap cells. Apart from a
slightly increased density of vacuolar contents
preservation of vacuoles is similar to that at

lower concentrations. (x 6,600).

Figures 98 - 100 Buffered KMnoq. 1

Fig. 98 0.25% conc. Procambial tissue. Few structures are
preserved except for the outline of nuclei and

some vacuoles. (x 10,500).

? Fig. 99 0.5% conc. Root cap initial. Small vacuoles are
fixed as rounded structures but the tonoplast is

; not preserved. (x19,300)
Fig. 100 Saturated KMn04. Early differentiating root cap
tissue showing rounded vacuoles with dense contents.

(x 6,600).

Figures 10l - 107 Effect of duration of KMno,

fixation in L.nitida.
Figures 101 . 105 Buffered fixative.
Fig. 1Ol 2 minutes. Mid cap. (x 10,100)

Fig. 102 15 minutes. Mid cap. (x 9,200)
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Fig.

Fig.

Fig.

103

104

105

106

107

-

1 hour. Mid cap. (x10,700)

3 hours. Early cortex. (x 7,000)

8 hours. Outer cap. (x 9,700)

Figures 106 & 107 Aqueous fixative.
15 minutes. Mid cap. (x 10,700)

8 hours. Mid cap. (x 7,000)
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109

110

111

113

Figures 108 & 109 Effect of addition of

Zetterqvist's "balanced" salt solution.

Aqueous KMnOa fixation. Mid root cap cells of
L.nitida. Vacuoles show irregular forms. (x 7,900)

Differentiating cortical cell in M.citrata fixed in

glutaraldehyde/OsOa. Vacuoles are mainly rounded.

(x 16,600)

Figures 110 & 111, Effect of addition of sucrose in

glutaraldehyde/OsO4 fixed M.citrata,

A group of vacuoles in a procambial cell. Some
vacuoles show good preservation. (x 23,100).

Root cap cell. The cytoplasm shows reasonable pre-
servation but the vacuoles and outline of the cell
(arrows) exhibit gross distortion due to shrinkage.
(x 20,900).

Figures 112 & 113 Effect of concentration of
phosphate buffer in glutaraldehyde/OsOa.

fixed A,sativa.

Mid cap cell showing rounded vacuoles. 0.066 M buffer

(x 14,800)

Root cap cell showing slightly shrunken vacuoles.

0.016 M buffer (x 26,200)
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114

115

116

117

118

119

Figures 114 - 119 Effect of concentration of
veronal acetate buffer in KMnO4 fixed
M.citrata.

Cell near surface of root cap showing rounded
vacuoles. 0.28 M buffer. (x 22,000).

Portion of a promeristem cell with small irregular

- vacuoles fixed using 0.28 M buffer. Shrinkage
of vacuoles is less than that preserved in aqueous
KMno4 (Fig. 119) (x 23,100).

Outermost cap cell showing badly shrunken vacuoles.

0.14 M buffer (x 12,100).

Mid cap cell showing rounded vacuoles. 0.14 M
buffer (x 11,000).

Portion of a root cap initial with small vacuoles
showing moderate shrinkage. 0.05 M buffer (x 23,100),

Badly shrunken swmall vacuoles in a cortical cell
near promeristem. Aqueous KMnO, (x 31,300)






Figures 120 - 124 Effect of fixation on preserv-
ation of vacuoles using osmium tetroxide in

Figures 120 & 121 Aqueous 0304.

Fig. 120 Small vacuoles showing reasonable preservation in
a cell near the promeristem. (x 38,200)

Fig. 121 Group of vacuoles illustrating irregularity caused
through shrinkage. (x 28,000)

Figures 122 . 124 Veronal-acetate-HCl buffered

OsOa.

Figs. 122 & 123 Shrunken vacuoles in protoderm cells. (Fig.
122, x 18,700; Fig. 123, ca. x 25,000),

Fig. 124 Protoderm cell showing rounded vacuoles but with
some sign of shrinkage. (x 30,000)
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125

126

127

128

Figures 125 - 128 Effect of buffering at different
stages during glutaraldehyde/OsO4 fixation
in A.sativa.

Embryonic cortical cells preserved without buffering
at any stage during fixation. The vacuoles are mainly
rounded. (x 23,100).

Outermost cap cell. Buffer was used only for washing
after fixation in glutaraldehyde. Vacuoles show some
irregularity caused through shrinkage. (x 24,200).

Root cap cell preserved in buffered glutaraldehyde,
washed in buffer then post fixed in aqueous 0304.
Vacuoles show slightly greater shrinkage

than those in Figs. 125 & 126. (x 22,000),

Embryonic root cap cells preserved with buffering
only during post fixation in 0s0,. (x 22,000).
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Figures 129 - 133 Effect of glutaraldehyde/
KMnO4 fixation and effect of buffering
at different stages in A,sativa.

Fig. 129 Appearance of outer cap cell without buffering
during fixation. Vacuoles show some irregularity
due to shrinkage. (x 13,700)

Figs. 130 & 131 Mid cap cells after buffering throughout
fixation. Vacuoles show evidence of shrinkage.
(Fig. 130, x 18,700; Fig. 131, x 17,400)

Fig. 132 Mid cap cell fixed with buffering only at the
glutaraldehyde and wash stages. Vacuoles exhibit
similar shrinkage to that when other stages of
fixation are buffered. (x 14,800)

Fig. 133 Root cap cells near the promeristem with buffering
only at the KMnOu stage. Some shrinkage of vacuoles
is evident. (x 16,500).
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6.  ULTRASTRUCTURE OF 'THE TONOPLAST

b 1 Introduction

The tonoplast is the membrane in plant cells which delimits the
vacuole from the groundplasme The term was originally coined by
de Vries, iniﬁggh, for distinct primordia from which he believed vacuoles
origiﬂated;vk'ginca then the neme has become r@atricted_ta the limiting
membrane of the vacuole (see Zirkle, 1937; Voeller, 1964). The
tonoplast has been studied intensively in relation to its physical and
physiological properties (e.gs Greenham, 1966) and in recent yesrs its
structure has been examined under the elctron microscope. From early
electron microscope observations it wa.s suggested that the bonoplast was
a "double membrane" but with improved techniques it has now been shown
to comprise o single unit membrane (see Voeller, 196k) about 70 to 100 2
thick. High resolution studies have demonstrated that the tonoplast in
chemically fixed cells bas a tripartite structure (Grun, 1963) comparable
to that of other membranes (8jbstrand, 1963).

With the introduction of the freeze-etoh technique it is now possible
to examine the ultrastructural detail of membrane surfaces. Frozen-
 etoched membranes were first studied by Moor and assoclates iﬁ.y@a@t calls
(Hoor et ale, 19613 Hoor & Mihlethaler, 1963)s  Branton and Moor (1964)
and Northeote end Lewis (1968) have examined membranes of various organelles
in root tips of onion snd pea, vespectively., The endoplesmie reticulunm
{(Moor, 1967), chlovoplast thylakoids (Mlhlethaler et ple, 1966; Branton &
Park, 1967) and the plasmalemma {Stachelin, ’1966, 1968b) have also been
investigated but so far little work hes been devoted specifically to the
tonoplast in root tips., Pranton (1966) has used the tonoplast %ﬁbﬁaman—
strate where he belives fracturing cocurs in frozen=etched menbranes.

Recently in e study on vacuolation Matile and Mooy
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(1968) have briefly examined the organization of the tonoplast in root tips
of corn.

A feature typical of exposed membrane faces in freeze-stch preparations
is the presence of particless The particles on the tonoplast were firvst
considered from circumstantial evidence to be ribosomes (Moor & Mihlethaler,
1963) but subsequent studies (Branton & Moor, 1964) cast doubt on this idea
since the barticles were too small. Also, the suggestion is untenable on
the grounds that ribosomes have not been observed Iin assooiation with the
tonoplast in esmium fixed material (e.g. Whaley et ale, 1960a; Buvat,
196%a)s  Branton (1966) considered that the particles on the tonoplast,
and similar particles found on other membranes, represented structural
components of a globular or micellar form lying within the membrane, He

thought that these particles could possibly represent lipo=protein

assoclations somewhat analogous to the oxysomes of mitochondria (Branton
& Mbor; 1964). From studies on chloroplasts, Mihlethaler et als, (1965)
believe that the prominent particles on thylakold membrane surfaces are
multi-enzyme complexes. Some workers adopt similar views for particles
on other membrane systems (Hess, 1968; Staehelin, 1968b). It has been
suggested that the funcition of such enzyme complexes could be concerned
with synthesis of membrane material (Moor & Mihlethaler, 1963) and in the
case of the plasmalemma with cell wall synthesis (see Clowes & Juniper,
1968).

Opinion differs as to which part of a membrane is exposed during
fracturing in freeze~etohing (see Koehler, 1968). Moor and associates
(Moor & Muhletheler, 1963; Jost, 1965; Muhlethaler et al., 1965; Moor,
1966a; Staehelin, 1966) believe fracturing reveals the true outer surfaces

of membranes; the particles are regarded as being attached to or slightly
embedded in the surface layers, However, Branton and co-workers (Branton,

1966; Bamberger & Park, 1966; Branton & Park, 1967; DBranton & Southworth,
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1967) claim that fracturing splits the membrane to show its internal
organization.s The particlegvar@ believéa by Branton to be embedded with~
invthe membrane as a single iayer. Recently, from work on artificial and
bidiogioai membranés, Stéehelin‘(1968a) presents evidence that under certain

conditions both surface fracturing and splitting oflthe membrane may occur.

As an alternative to these explanations, Northcote and lLewis (1968)

suggest that the image in freeae%etoh replicas might represent an imprint
of the original membrane an‘the surrounding material; the membrahe

itself is fractured away, They conclude that membranes, as visualized in
freeze~etch preparations,are best interpreted either as replicas of the true
external surfaces or as imprints of these surfaces.

This chapter présents observations on the fine structure of the
tonoplasts Since thin aeétioning revealed little new information, most
observations were based on frozénretehed replicas. These replicas were
prepared from both frozen fresh root tips and specimens prefixed with GA
during glycerination prior to freeze-fixation. Avena sativa, Triticum
vulgare and, to a lesser extent, Zea mays were used for investigations on

frozen-etched fresh material. Information gn prefixed roots was

obtained from five apeaies, with particular reference to Lonicera nitida.

6s 2 - Observations
The tonoplast in uwltrathin sections

A tonoplast sompletely surrounds each vacuole unless it has ruptured
during fixation (Figs. 55, 58). In well preserved vacuoles the tonoplast
is smooth in outline (Figs. 47, 62, 66) but wheéa fixation cauvses shrinks
age the tonoplsst may be irregular and wrinkled in appesrance (Figse 52—60;
70)s |
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The tonoplast cennot always been seen as a distinet membrane,

~especially in vacuoles where the contents are precipitated as electron-

dense material on fixation in KMnO) (Pige 57)s Nevertheless, the presence
of a tonoplast cen be inferred by the sherp separation of vacuolar contents
from the groundplasm, In other vaouwles, where the vacuolar sap is less
dense afber permangenate fixation, the tonoplast is clearly visible as a
dark line surrounding the organslle (Figs. 52, 55, 58, 62)s On fixation
with GA/0304 the tonoplast appears as a single sharp line between the
groundplasm end the ekotron traensparent contents of the vacuole (Figs. 47,
68)s  In poorly presarve& GA/6564 material the tonoplast often pulls

away from the groundplasm and lies within the vecuole (Fige 130)s 4
similar displacement of the membrane has been noted by other workers
(Jensen, 19655 Gifford & Stewart, 1968).

A% most magnifieatiané the tonoplast appears as a single line but with
good resolution it can be shown to possess a tripartite struwture (Fige
134) similar to that found by Grun (1963). However, on no occasion has
thé‘mambrana been found with an asymmetrical tripartite structure.

Surface views of the tonoplast are rarely seen in thin sections but when
they ocour they usuélly show an undifferentiaﬁed menbrane. Besause thin‘
sectioning yi%ldg only limited structural information, one is apt to regard
the tonoplast as a comparatively simple membrene. Freeze-etohing ghows
that this is not so.

Appearance of the tonoplast inf rozen etched fresh root tips
Ae  The tomaglaat in cross fractures Freeze-stohing (Figs- L8, 137)
supports observations from thin aactioning.%hat the tonoplast is a
single unit membrane. However, owing to the granularity caused by
ffaezing and the angle of fracturing it is usually diffioult to

obtain precise measurements of the thickness of the tonoplast in
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frozen-etched materials. In most specimens the structure of the
membrane is not shown clearly in oross fracture. Generally oross-
fractured views revealless information than chemically fixed and
gsectioned material of the tonoplast.

According to Branton (1966), tonoplasts and other membranes
fractured obliquely reveal a "step" or "ridge" at the base of the
membrane which is believed to iﬁdioate where the plane of fracture
has followed the middle layer of the membrane. Similar steps are
noted in the present material especially at the Junction between the

exposed outer surface of the tonoplast and the adjoining oross

fractured groundplasm (Fige 136).
The tonoplast in face viewt In addition to cross fractured membranes,
freeze=-otching provides extensive surface views of the tonoplast
(Figs. 135-137)e Both outer and inner faces of the membrane may be
exposed (Figs. 135, 136, 137). A prominent feature of the exposed
faces of the tonoplast after surface fracturing is the appearance of
particles (Figs. 135=-148)s 'These ocour on béth sides of the membrane
in all the species studies (Figs. 135, 136, 137, 139). Vhile
particles are not confined to the vacuolar membrane, the tonoplast can
be distinguished from other membranes by the size, density and
distribution of its particles. TFor example, on the endnpiasmic
reticulum particles are less numerous than on the tonoplast and show
only & small difference in density on the twe‘gédés of ‘he membranes
On both sides of the tonoplast the partiq}és;a:e«globular (Figs.
139=148)s - The particles vary little in aize:(Fig$;-139; 143, 144)
but those on the inmmer face appear to be slightly smaller than those

on the outside of the tonoplast (Figs 139). The dimensions of the

‘particles are about 90 - 150 2 in diameter similer to those measured
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by Matile and Wiemken (1967) in yeast cells and Matile and HMoor (1968)
in corn root 'l;ips, | |

 The aensitv of partﬂ.clsa on the two exposed fa,aaa of ‘the tonoplast
is str:ikﬁngly dif‘f‘ar@n't; in all the apeoies studied (Figs. 135-1144)
- To determine qug.ntitartivaly the difference in} density per unit area
be'ween the two surfaces an analysis was made using Avena and Iriticum,
The results are given in Figure 138 and the statistical emalysis in
Table 7 In both species the density of pari@class on the two
surfaces issignificantly different with a greater aénaity on the inner
‘gide of the tonoplast; the ratlo is approximately 5:3. The analyses
indicate thaf; the inner faces of 'the tonoplasts :m Avena and Triticum
have comparable densities of particles but that a difference may exist
for the outer faces. Although the number of particles on the outer

surfaces are stetistically different in the two species, further work

is required to determine whether this #ifference is real, due to

sampling or due to a greater loss of particles during fracuring in
Avenas . |

To determine whether the number of particles changed with developw
ment of the vacuole, the density of particles was analysed on vacuoles
of different size. In Avena no obvlous difference was found between
small and large vacuoles for either face of the tonoplast (Figs. 145-
148)e  This applied also to Triticum except that the inside of one
large vacuole showed fewer particles than the inner faces of other
vacuoles of similar size (see 5th histogrem in Fig. 138).

At magnifications of about x50,000, both faces of the tonoplast -
appear uniformly covered with perticles (Figs, 140, 141), But when
the tonoplast is studied at higher magnifications the particles are

found to be unevenly distributed and interspersed with bare areas
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(Figss 143, 144)s This is more apparent on the outer face then on
the inner face of the tonoplast. On the outer face the particles
sometimes occur in smell indefinite clusters (Figs. 139, 143). 1In
meny instances, small depressions in the membrane ‘(Fig. 142) show that
some particles are dislodged during fraéémings However, not all the
bare areas on the outer face of the tonoplast ‘am due to this loss of
particles; +they appear to be a natural feature of the memt%mm. On

the inner face of the tonoplast particles are slso dislodged during

fracturing but apparently to a lesser extent.

6,23 A

Ao

Roots prefixed in GA in 5% glycerol
prior to freeze-figation show tonoplasts similar in cross fracture to
those of frozen fresh roots,

- Be

TQ b z.

2 foce view: The appearsnce of the tonoplast in prefixed
material is usually distinotly different from that in fresh roots
(Pigse 150-160)s Instead of globular particles, exposed faces often
display platelet-like structures or plaques (Stashelin, 1968a).

These occur on both sides of the tonoplast (Figs, 151~153). Although
plagues are characteristic of prefixed materisl their ocourrence is
variables, In Lonicers some trlals revealed plaques almost exclusively
(Figs. 150-153) while others showed mainly partiélas (rig. 149)
comparable to thase found on tonoplasts in frogen-etched fresh roats.

Similar varistions were noted in the other speecies examined, but as

in lonlcera plaques were more common. than partielsé»

 Particles and plaques were -

iy seen together on exposed faces .
of tonoplasts (Fige 154), UWhere this did ocour the particles were
found only on top of the plaques (insert, Fig. 154)s Tonoplasts

displaying particles rather than plagues showed considerable varistion
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.’m par‘bicle denszty. ‘I‘h@ &ensiw ranged f‘mm that shown by frozen—
etche& :f.‘resh mots to om Where partielea ware almuat absent.

| The plaquaa cocur as s;ligh‘bly raisec‘t structuma soattered over
ﬁhe axpasecl fao&as of ‘t:he 'cenoplas"& (Fig. 152)‘ They assune varmus
for'ma but are mainly mund to a‘blong with an angular ou*cline. The
s:ize of plaques, in general, is aimilar on a given tanoplaat (Figs.
156-158).

The majority of plaques have & ama‘o*hh" surface but occasionally
the surfaces ave f‘inély granular, The areas between the plaques ave
more granular (Figs. 152, 156b, 158b>.

Counts made on Lo nicers showed that the density of plaques on
the inner and outer féoea of the tonoplast did" not differ signi:f‘iczmtly
(*ig, 161; Table 8)s The density of plaques per unit area is
considafa‘bly lower than tha%:‘ of particles on both faces of the
ténsplast (Fig. 162; of Figse 156c and d)s Plaque density in
aifferent vacuoles (Fig. 161) varied more than did particle density in
the frozen~-etched fresh root 'bips (Fig. 138), Hewevar, between

vag f:“""'~t"igzv;$~g thare was a considerable Varia'hion in the &enaity of plaques
within a certain range (Fig. 161) This is :’m marka& contrast to the
K:distribufion @f partioles in frozen—etah&ﬁ freah roat tips (Fig. 138)
Thase results from Lenicera are supparte& by observations on _ﬁ@gx_a;.
Memg \faéuéles of different size and stage of developmemrlittle
cii:f'farezice was deteoted in the density of plagues (Pigse 156a=-c)
157a-d, 158a=b)s, The density of plaques on %ﬁe inner faces of the
tonoplasts in Lenic_eré and Avena waé similayr in both large and small
vacuoles, exdap'b that ﬁrie auﬁer face of one large vacuole in Lonieex‘a
showed about a third more plaques (but fhese are smaller) per unit area

than did small vacuoles (Fig. 1560). This could indicate a change in .
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the structure of the membrane during development of the vacuole,
Owing to the uniformity of freezing in prefixed material and its
effect on fracturing, such views of large vacuoles are rarely
obtained for comparison; large vacuoles areusually cross fractured.
Whereas Lonicera and Avena showed prominent plaques on the
tonoplast, in Triticum plaques were less apparent. Figures 155 and
159 show that only a few amali indistinet plaques are recognisable on
the exposed inner face of the tonoplast, Instead, the membrans has
a finely grenular appesrance similar to the areas between plaques on
other tonoplasts.
6.2, 4 Differentiation of the tonoplast
The tonoplast is a dynamic membrane, As the vacuole enlarges the
‘surface area of the tonoplast increases, yet at the same time the membrane
maintains a constant thiclkness as shown by thin sectloning, The tonoplast
is involved in the fusion of vacuocles and in the incorporation of oyto-
plasmic material into the organelle (see Chppter 7). Where incorporation
of cytoplasmic material ocours, to form vaouolar inclusion bodies, the

tonoplast shows local differentiation. In thin sections and of

ss=-fractured
views, the organization of the membrane in such areas cannot be distinguished
from the rest of the tonoplast (Figs. 193, 291), but surface fracturing
reveals this local differentiation of the membrene (Figs. 163=174).

The inclusion bodies develop from invaginations of the tonoplast. The
invaginations are most common on small vacuoles (Figs. 163=165) but they
ocoasionally ocour on larger vacuoles (Pig. 166). On‘expaaed portions of
small vacuoles the tonoplast may show only one differentiated arvea (Figs,
163=165) but on larger vacuoles several aveas may ocour at different stages
of development (Fig. 166),

The differentiated areas develop as circular regions on the tonoplast
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(¥4ig. 163)s They first appear as small 'iocai'flé%téﬁihga‘of the ourved
surface of the tonoplast (F:Lg. 163) and as davelopment pracee&a they
deepen (Figss 164=165) forming a divertioulum (aae Fige 188) ‘The

" invaginations eventually beoome pinohed of’f as ves:icles and come to lie

- free within the vacuole (see Ghap’cer 7)e  The differentiated areas vary
in size dep@ndmg oni the stage af developmem of t'he invaglmtion and
" the’ partic.ular type of inclusion body being formed.. ;

A th of differentiated areas is a local aggregatién of‘
particles. On the outer expased face of the ’oono;plaat, the areas are
marked by a greater dsnsity of particles 'l:ha.n on the rest oﬁ the tonoplast
(Figs. 163-170). Even before the tonoplast shaws signs eff}.{a&tenwg,
the site of a future invagination is marked by an aggregation of particles
(Figs. 163, 167)s As differentiation proceeds the aggregations become
defined as eircular areas which enlarge to a certain siage. The tonoplast
then becomes flattened and begins to grbw into the #aauola (Figs, 16k,
165)s A selection of stages in the differentiation of the outér surface
of the tonoplast is shown yin Figuresﬁé? to 170,

On sites of developing inclusioh bodles the density of particles is
about twice that of the rest of the tonoplast. This becomesspparent very
early (Fig. 168) and remeins throughout subsequent stages of early

development (Figs. 163-165). It has not been possible to determine the
density of partioles at stages beyond‘fha't: shown in F:’Lgm 165, since once
the invaginations deepen the fracture plane no ic:mger‘ fallcws the surface
of ‘the depresslons but cross~fractures théxxi. Similarl&, on the inner

side of the templaat s once the imragina’sian grows beyond o certain point
it is broken off f‘ram the tonoplast as the vaeualar contents are plucked
out ﬁuring f’r‘ac*buring (Pige 173, 17&-)-»  On the inner face of the tonoplasts
the density of partiocles on the invagination is enly‘ slightly greater than
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the density on the vest of the tonoplast (Fig. 172).

The size of particles on sites of developing invaginations is similar
to that noted for particles on the west of the tonoplasts This applies
to both the outer and inner faces of the membrans.

6.3 Discussion

The advantages of f‘reeze—-etchiizg in studying the surface detail of
penbranes sre now becoming well established (see Koehler, 1968), A
vardety of animal membranes (Moor et al., 1964; Moow, 1966a & b; Branton,
1967; Deamer & Brantén, 1967; Rayns gt ale, 1967; Friederici, 1968a & b;
Leak, 1968b), plant membranes (Moor & MUhlethaler , 1963; Branton & Moor,
19643 Pranton & Park, 1967; Staehelin, 1968a) and ertificial membranes
(Branton, 1966; Moor, 1966a; Staehelin, 1968a) have been investigated
but to date comparatively little work has been done on the tonoplast,
Electron micrographs of frozen-etched tonoplasts are illustrated in a number
of pepers (e.g. Moor, 19643 Staehelin, 1966; Matile & Wiemken, 1967;
Sassen et al., 1967; Hess, 1968) but most workers mention the membrane

only briefly or not at all. At the start of the present work two papers

“were available which contained brief observations on the tonoplast in root

tips (Branton & Moor, 19643 Branton, 1966). Since then other pepers have
appeared (Matile, 1968; Matile & Moor, 1968; WNorthcote & Lewls, 1968).
Particles on the tonoplast in frogzen fresh

The characteristic feature of the tonoplast in fyezen fresh roots is
the presence of particles on both exposed faces of the membranes These
particles are similar to those shown on tonoplasts by other workers (Moor
& Muhlethaler, 19633 Branton & Moor, 19643 Moor, 1965; Branton, 19663
Sassen gt ale, 1967; Hess, 1968; Matile, 1968; Matile & Moor, 1968;
Northeote & Lewls, 1968).and possibly represent enzyme complexes. The
funotion of such enzyme complexes could be concerned with the synthesis of
membrane material (Moor & Mﬁhlathaler, 1963), the passage of substances into
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and out of the vacuole and/or enzyme modification within the membranes

The size of the majority of parti@leé on the tonoplast falls within
the range 90~150 X. The particles have been measured on the vacuoles of a
variety of organisms (Moor & Mbhlethaler, 1963; Branton & Moor, 196L;
Stashelin, 1966; Matile & Weimken, 1967; Hess, 1968; Matile & Moor,
1,968). These observations suggest that the particlea'a;fe definite

entities and that there is a minimum and‘maximum size of development.

‘There are several explanations for the variation in size of the
particles, As fracturing occasionally removes particles to leave smell
depressions in the membrane surface (Fige 142), it is equally possible
that it may partly btreak some particles so that they appear smaller than
nommal. On the other hand, this range in size of particles may be an
expression of their different states of activity. Stashelin (1966)
suggested that the particles on the plasmalemma of Chlorella passed through
the membrane gnd that thelr sigze varied in accordance with the extent of

penetrations  Although this explanation may be applicable to the
plasmolemma it seems a less Likely explamtion for the tonoplast. The
strikingly aiffemnt ﬂensity of partzie}.@a on the two sides of the
tonoplast suggests that the particles are very much a structural part of
the membrane, Another al’cermtive is that t}w various sizes of particles
represent stages in their development or degradation. This is vhat might
be expected if the particles are integrated dynamic components of menbranes.
Distributionof |

particles on the two faces of the membrane
The feature which has been shown to distinguiﬁlr; ‘tha tonoplast from
other membranes (e. ge the endoplasmic. reticulum and plaamalamma} is the
difference in density of particles on the two sides of the membrane Until
recently this feature had received little attention. in the first study

of frogzen-etched root 4ips (Branton & Moor, 196)) no difference wes
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reported between the two sides of the tonoplast. In a subsequent paper
Brenton (1966) did not mention this feature although it is evident in
one of his micrographs, Stashelin (1966) shows a similar condition in
the tonoplast of Chlorella. In pea root tips Northoote and Lewis (1968)
illustrate the inmer surface of the tonoplast with a greater density of

particles than the outer surface but without comment. Since the present

‘stud$ was completed the feature has been noted in a general way by Matile
(1968) and more specifically by Matile and Moor (1968) in root tips of
Zea seedlings,

Matile and Moor observed that the inner face was densely covered by
globular particles interspersed with small uncovered areas; on the outer
face particles were less humerous, In addition they noted many tiny
holes on the outer face of the tonoplast which suggested that most of the
particles were detached through fracturing. However, in isolated
vaguoles the outer fade was found to closely resemble the inner face and
no holes were present. Matile and Moor therefore concluded that the
plene of fracturing was greatly influenced by the surrounding medium (in
situ by groundplasm and in the isolated state by 30% glycerol),

While the sbove workers show a different density of particles on the
two sides of the tonoplast the difference is less striking that that found
here. Matile and Moor (1968) used prefixed root tips rather than specimens
grown in glycerol end this may have influenced the numbers of particles.
The results obtained in the present work more closely resemble those shown
by Branton (1966) and Northcote and Lewis (1968) who used frozen-etched
living roots. Frozen-etohed fresh root tips undoubtedly give more reliable
information than prefixed specimens vwhere the tonoplast has been modified
by chemical treatment, If fracturing removes particles (Matile & Moor,

1968), one would expect from mechanical considerations that more particles
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would be brushed off a convex surface than a concave one., This does not
gseem to happen; on both sides of the tonoplast hollows where particles
have been removed occur with about equal frequencys Also little
difference is noted among vacuoles of different curvatures The particle
densities on the two faces of the tonoplast are therefore regarded as
reflecting real differences in membrane organization.

What does the difference in density of particles between the two faces
of the tonoplast mean in terms of membrane erganization? If results from
freeze~etohing are valid, as we have reason to believe (loor &
Mihlethaler, 19633 Woor, 1964; 1966b; Stashelin, 1968a & b); observations
from the present study show that the tonoplast is distinct from other
menbranes gf the cells The structure of a membrane is undeubteﬁlyjralatea
to its funotions This concept is now becoming more widely appreciated
(esge Cumningham & Crane, 1966; Glauert, 1968; Hess, 1968; Stashelin,
19682 & b) and is veplacing earlier ideas of a universalorgenization for
membranes (e.g. Davson & Danielli,)1952;v Robertson, 1959)s The present
results clearly indicate that the ténaplast hag two distinct sides and
tharsfare cannot be regarded as a simple membrane. An asymmetriocal
crganization of the tonoplast is evident also from sectioned material
(6run, 1963). The different density of particles could reflect different
physiological activities at the two faces of the membrane and/or
differences in the nature of the surrounding medis (des groundplasm on

the outside and vacuolar sap on the inside).

It has already been stated that particles ocour over the entire face
of the tonoplast but that their distpibution is seldom uniform, especially
on the outer face; some of the bare areas are ocaused by dislodgement of

particles but most appear to be naturale Areas devoid of particles are
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more evident in illustrations in some reports than in the praaant
- material (Moar & Muhlethalar, 1963, Mooz, 196&, 1965, Matile & Weimken,
1967; Matile, 1968; Matile & Mocr, 968) Results frcm this study are
more similar to thoss shown by Branton and Moor, (1964) and Ner’chcate and
Tewis (1968)e In most of these atu&iea, as in the prasent work, there is
little difference in the grauping af‘particlea on ﬁhe outsr faces of
different vacuoles, In contrast, Heas (1968) found that partiola group=
1ngs veried from one region of tha cell to the other althaugh particle
size remained relatively eonsﬁant. ﬂ

If the particles are an integral p&rt af the mambrane, we might
expeot their distribution and abundance to indicate different atates of
activity within’thsmembrane, Similarly, variaticné iﬁ particle size
and concentration on éifferent,memb?anes night reflectkdifferent funotions
of particular membrane systems (Hess, 1968), From abaefvations on yeast
cells, Moor and Mihlethalsr (1963) concluded that tha membrenes grew only
in the particle covered regions. It was assumed that thare was a functional
relationship between the particles aﬁd the praduction of membrane materiale
- On this basis, different concentrations of‘partialas might be expected to
ocour on the tonoplast depending on its state of grawth; More particles
might be antiaipatqd on young and enlarging vacuoles ﬁhan on fully
differentiated ones. While there is some evidence fwam‘the present study
supporting this (Figs. 147, 148) most vacuoles shoﬁ little veriation
irrespective of size. (Figag‘145, 146).v However, this dees not necessarily
~ dnvalidate the argument as most vacuoles in the root tips examined were
probably actively growing so that little variation in density would be
expecteds The problem requires further study and might be approached by

frsezewetehing progressively older segments of root tissue,
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The particles on a given tonoplast are usually uniformly distributed.

If particles are involved in, or reflect, membrans growth this suggests

that vaouoles in root tips grow mainly throughout their eXﬁéﬁd rather than
in the local aveass

Differentistion of the
igplusiog bed;e '

While 1ittle aifferenae is deteoted in particle distribution during

general growth of the tonoplast, local differences are clearly apparent on
farmatieﬁ af vaguolar inclusion baéies. The high concentration of
particles in regions where these arise supports Moor and Mihlethaler's
(1963) suggestion that the particles are directly involved in, or indicate
membrane growths Thebinvagination of the tonoplast is an active ratheér
than a paséive process; ﬁh@rsfaré a greater synthesis of membrane material
would be ekpec%ea in these areas than in the rest of the tonoplast.
Whether the particles are directly concerned with the synthesis of membrane
material cannot be anawerea until mére is known about thelr composition
and their structural r@latioﬁahip with the membprane. However, the
concentration of particles at points of local growth clearly establishes
a functional relaﬁioﬁahip with nembrane aetiﬁitya

It seems unlikely that the aggregation of particles where inolusion
bodies develop is én artifacte While fewer particles might be plucked
from concave thaﬁ from convex surfaces, this could not explain the marked
difference in particle dansity between the sites of inclusion body formation
and ﬁhe‘rést of the tanéplgstc The agéregationeaf particles begomes
apparent béfora the membrana‘flatt@na and is wellydavaléped when only
slight aepmésians have formed (Figse 163, 170)

It has been shown that the difference between the dansity of particles
on the invagination and on the rest of the membrane is less striking for
the inner face of the tonoplast than for the outer face,  What possible
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expiaha%iana:are therée for this¥  On the inner 'side of the mambrana‘

: parti@laa ara narmally olos@ly panked. Tharefara in aveas of loocalized

growth only a small Increase in the mumbar of parﬁidlaa aaulé,ba ac@amudated.
Although on the inner face of tha tanaplaﬁt invaginahiona provide a * convex

rather thanaa‘cengava angfaas, %hia teo wvul& not grﬁamly‘inarease the

~space available for particlaa. In cantrasﬁ, partialaﬁ ara wi&ely

distributed on the outer face of the teneplaat befﬁr@ invaginaﬁians

- develope Another possible explanation is that the partielea on the inner

face of the tonoplast are less concermed with the synthesis of membrane
material than those on the outer face and therefore would increase less

in number,

Interpretation of expo
fresh root tips

From examination of seversl hundred vacuoles it is concluded that

last in fro aﬁe@ﬁdﬁei

sed faces of the tonor

fﬁaaturing in fresh root tips normally exposes the true surfaces of the

tonoplasts Both the oubter and iwner faces are revesled. The following

argument is presented in suppert of this conclusien,

If particles lie within the membrane as 2 single layer (Branton, 1966)

and 1f fracturing splits the tonoplast one might anticipate a random

apparﬁianing of particles to the two halves of the membrane, Instead,
the exposed faces of the tonoplast have distinetly different partiale
densities, For Branton's concept to liold, there would need to bs &

selective adherence of pavticles to perticular sides of the mewbrane during

ngs  Furthermore, if yartiples remain attached o one half of the

m@mbrana carr&mp@nding dapressians ahould ocour on ﬁh@ ether. However,

1 the proportion of bare areas and éapreasiens on the inner face does not

scoount for the density of particles on the outer face.

Thus, while it is difficult to regoncile observations from the present
study with Branton's (1966) original model, it might be possible %o
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reconcile them with a model in which the particles ave in two distinct
layers which separate on fradturings If this was the model, the bonds
between particles within a given layer would need to be stronger than those
between layers. Furthermore, one layer would need to contain a greater
density of particles that the other to explain the observed facts, Such
an unequal density of particles in the two lasyers might help to explain
the asymmetrical organization of thebtoncplast geen in thin sections
(Grun, 1963)s

Although this hypotheais could explain the constant differences
between the two exposed faces of the tonoplast there is an objection to
its accepitance., The particles are too large tegzae@mmﬁat@d within the
tonoplast if we accept the dimenaions of the membrane stated by Grun (1963)
and others and seen in erasswfréaﬁure& waﬁhqmésigggg. 48)s It would even
be impossible for a single layer of partﬁolea 100 § in éiam@t@r to £1t inte
a tonoplast 75 £ in thickness. The mesf asymmetrical tonoplasts measured
by Grun did not exceed a total thickness of 300 R+  Even then it would be
difficult to aceamodate two layers of particles as e constant feature as
one layer of the tripartite structUxa seldom exceeds 25 R in thickness.
This argument assumes that the layers of particles correspond in position
to the outer dark lines of the tripartite membrans seen in chemically fixed
tissue. , ‘

Branton (1966) uses as e¥idence in support of his interpretaﬁion
work on prolonged etching of yeast vacuoles. After normal eteching a
riagé'ia present at the base of many exposed membranes but whén the contents
of the vacuole are sublimed during prolonged etching the face of this ridge
becomes exposeds Branton regards the expesed face of the ridge as the
"true membrane surface" of the tonoplast. However, the ridge might also
be interpreted as s phase boundary, which has been enhanced by freezing

and etohing, between the membrane and the surrounding medium, With
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prolonged etohing, the deposition of non-etchable vacuolar contents against

| %h@ true face of the membrane might heve produced the "surface“‘éf the
ridge. | S S
H Tha auggestian of Nbrthcote anﬁ Lawis (1968) alsn warranta disaussmon.
" In viaw of results abﬁamned frcm the praaent study it do@s nat satisfact-
arily explaiﬂ the observed facts. | In freaze—ateh mat@rial, one would
have %o ragara the image of acaapadyout vacueles as the 1mprint af the
eut@r surface of the tonoplast and the image of convex gurfacea as the
imprint of the imner surfece of the tonoplast. While Northoote and lewis's
suggestian‘ia not improbable it presents certain difficulties. Tt implies

that the membrane is always stripped away because exposed surfaces show
only ané view, If the wembrane sometimes vremained, positivea‘an&
negotives of a given surface should occury but this does not happen.
Northoote and Lewis's idea implies also ﬁhat the particiaa observed would

correspond to hollows in the original membrane, On this béais depressions

would be a struotural featuve of mﬁmbranes but there is no evidence to
| support this, Alternatively, the particles might ba real and atbached to
the membrane surface but left adhering to the surrounding meﬁium after the
membyrane had been torn away. However this idesa provides unnece ssary
complications, If the particles are real structures closely assoolated
with membrane organization one would expect them to be strongly bonded to
the membrane, Weak bonding forces have heen suggested to explain the
absence of ribosomes on freeze-etch ER membranes (Staehelin, 1968@) but
it seems unlikely that this applies to the particles on the tonoplast,
Gbservationﬁ éhow that v&ny fow particles are in fact detached from the
tonoplast in frozen-otohed fresh cells (Fig. 142),

From the above discussion, it is concluded that fraetaring in £ rozen=

etched fresh cells follows the real surfaces of the tonoplasts Eilther the
surface bordering the groundplasm or that abutting the vaouolar contents
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is: exposed. Further evidence to support this interpfetatien comes from

observations on partly torn portions of the tonoplast which have been folded

' back on to +the imner surface of the membrane. The folded back portion

reveals partioles\i&enticél to those seen on the outer surface of the
%onoplast (Fig, 196). If the particles were within the membrane, as Franton
(1966) suggests, and not on the surface, the outer exposed surface of the
tonnpiast might be expected to be bare when folded back on itself,

Interpretation of the tonoplast inrprefiXQQ roots is complicated
because the mémbrane presents a variety of appearances: |
(a) surfaces bearing particles as in frozen fresh cells
(v) surfaces showing plaques but no particles
(e) surfaces showing neither plagues nor particles
(a) intermediate conditions
In prefixed root tips, other workers have described only particles on the
tonoplast (Matih% 1968; Matile & Moor, 1968). However, it is possible
that results maylbe influenced by specimen preparation; in Matile's
stﬁdias prefixation was followed by dlycerination whereas in the present
work these steps were combined.

Besides prefixed material, plaques are occasionally found on tonoplasts
of Lonicera and Mentha (Figse 21, 43) placed in 20% glycerol overnlght and
on membranes of fungal contaminants grown in 15% and 20% glycercl (Fige 4k).
Plaques on tonoplasts have also been reported by Stsehelin (1968a) who
found them in the alge Cyanidium grown in glucose solution. Similar plaques
are desoribed on the lemellse in the myelin sheath ofmouse nerve (Moor,
19668) and on artificial snd biological membranes besides the tonoplast
(Staehelin, 1968a)s Moor (1966a) thought that the plaques were atiached to

the outer surface of the membrane, Stashelin (1968a) however, has
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demonstrated that the plagues are part of the membrane. The plaques are
exposed by fracturing both within and aloég the surfeces of the meubrane,
Stashelin regards the plaques as "island-like remnants of partly broken
away upper-lying halves of the bilayers™ of the membrane.

Steehelin'slypothesis satisfactorily explains the situation found in
tonoplasts and in other membranes of the present materisl. Thus tonoplasts
bearing plaques represent a modified condition in vhich fracture plenes
within the membrane are altered by pretreatment. Possibly GA replaces
the original bonds between molecules; it is known to oross-link proteins
(Sebatini et ale, 1963)e As a result portions of the membrane may not be
held so strongly and may break away during fracturing, Other counditions
of pretreatment snd subsequent freezing undoubtedly also influence the
fracturing properties of the membrane, Matile and Moor (1968) for example
did not find plaques in prefixed root tips of Zeas. It therefore seems
that GA and glycerol used simultaneously cause a greater alteration in
fracture planes within membranes than whenglycerination follews prefixation.

Although the presence of glycerol during prefixetion may explain some
differences between results obtained by ¥atile and Moor (1968) and in the
present study, glycerol cannot be the only factor invelveds The variation
in appesrance of the tonoplasts prepered with the same prefixation schedule
suggest that other conditions are importanty  Some tonoplasts, for example,
retain a normal coumplement of particles but others show variously depleted
populations (Figs. 149, 156d; see also micrographs of Matile & Moor 1968)
until in the extreme condition almost no particles are. visible. At this
stage fracturing seems to follow the surface of the tonoplast with the outer
portion of the membrane remaining intact. Intermediate conditions showing
particles, smooth exposed ouber surfaces, and areas bearing plagues are

found ocoasionally (Fig. 160). Once fracturing starts to pluck away the
outer portion of the membrane, it (with few intermediate stages)
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proceeds to the condition illustrated (Figs. 150=153), Sometimes the
properties of the membrane are so altered that most of the outer layer is
stripped away leaving only ocoasional traces of piaqpes (Figs. 155, 159).
The varilous appearances of the tomoplast, within and between specimens,
suggest that m%& fadtors are invelved in altering the fracture plane
within frozen~etched membranes. The plane of fracture is probably
influenced by the chemical and physical trestment of the tissue and by the
physiological state of orgenelles and specimens.

The variation in results shows that while fracturing is somewhat
random it is confined within certain limits, The similar 6ensiti@a of
plaques on both sides of the tonoplast suggest that the inner and outer
faces are equally affecteds This emphasises that the fracture planeiis
not greatly influenced by the curveture of the vacusle; the organization
of the membrane instesd determines this, |

If changes ocour in membrane organization, slterations in fracturing
might be expected. Stachelin (1968a) noted that the slge and distribubion
of plagues altered in varying poler lipid mixbures, Similerly, If the
membranes of an oprganelle change during davalopmanﬁ, an alteration in the
pattern of fragturing might be anticipated, This might explain why
different plague densitles occur on some lorge vaouoles compared with small
‘vacuoles (Fige. 165b & ¢)s  Some large vacuoles in frozen-etohed living
cells have a slightly lower density of particles on the Inner surface
than do small vacuoles; +this supports the notion that a slight change may
have occurved in the organization of the tonoplast during differentiation,

A feature not satisfactorily axplginaa is thot piaqu@a are distributed
more or less veguleorly on the tonoplaste If fracturing is a.fan&am process
and if prefixation affects the tonoplast equally, one might expect a

variety of arvangements of fractured and unfractured vegions. However,
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the regular pattern found suggests that fracturing is not completely
random but rdlects some internal organization of the membrane., Vhere
 plaques are present, bonding within the membrane may be strong, Possibly
prefixation induces an agegregation of bonds at sites more or less evenly |
distributed throughout the membranss On this hypothesis the size of the
plaques might also reflect the concentration of bonds at any ané aite.
6e 4 Summary

The tonoplast has been studied wlth particular reference to its
appearance in freegze~etch veplicass Root tips grown in 204 glycerol and
those prefixed in GA/glycerol prior to froeze-fixation were used, In
frozen-etohed fresh cells the tonoplast is covered with glebular particlesg
on the inper face the particles are about two thirds more numerous than on
the outer face. On both exposed faves the particles are uniformly
&iatribu&e&, except where the tonoplast invaginates to form vacuolar
inelusion bodies. At these sites, espeeially on the outer face, the
parﬁiales are more concentrated than on the rest of the tonoplast. This
sgeregation o f particles is considered to reflect hish membrane sotivity
where invaginations develop compared with that of the rest of the tonoplast.

In prefixed material exposed faces of the tonoplast showed either
particles, particles on top of plagues (rave), plaques, or smooth surfaces
devoid of both particles and plaques. Nembranes showing plaques only
ocouryed most commonly; ‘tha plaques were of similar frequency on both sides
of the membrans.

In frozen-etched fresh cells it is c&nclu&aé that fracturing normally
follows the true gur?anas of the tomeplasts The particles are therefore
baligveé,ta be attached to anddightly embedded in these surfaces.

When specimens are prefixed the fracture plane is modified; occasionally
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Fig. 134

Fig. 135

Fig. 136

High resolution of the tonoplast in a root ecap
cell of Zes mays showing the tripartite organiz-
ation of the mewbrane (arrowe) (x 8$2,500).

Figures 135 - 137 General appearance of fracte
ured feces of the tonoplagt in frozen-
stehed fresh root tips.

Two adjacent vacuoles showing outer (left) end

< inner (right) exposed surfaces of the tonoplast

in Avena gativa. The greater denslty of particles

on the inner side compared with the outer is evident.
Observe the siwilar density of particles on outer
surfaces on peortions of other vacuoles shown
(arrows). (x 71,000),

Surfaces of the tonoplast in another specimen of
Aysativa,., An outer surface is axhibiﬁ@ﬁ by the
middle elongated vacuole; the two adjacent vacue
oles show ilnner surface views. The density of
particles on the inner surface of both tonoplasts
is siwilar., Arrowes indicate the presence of a
ridge' between the groundplasm and the surface
of the vacuecle., (x 69,000).
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Fig.

Fig.

Fig.

137 -

139

140

Vacuoles showing outer and inner exposed faces

of the tonoplast in Triticum vulgare. The

density of particles on these surfaces is similar
to that shown in Figs, 135 and 136, The cross-
fractured vacuole (left) is bounded by a single
unit membrane (T), The organelle at top right is

probably a plastid in surface view. (x 69,000).

Figures 139 - 148 Details of the tonoplast
surface in frozen-etched fresh root

tips of A,sativa.

A comparison between the outer (upper) and inner
(lower) surfaces of two closely adjacent vacuoles.
Particles on the outer surface are less con-
centrated and slightly larger than those on the
inner surface., (x 103,000),

Appearance of the inner surface of a large vacu-
ole. Note the close packing and rather uniform
distribution of particles. (x 56,000),
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NUMBER OF PARTICLES PER UNIT AREA
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T.vulgare A.sativa

138 Density of particles on outer and inner
surfaces of the tonoplast in frozen-etched
fresh root tips. Each bar in the histogram
expresses the mean of quadrats sampled for
one vacuole. Vacuoles of various sizes were
sampled, The vertical lines indicate * one
standard error of the mean for each vacuole.



TABLE 7/
ANALYSIS OF PARTICLE DENSITY ON TONOPLASTS IN
FRESH ROOT TIPS

FROZEN-ETCHED

Species Surface of Mean density t test
tonoplast of particles
Avena sativa outside 44,3 t = 39.9
inside 133.1 r><o,001
Tricicum vulgare outside 51.3 t = 42,8
inside 131.9 P {0.001
Outer surface of T.vulgare versus A.sativa
t = 2,85
P {0.02
Inner surface of T,vulgare versus A.sativa
. t = 0,20
P »0.01

TABLE 8

ANALYSIS OF PLAQUE DENSITY ON OUTER AND INNER SURFACES OF
TONOPLAST IN PREFIXED ROOT TIPS OF LONICERA NITIDA

Surface of Mean density t test

tonoplast of plaques

outer 19.6 t = 0.93
P)0.10

inner 17.7
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Fig,

Fig.

Fig.

Figs.

Figs.

Fig.

141

143

144

The outer surface of a large vacuole showing
particles distributed over the entire exposed
surface. The slightly dimpled appearance of the
tonoplast is due to freezing. (x 64,000).

Portion of the outer surface of a small vacuole,
Particles are attached to the surface and small
depressions occur where others have been dislodged
(arrows). (x 132,000).

High magnification of the outer surface of the
tonoplast of a medium sized vacuole. Areas devoid
of particles are irregularly distributed. (x 110,000).

The inner surface of the tonoplast of a medium
sized vacuole at high magnification. The particles
are more closely packed than those on the outer
surface. (x 150,000),

145 & 146 Density of particles on outer surfaces of

a smmall and a large vacuole respectively. The com-
parison suggests little change in density on en-
largement of the vacuole. (both x 115,000),

147 & 148 A comparison between density of particles

149

on inner surfaces of tonoplast in a small (Fig. 147)
and enlarged vacuole (Fig., 148). The larger vacu-
ole shows a slightly lower density of particles
suggesting a change in the inner surface of the
tonoplast on differentiation of the vacuole. (both
x 115,000),

The outer surface of the tonoplast in a prefixed
specimen of Lonicera nitida. Particles are present
but compared with frozen-etched fresh cells (c.f.

Fig, 141) areas devoid of particles are larger,
(x 45,000),







Figures 150 - 160 Fractured faces of the tono-
plast in frozen-etched root tips prefixed
in glutaraldehyde in 30% glycerol prior

to freezing.

Figs. 150 & 151 General appearance of exposed faces of the
tonoplast in L.nitida showing presence of plaques
rather than particles., The plaques are mainly

uniformly distributed.

Fig. 150 The outer faces of a group of vacuoles. The range
in size of plaques is similar on the different
vacuoles. (x 45,000).

Fig. 151 A group of vacuoles showing outer and inner ex-
posed faces of the tonoplast., The distribution of
plaques is similar on both faces but the size

of plaques shows some variation between vacuoles.
(x 45,000).
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Fig. 152 Details of the outer face of a vacuole in L.nitida.
The plaques are slightly raised above the rest of the
exposed face of the membrane and are angular in out-
line. The exposed face of the tonoplast between the

plaques is finely granular (x 91,000).

Fig. 153 Plaques on the inner face of a vacuole in L,nitida
(x 37,500),

Fig. 154 Group of vacuoles in T,vulgare showing outer and inner
exposed faces of the tonoplast. Both plaques and
particles are present on some faces. The particles
are attached to the plaques (arrows) rather than to
areas between them (see insert) (x 57,000; insert
x 123,700),

Fig. 155 Inner face of a vacuole in T.vulgare showing a fine
granular appearance similar to areas between plaques
on other vacuoles (c.f. Figs. 150 & 151). Details of
the surface are shown in Fig, 159, In this vacuole
most of the plaques have been removed revealing

much of the internal organization of the tonoplast,
(x 36,500).
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156 a

157 a

158 a

159

160

Figures 156 - 160 Comparison of exposed faces of
tonoplast in prefixed material. The relative
size of vacuoles was determined from the
curvature of portion of the vacuole exposed
during fracturing.

- d Outer face of vacuoles at different stages of
development in L,nitida. a, small vacuole; b & d
medium sized vacuoles; ¢ large vacuole. The plaques
show a similar distribution at the various stages

but become smaller and more numerous in some large
vacuoles (c). A comparison of a - ¢ with d shows the
relative density of plaques to particles, (a x 75,000;
b & ¢ x 92,000; ¢ x 64,000),

- d Inner face of vacuoles in L.nitida as above.
a, small vacuole; b, medium sized vacuole; ¢ & d
two different large vacuoles. Note the similarity
in size and density of plaques with corresponding
stages from the outer face of the tonoplast (Fig.
a -c). (a, x 103,000; b - d, x 92,000).

& b Outer (a) and inner (b) faces of the tonoplast
in A,sativa. The size and density of plaques is
similar to that shown by L.,nitida. (both x 92,000).

Higher magnification of the inner face of the tono-
plast shown in Fig. 155. Only remnants of plaques
are visible. (x 91,000).

Portion of a tonoplast in L.nitida showing irregular
fracturing.While particles are retained over much of the
surface, areas occur where particles have been removed
exposing various levels within the membrane. In areas
A the outer portion of the membrane is revealed;. there
is no ridge present separating the region bearing
particles from the smooth areas. At site B a small
"ridge" occurs indicating that the outer portion of

the membrane has fractured away revealing an internal
region of the mebrane. Near € the outer portion of the
membrane has been incompletely removed leaving remnants
in the form of indistinct plaques. (x 69,500).
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NUMBER OF PLAQUES PER UNIT AREA
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Density of plaques on inside

and outside of tonoplast in
prefixed root tips of Lonicera
nitida. Each bar in the histo-
gram expresses the wmean of
quadrats sawpled for one vacuole.
The vertical lines indicate + one
standard error of the wean for
each vacuole.

NUMBER OF PARTICLES AND PLAQUES PER UNIT AREA

Fig.

150¢

50

162

INSIDE

T.vulgare
A.sativa

OUTSIDE
9 o
of |2
e L
5 | o
> o
e <
INSIDE OUTSIDE
sC 1 [ ]

Comparison of particle and plaque
density on inner and outer surface
of tonoplast. Results based on
means from Figs. 138 & 161.

A, frozen-etched fresh roots. .
B, prefixed root tips of L.nitida.




Fig. 163

Figs.

Fig.

Figures 163 - 170 Differentiation of the outer
surface of the tonoplast in frozen-etched
fresh root tips on formation of vacuolar

inclusion bodies,

Two small vacuoles in T,vulgare showing concentration
of particles where invaginations develop on formation
of inclusion bodies. Particles are aggregated on the
smaller vacuole (arrow) but the tonoplast is still
rounded at this point, A later stage is shown in the
upper vacuole where the tonoplast is flattened where
particles are concentrated. The accumulation of part-
icles is confined to circular areas where invagin-
ations develop. (x 101,000).

164 & 165 Invaginations of the tonoplast in A,sativa

166

on further differentiation of inclusion bodies. The
density of particles is greater in the depression
than on the rest of the tonoplast. (Fig. 164,

x 94,000; Fig., 165, x 84,500).

An enlarging vacuole in T,vulgare showing several
differentiated areas (arrows) marking sites of
developing inclusion bodies on the outer surface

of the tonoplast. Fragments of adjoining organelles
are attached to the tonoplast, (x 28,500).






Figs. 167 - 170 Details of the tonoplast shown in Fig. 166,

Fig. 167 An early stage where particles are beginning to
concentrate (arrow) prior to invagination of the
tonoplast. (x 96,000).

Figs., 168 & 169 Later development showing circular
aggregations of particles (arrows) at a stage
before the tonoplast invaginates. (both x 93,000).

Fig. 170 Subsequent development where the tonoplast has
started to invaginate. The particles are confined
to the hollows and show a strikingly greater
concentration compared with the rest of the
tonoplast. (x 93,000).
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Figs. 171 & 172 Differentiation of the inner surface of
the tonoplast on formation of vacuolar inclusion
bodies. Fig. 171 shows two invaginations of the
tonoplast (arrows). The larger size and regular
shape of these distinguishes them from the dimples
on the rest of the tonoplast caused during specimen
preparation. Fig., 172 is a higher magnification of
the middle invagination of Fig. 171 and shows a
slightly higher concentration of particles than on
the rest of the membrane. (Fig. l71 x 90,500;
Fig. 172 x 172,000).

Fig. 173 & 174 Inner surface views of tonoplasts in small
vacuoles of T.vulgare. The round areas (A) represent
groundplasm where putative tonoplast invaginations
have been cross-fractured. The cross-fractured
tonoplast is clearly visible surrounding the area
in Fig. 174 (arrow). (Fig. 173 x 138,000; Fig. 174
x 92,000) |
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7.  ULERASTRUCTURAL ORSERVATIONS ON VACUOLAR INCLUSIONS

e 1 In%raduatiug

In addition to water, dissolved substances and colloidal material,
vacuoles of plant cells often contain crystelloid objects and various
oytoplasmic inclusionss Vacuolar inclusioﬁa were studied early by light
microscopists (see Zirkle, 1937; Guillilermond, 19413 Voeller, 196L.);
only recently have they been examined at the ultrastructural level.
Several papers on fine structure illustrate inclusions within vacucles
(eeg. Hssu & Cronshaw, 1968; Johnson & Porter, 1968) or briefly describe
the struotures (e.g. Sitte, 1958; Hoor & Mihlethaler, 1963; Nougaréde,
1963a; Dlers, 196%; Jensen, 1965; Steehelin, 1966; Maniruzzemen et al.,
1967; Villiers, 1967; Ducreux, 1968; Srivastava & Paulson, 194683
Woodeock & Bell, 1968)e A few detailed investigations have also been
made.

Vacuolar inclusions have been studied histochemically and with the
electron microscope in root meristem cells of Fagopyrim (Hréal, 1961a & b,
19655) and in the embryo sac of Lilium candidum and embryonic leaves of
Tritioun yulgare (Hr¥el & Jurdkovd, 1964). In vacuoles of Lilium end
Iriticum the inclusions contained cytoplasm, small vesicles, mitcahandri&
and proplastids, Some of the inclusions were attached to the tonoplast
by a narrow stalk. Poux (1963a) desoribed intra=vacuolar structures in
meristematic cells of the shoot apex and young leaves of Triticume. She
found that the intra-vacuoler structures were usually infrequent and
appeared as osmiophilic masses but when iémlmt@& organs were kept in
glucose solution they developed considerably and sppeared to contain
Aribeeames and swollen organelles such as dictyosomes, mitochondria and

profiles of endoplasmic reticulum. Some of the inclusions were delimited

' : -5t * Buglens gracilis, Brandes
by a membrane. In caﬁban~at@ﬁ$?%3g&é;urga of R
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et als, (1964) have found vacuoles containing portions of cytoplasm
inoluding mitochondria. Sievers (196@) found mitochondria, vesicles and
remains of other membraﬁea‘within vacuole~like compartments in the tips of

rhizoids Of‘Ch&rﬁ foetida, 'The inclusions were found predominantly in

older or demaged cells. Gifford and Stewart (1968) investigated membrane
bounded indlusions found in vacuoles and proplastids in shoot tips of
Bryophyllum and-ﬁﬁlé&gbgé- They presented evidence that the inclusions
ar&sa withiﬁ the pféplastid and were then transferred to the vacuole. The
contents of the inclusions weré found to be predominantly lipid. Matile
and Moor (1968) reported intra~vacuolar vesicles in replicas of frozen-
etohed root tips of Zea. Thay‘showe& that the inclusions wef@ formed osg
a result of the tonoplast engulfing portions of the cytoplasm. Buvat and
Coulomb have recently studied vacuolar inclusions in various tissues and
species (Buvat, 1968a & by Coulomb, 1968a & by, 1969; Coulomb & Buvat,
- 1968), Some of these inclusions were multilamellar bodies resembling
myelin figures. = The oytosomes described by Mollenhsuer gt al., (1966)
apparéntly also correspond to vacuoles containing inclusions,

The character of most vaduolar inclusions has not been studied inten=
sively. However, some workers suggest on the basis of appearsnce that
vacuoles containing inclusion bodies may be 1ysosomes (Poux, 1963a;
Sievers, 1966; Thornton, 1967; BPuvat, 1968a & b; Ducreux, 1968; Matile
& Moo, 1968) in that they resemble the lysosomes or autophagic vacuoles
of animal cells (see de Duve & Wattisux, 1966; Gahan, 1967, 1968). = From
other studies, the histmohémiaal demonstration of hydrplytic enzymes - in
particular acid phosphatese =« has been used to establish the lysosomal=
like nature of certain vacuoles {Poux, 1963b; Brandes gt ale, 19643
Matile & Wiemken, 1967; Berjack, 1968; Coulomb & Buvat, 1968; Coulomb,
1968b, 1969; Matile, 1968).
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This chapter presents preliminery observations on the ocourrence,
structure, origin and development of vaguolar inelusions in root tips of
the five specles studied. The strusture of the inclusions is described
first so as to form a basis for the outline of their origin end development..
The developmental sequences presented are largely inferential, but in some
inatances it has been possible to study the stages in successively
differentiating cellss The work is based on thin sections and freeze-etch
replicas of fresh root tips. The investigation was confined to those
inclusion bodies (abbrevisted IBs) which are bounded by o membrane, at

least in early stages of development.

7s 2 Observations
Ogeurrence
Inclusion bodies are found in all species studied (e.ge Figs. 175,
184, 198, 242, 261)s In seedling roots of Avena, Iriticum and Zes IDs ave

more prominent than in adventitious roots of Lonicers and Hentha.

Although species differ in the type and development of IBs, greater variation
nay ocour within a speeies depending on the differentistion of the root tip.
Inolusion bodies are more abundant in actively growing roots (Fig. 243) than
in those where growth is slow or inactive (Fig. 250)s Greater elsboration
of the IBs is shown in vacucles of enlarging cells then in those of

promeristem and fully differentiated cells. Inclusion bodies usually

‘attain maximum development in small vacuoles (e.g. Figss 175, 232, 263).

As vacuoles enlarge IBs continue to differentiate up to a certain point
(6egs Figse 190, 253) and then degenerate (Figss 206, 215=217, 254=256),
Only a smallAproporﬁien of vacuoles in a cell normally contain IBs.
This has been shown also by Poux (1963a) in leaf cells of Triticum.
Vacuolar inclusions range in size from structures as small as golgi and ER

vesicles 1o those as large as proplastids; most remain smaller than
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mitochondrias  Within a single vacuole, IBs of various dimensions and
stages of differentistion may oocowr (Figs. 175, 228).  Either one or several

IPs may be visible in a sectioned or cross fractured vacuole (Figs. 176,

'232, 243)s  Except in early afage& of ﬁevelopméht, most IBs are randomly

distributed within the vacuole although oceasionally ﬁb@y are‘asﬁociéﬁed
in pairs (Figs. 175, 184)s  Inclusion bodies are generally spherical
(Figs. 175, 177, 185) but other forms also exist (Pigs. 176, 181, 202),
Usually only a small proportion of a vaeuole 1s occupied by an IB (Figs.
175, 4184, 209, 260) but in some small vacuoles the IB may dominate (Figs.
20%, 209)s In eiﬁreme;examplﬁs, the tonoplast and limiting membrane of

the IBs are closely apposed so that the vacuole superficially resembles

‘an organslle bounded by a double membrane (Fige 213).

Types of Inclusion Podies
In the present material IBs comprise a diversity of structures. A

feature mharagterisﬁia of all those investigated, haweVEra‘is‘the presence
of o single limiting~membrane in early steges of &evélepment. For
deseriptive purposes two main morphological categories of IBs ave
recognised, These are designated types A gna Be

Type A inclusion bodies comprise simple vesicles containing a
homogeneous matrix without internal membranes (Figs. 175178, 198=203,
209=213; 218=232, 235-239, 242-252, 260-262), Inclusion bodies of this
form are illustrated elsewhere in several papers (e.g. Moor & WMihlethaler,
1963; Diers, 1965; Derjak, 1968; Buvat, 1968b; Gifford & Stewart,
1968; Motile & Woor 1968). ‘

Type B. inclusion bodies ave distinguished from type A by'the presence
of an internsl membranous orvganization. The membranes ocour ss vesicles
(Figse. 181, 190, 191, 205, 214=217, 220, 253), short profiles (Fig. 204)
or extensive lamellar systems (Figs. 263=-277) some of which superficially

resemble myelin figures (Figs. 263, 26L4). So fer these myelin-like forms
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have not been seen in freeze=etch preparations. Structures
corresponding to type B inclusions are shown in other papers (Peux,
1963a; Brandes et gle, 19643 Sievers, 1966; Maniruzzaman gt al.,
1967; Villiers, 1967; Tuvat, 1968b; Coulomb & Buvat, 1968; Coulomb,
1968a; Ducreux, 1968). Present observations suggest that ty?e B
inclusion bodies occur less frequently in root tips than do type A structures.
Inclusions . other than those deseribed as Types A and B, are also
found in vacuoles but their structure has not been studied fully. One
form seen occasionally in KMth fixed cells of Triticum is partially
electron tramsparent and surrounded by vacuolar sap precipitated as dense
material (Fig. 2&&). Vacuoles in which these forms ocour resemble those
desaribe&'by Paulson and Srivastava (1968) as containing proteinaceous
materials Another inclusion found in dormant cells of Lonicera consists
of dense granules at the periphery of the vacuole which are similar to
the phenolic deposits shown in other tissues (Wardrop & Cronshaw, 1962;
Esau, 1963).
Structure of Inclusion Bodies

Ae  Membranes: In cross fractured vacucles in which the contents of the

IB exhibit etching a limitingmembrane is apparent (Figs. 177, 178, 190,
191)s  Surface fracturing exposes the outer and inmer faces of the
membrane which in early stages of development is covered by particles
(rigs. 181, 182, 185) similar to those found on the tonoplast, In a
few IBs plagues instead of particles cover the surface of the membrane
(Fige 179)s The plagues resemble those found on the tonoplast in
prefixed material (see Figs, 150-152). Internal membranes of type

B inclusion bodies are revealed occasionally in freeze-etch prepar=
ations. Some enclosed vesicles exhibit o surface similar to that of

golgi vesicles (Figse 181, 193)s Particles are seen only
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ocoasionally on the internal membranes.
The olarity of themmbrane in sectioned material depends on the

reaction between the fixative end the matrix of the IB. 1In KMnOhr

'preserved cells a limiting membrane iﬁtdiffiault to demonstrate if the

matrix stains densely; but its presence mpy sometimes be inferred
when there is a sharp separation of the IB from the vacuolar sap
(figs 198)s  During later stages of differentiation the demarcation

becomes less distinet (Figs. 199-203)e In type B inclusion bodies

“the internal membranes are partislly obscured when the matrix is

dense (Fig. 253) but arve visible when the matrix is electron transe

parent (Figse 214217, 254=256)s When IBs are preserved in QA/bsOA

the membranes are usually clearer than when they are fixed in Kin0,.

this is because the matrix is often electron transparent (Figs. 220,

22h, 257=259, 263=277) or contracts from the limiting membrane (Figs.
218=232) in GA/():B’O# preserved cells.
Hatrix: In freeze-etch preparations, the degree of etching of the
IB indicates the amount of water present in the matrix., Type A inclu-
sion bodies at early stages of development exhibit etching similar bo
that of the groundplasm. (Figs. 177, 178) which suggests their recent
origin from the latter, The small amount of etching in older IBs
shows that they possess a low water content (Figs. 175, 176, 183).
In type B IBs etching of the matrix and the vacuolar sap is often
similar (Figs. 181, 190, 191), indicating a comparable water content.
However, some enclosed vesicles show little etching (Fig, 190),

In chemically fixed cells the appearance of the matrix depends
on the fixetive used and on the type of IB and its state of differ-

entiation. The matrix of certain IPs resembles groundplasm and in

some GA/0304 preserved materisl ribosomes are visible (Figs. 233,
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23), 287, 288) but absent in others (Figs. 207, 208). This type
of matrix ocours in both 4 and P IBs but is sore common in type B
where it surrounds the internal membranes and vesicles. Matrix which
resembles groundplasm is not found in the enoclosed vesicles (Pigse
205, 220, 258)s In other types of IB the matrix is eleotron
trensparent so that the IRs appear as membrane bounded "ghosts"
within the vacuole (Gifford and Stewart, 1968)s These IBs sre seen
elaaﬁly in &A/baﬁk fixed material (Figs. 220, 22i., 257-262) and in
some Kin0) preserved cells (Figs. 240, 2&7—252).

In some type Abincluaian bodies the matrix is electron dense.
The matrix is either mainly uniformly dense (Figa. 198=203, 209~212)
or interspersed with electron transparent material (Figs. 213, 227=
232, 246=249)s  Those eonditions sre shown in both KMn0) and GA/bsoh
preserved specimens, Ineclusion bodies with a dense matrix are found
usually in asctively growing wvoot tips (Figs. 189-203, 209-212, 218-
226) s

7e2s 4 Ordgin of Inclusion Bodies

Observations from thin sections andfreazeretah replicas show that IBs
originate as inveginations of the tonoplast into the vacuole (Figs. 186w
188, 192, 193, 269-286, 289~291), The IB begins as o shallow inpushing
which deepens, eventuslly belng pinched off as a separate structure
suspended within the vacuole., As early stages in the fbrmation &f IPBs
are found only ocoasionally, invaginations may &evelap.aamp&ratiV@ly
rapldly., The dmitiation of IBs occurs mainiy during stages of active
cellulax aifferenﬁiaﬁion.. As vaauﬂlea enlorge fewer new IBs are formed.-
In small vacuoles IBs ave usually initinted one at a time (see Figs, 163-
165) but in larger vecuoles several invaginations may develop simultaneously

(see Figse 166, 170)s The size of the invagination varies depending on
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the type of IB being initiated. Surface views of both sides of the
tonoplast reveal that IBs develop as ciroular depressions (see Figs. 163=
170)e  The membrane differentistes at these pointsy this is shown by the
greater concentration of particles here thanon the rest of the tonoplast
(Figse 163=174; see Chapter 7).

Because IBs develop as invaginations of the inner membrane, the outer
surface of the IB membrane represents the inner surfaee:of the tonoplasts
Conversely the inner surface of the IB corresponds to the outer surface of
the toneplast. This is confirmed by comparing the density of particles
on the different membrane surfaces at early stages of development (Figss
181, 182, 188), '

Vhile some invaginations of the tonoplast appear to be pinched off
immediately as vesicles, others apparently vemain attached to the tono-

- plast with their contents communicating with the cytoplasm (Figs. 259,
.269»286);‘( H;waver, such,pratuberances‘@ggg‘todbgVQVantually detached
into the vacuole. Vhen IBs are pinched off, scars are left on both the
Z}toncplast and the IB (Matile & Moor, 1968). 1In the present frozen-etched
material, sears ocour on both surfaces of the tonoplast (Figs. 189, %94,'
195, 197) and on‘ the outer surface of the IB (Figs. 184, 185). The scars
probably hesl quickly as few are observed on fully differentiated IBs or
on tonoplasts of large vacuolese

The contents of IBs are dérive& from the cytoplasm surrounding the
| vacuole, Varidus components of the cell contribute depending on the
particular IB. 1In sam@‘typakA structures, groundplasm is incorporated
directly into the invagination of the tonoplast (Figs. 192, 286, 289, 291)
. but in others, the greundplasm-first differentiates into eleetron trans-
parent material without ribosomes (Figs. 28k, 285)s In type B inclusion

bodies the matrix also differentiates in either of these ways (Figs, 269-
277, 290)a
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During the formation of type B inclusion bodies, vesicles and other
membranes are incorporated into the protuberance before it is detached
from the tonoplast, Golzi vésicles have been identified as contributing
to IBs (Figs. 193, 280, 281, 290), with one or several vesicles being
engulfed at a time. Mitochondria (Pigs. 282, 283) and plastids (Figs.
276=279) are also associated with the formation of IBs. Figure 279 shows

o proplastid sbutting a small vacuole and extruding a portion of its

contents into ite The complex membranous systems in some IBs are apparently

derived from the envelope and internel thylekoids of emyloplasts (Figse.
276, 277)s TFrom other plastids less complicated structures may be formed.
Figure 278 shows a single vesicle, apparently enclosing a starch grain,
which has developed within the IB.

Developing IBs exhiblting elaborate intemal membranes are sometimes
associated with ER (Figs. 269-272). The ER seems to invade protuberances
of the tonoplast and proliferates into various patterns (Figs. 265-272),
the most distinotive being myelin-like configurations (Figs. 263, 2614).
Ribosomes are not usually present among the membranes of these IBse The
contents of some IBs are apparently formed by proliferations of the nuclear
envelope (Figs,. 273“275). Both outer and inner membranes of the envelope
may be involved. This association of the nuclear envelope with vacuoles
has been noted mainly in small vacuoles (Figse. 273-275).

In some instances whole organelles, rather than portions seem to be

‘taken into vacuwoles by the inveginations of the tonoplasts Mitochondria

(Pigs. 218, 254~256), ribosomes (Pige. 287), lipid droplets (Figse. 215, 216,
233), vesicles of various forms (Figs. 214-217, 253, 288) and cisternae
resembling golgi lamellae (Fige 204) have been observed within IBs.

Development of Inclusion Podies after Separation from the Tonoplast

Once the tonoplast invaginotion is pinched off, subsequent development
of the IB is . independent of the cytoplasm. Within the vacuole, most IBs
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continue to increase in size and internal differentiation (Figs, 219-252)
up to about the time ocell enlergement ceases. However, growth and
internal differventiation of the IBs can vary depending on the stfuoture
of the IB being formed, the size of the tonoplast invagination aﬂ& the
time of its\initiation in relation to cell differentiations Inclusion
bodies arising laéﬁ in the differ@ntiation of root tip cells normally‘grow
lese than those initiated early.

During differentiation of root cap cells, the number of IBs within a
vacuole inoreaaés through the formetlion of new IBs and aﬁparantly through
the addition of IBs when vacuoles fuse, Ovoasionally thé ﬁumber of éertain
type A J:és dscreases as a result of fusion (Figs, 201, 202, 251).

In most IBs, changes in the organization of the limiting membrane
ocouyr during differentiation and’tha»membrane eventually breakd down,
Other workers also note the disappoarance of membranes from IBs (Berjak,
1968; Gifford & Stewart, 1968; ﬁgtile & Moor, 1968), The density of
particles on both surfaces of the limiting membrane decreases until the
membrane appears almost smooth (Fig. 185)s  Eventually the plane of
fracture between the IB and the vacuolar sep becomes ill-defined (Fig. 180)
presumably indicating dissolution of the mémbrane. Breskdown therefore
seems to be aﬁ active process and is not dueito g‘paasiﬁa stretching of the

E
membrane as the IB enlarges. The stage at which the membrane disappears
varies in different IBs and apparently also depends on the metabolism of
the vacuole,

In type B IBgs the internal membranes become VQriagsly developed, In
some, the membranes are tightly woﬁn& (Fige 269) forming myelin=like
structures (Figse 263, 264) but in others they are less regularly arrvanged,
(Figs. 265, 266, 269=271)e Subsequent differentiation of the ihtarn&l

membranes in some IBs seems to inveolve the transformation of cisternase
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into vesiocles (Figs. 265=-268), Eventually all cisternse and vesicles
disappears |

During the differentiation of IBs, diffevent %ypes éf changes occur
in the matrix, In IBs whiah contain groundplasm and ribosomes (Fige. 287),
the ribosomes become prcgraasivélyznera indiatinct‘(ﬂig, 288) and eventu-
ally disappear (this)indieates a change in the function of ¢ytoplasmic
contents once they‘hecome engulfed by an IB). The contents of some type
A IBs lose water on differentiation (Figs. 177, 178, 183)s These IBs
often develop a dense metrix (Figs. 198-203, 209«212, 218-226) presumably
as a result of the synthesis of new substences. Subsequent differentiation
of the dense matrix of these IBa varies: the matrix elther disintegrates
and disperses throughout the IB (Figs. 296, 254), differentiates centri-
fugally into eleotron iranspavrent material (Figs. 219-232, 244=250) or
scatters as comurse slectron dense material (Figa. 236=239)s These changes
in the matrix probably indicate that different reactions may ocour within
vaguolar inclusions,

"Af'ter IBs become fully enlarged, most enter arphase of degeneration
(Figse 206, 215=-217, 25k, 256) and eventually disappear. Although
degeneration of IBs seems to ocour mainly towards the end of cellular
differentiation,many IBs disappear from vacuoles in actively growing cells.
Inclusion bodies at various atages of develepment and disintegration may
occur within one vacuole (Figs. 206, 254). Disintegration of IBs with
dense contents normally occurs after the disappearance of the limiting
membrane (Figse. 200, 254)s In contrast, the internal membranes and matrix
of certain type B IBs may become disorganized while still surrounded by
the limiting membrane. This indicates thet forsome IBs there is a break=
down in internal organization before the whole structure dlsappears within

the vaocuole, The fate of some IBs is not knowne
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7«3 Discussion

The present survey shows that IBs are a feature of some vacuoles in
the roottips of all species studied. They comprise a diversity qf form
but resemble those found in other root tips (Hrdel, 196523 Matile & Moor,
1968; Northoote & TLewls, 1968) and in different material (Poux, 1963a;
Moor & Mihlethalers 1963; Brandes gt al., 1964; Diers, 1965; Sievers,
19665 Villiers, 1967; Berjak, 1968; Buvat, 1968a & b; Coulomb, 1968a;
Coulomb & Puvat, 1968; DBucreux, 1968; Gifford & Stewart, 1968), That
IBs comprise a heterogensous collection is shown particularly by their
contents which are derived from various components of the cell, However,
IBs have one feature in common; they possess a single limiting membrane
derived from the tonoplasts The dlsappearance of this membrane during
later stages of differentiation is another featitre characteristic of most
IBa,

In view of the fragility of the tonoplest under certain conditions
of fixation (see Chapter L), the possibility thot some IBs might be arti-
facts of fixation cen not be excludeds ILipid droplets have been observed
protruding into vacuoles poorly fixed in GA/0sOy, Some of the IBs lying
against the tonoplast in figure 235 may have avisen in this way although
their contents are not identical in appearance with the lipid bodies of
the oytoplasme, It is possible that the myelin-like configurations and
similar protuberances into vacuoles might be formed as a result of poste-
mortem changes. However, the regular arrangement of many myelln-like
structures and the undisturbed asppearance of the surrounding cytoplasm
 suggest that they are probably normal components of the cell, Hriel and
Jurékovs (1964) have éiscuﬁsad‘fhe noture of similar protuberances into

vacudles of Lilium and Tritioum and concluded that the structures were not
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artifacts. Although certain IBs in the present material can not always
be distinguished from cytoplasmic debris entrapped within vacuoles which
hove collapsed during fixation, most seem to be authentic vacuoler
inclusions, The fact that certain type A IBs (e.ge Fig. 209) are not
found elsewhere in the cell indicates that these components have
differentiated withh the vacuole. The most convincing proof that most IBs
in sectioned material sre normal components is demonstrated by the
ocourrence of similar structures in freese-stch preparation of fresh root tips
(eege Fige 175)s The similority of IBs in froszen-etched prefixed root
tips (Matile & Moor, 1968) end sectioned specimens (Buvat, 1968b; Coulomb
& Puvat, 1968; Gifford & Stewart, 1968) to those in frozen~etched fresh
root tips éhowa thot the fundamental structure of IBs is maintained after
chemical fixatlon.

In frozen-stched yeast cells Moor and Mihlethaler (1963) have found
IBs %hioh they oconsider to represent the "metachromatin grenules described
by Guiiliermond",  Certaln of the type A ¥ IBs found in the present study
(Figse 175-193) resemble the IBs described by Hoor and Mihletholer which
suggosts that some type A IBs may correspond to these metachromatin grenules,
Metachromatin granules or "corpuscles" have often been mentioned by light
microscopists (see Zirkle, 1937; Guilliermond, 1941) some of whom regarded
them as artifaets of fixation end stesining. However, the fact that IBs
vegembling them cccur in frozen-etched fresh cellslinéicat@a that the
metechromatin granules are probably real structures.

Inclusion bodies have been desariﬁed'in senescent and dormant cells
(Moor & Mhlethaler, 1963; Siévers, 19663 Villiers, 1967),in cells grown
in culture (Poux 19632; Brandes et als, 1964) and in meristematic and

differentiating tissues (Poux, 196%s; Thornton, 19673 Buvat, 1968s & b}
Coulomb, 1968a; Coulomb & Buvat, 1968; Gifford & Stewart, 1968; Hatile
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& Hoor, 1968).  Observations from this study indicate that IBs usually
arise in‘actively differentiating tissues In differentianted cells the
IBs are usually at an advanced stage of development. ‘Therefore the
initiation ahd early differentiation of IPs is considered to reflect
cellular activitys Some workers have sugpested that structures corrves~
ponding to the present IBs are direectly involved in differentiation
(Thornton, 1967).  Alternatively IBs might be by-products of cellular
activity.

Various interpretations are held regavrding the origin of vaocuolar
in§1ﬁsioné. Bfandes et ale, {1964.) suggest that groups of golgl vesicles
surround pockets of cytoplasm and then fuse to isolate the pocket. In
contrast; Buvat (1966b) oonsiﬁara‘suoh pockets are isolated by ER, Buvat
and Coulomb (Buvat, 1968b; Coulomb & Buvat, 1968) also find that some
IBs represent pr0£rusians of the cytoplesm into the vacuole (e.g. Figs.
27%=277); ‘these protrusions may appear discontinuous depending on the
'ﬁﬁﬁﬂeyofbaaetioning. These authors suggest that the protuberances might
become detached towar&s the end of differentiation and come to lie within
the vacuolar cavity. Observations by HrSel and Jurdkova (1964), Matile and
iloor (1968) and those from the present study show that membrane bounded IBs
are initiated as invaginations of the tonoplasts In no instance have IBs
been found arising de novo within vacuoles or as enclaves in the c¢ytoplasm
isolated by ER or other membrane-bounded organelles., Furthermore, vesicles
and other cellular components have so far not been seen entering vacuoles
without first béing enclosed by the tonoplaste.

The engulfing of cytoplasm by vacuoles probably represents a gereral
phenomenon of cell metaboliam.l This isshown by the diversity of organelles
assocloted with the process. Gifford and Stewart (1968) observed pro-

plestids extruding portions of their contents into vacuolaes on formation of
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TBs, Matile and Yoor (1968) have noted the incorporation of golgi
vesicless However, in plant tissues few instances have heen reported
wheve mitochondria, ER and the nuclear envelope apparently directly
contribute to the contents of IBse

In the absence of oytochemiocal studies, the composition of IBs can
be inferred only from their reaction with different fixatives and in
fresse-oteh material by the degree of etohing. Observations from these
sources show that their composition is often varisble, emong different
IBs and in the same IB, depending on their state of differentiation (e.gz.
Figs. 219<232, 237-239, 204,=250), Some of the type A IBs agpear to
contain lipid«like materiel, In cross fractured IBs, the etching of the
conténts is similar to that of lipid droplets in the cytoplasm (Fige 183),
Inclusion bodies fixed in KinO,, (Fig. 198) and in GA/bsOha(Figa. 232, 235,
236, 280) also resemble lipid bodies, Gifford and Stewart (1968) have
found predominantly 1lipid material in the structures they investigated.,
The metachromatin granules seen with the light microscope contain fatty
material (see Zirkle, 1937; Guilliermond, 1941)s Ofher compounds have
been identified in IBs. In yeast cells polymetaphesphates have been
found (Wiame, 1947). There is a possibility that some IBs mey contain
phenolic compounds (Wardrop & Cronshaw, 19623 Gifford & Stewart, 1968).
However, in most instances the composition of IFs has not been determined,

Inclusion bodies are not mere fragments of gytoplasm trapped within
vacuoles but dynamic components of the cell, Just as golgl vesicles
continue to develop after leaving the golgi apparvatus and become involved
in various cellular processes (see Mollenhauer & Morrd, 1966), many IBs
continue to differentiate after being pinched off from the tonoplast.
An important function of seme IBs is appavently the synthesis of material

not found elsewhere in the cells This ocours particularly in those IBs
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which develop electron dense contents (Figs. 198-203%, 218-229). Synthesis
may involve the conversion of toxic or unwanted by-products of metabolism
into insoluble compounds which con then be stored within the vacuole.
Preaumebly, thls conversion stops sometime prior to the disappearance of
the limiting membranes

The eventual breékdawn of most IBs appears to make material. available
for redistribution within the vacuole and later presumably within the cell
(Matile & Moor, 1968; Matile, 1968)s Vaocuoles containing IDs may thus
function as lysosomes or autophagic vacuoles, Vhile lytie‘mtruaturas have
been studied intenéively in animal cells (see du Duve &Wattlaux, 1966;
Gohan, 1967) it is only recently that comparable structures have received
attention in olant cells, Autophagic systems are reporied in lower
plants (Buckley & Sommer, 1967; Thornton, 1967; Villiers 1967) and in
tracheophytes (Poux, 1963a & b; Berjak, 1968; Buvat, 1968b; Coulomb &
Buvat, 1968; Gifford & Stewart, 1968; Matile & Hoor; 1968). Various
hyarolytio enzymes have also been isolated (Matile, 1965, 1966; Matile
et al., 1965; Matile & Wiemken, 1967; Berjak, 1968; Coulemb & Buvat,
1968; Matile, 1968; Coulomb, 1968b) thus demonstrating a digestive role
for certain components of the protoplast. It sesms reasonsble to assume
that in ‘the present moterial vacuoles containing IBs functioﬂ a8 lysosomes.
This lysosomal rvole is, however, not a simple one. VWhile some IBs are
engulfed apparently for immediste digestion (e.g. Figs. 215«217, 255) others
continue to develop before eventually disintegratings The vaouole there-
fore provides an environment for the differentintion of IBs as well as for
thelr eventual breakdown.

While individual vacuoles mey behave as lysosomes there is evidence to
suggest that some IBs themselves may be lysed before the structure as a

whole is digested by the vacuole. Figure 256 shows such an example., The



= 115 =
object contained within the IB appears to be a mitochondrion in which the
outer membrane hag been digested leaving the inner membrane and cristae;
these eventually presumsbly disappear too.
In conclusion, this study has shown that IBs of the types investigated
are a multiferious component of the cell, Their contents céé@ from various
souraes but all IBs are hounded initially by a limiting membrans derived
from the tonoplasts =~ Theinitation of 1Bs is considered to reflect cellular
activity. The formation of IBs undoubtedly provides a means whereby
unwanted portions of cytoplesm are digested and ultimately returned to the
cells Some IBs provide sites for the synthesis of products which are later
broken downs
7ok Summary
Vasuoles of plant cells often comtain inclusions which at éar&y stages
of development are surrounded by a single limiting membranes The IBs
comprise a diversity of forms and various stages of differentiation arve
recognisables For descriptive purposes IBs arve divided into two categories:
‘hhcse containing meinly homogeneous contents (Type &) and those which exhibit
an internal membraneus organization (Type B)s The internal membranes may
be in the fomm of vesicles or tightly ceiled membranss. Occasionally
whole cytoplasmic organelies are found within the IB,
IBg. initially arisze as invaginations of the townoplast which become
- détached into the vacuole. The IBs are initiated mainly during active
gellular growth but may persist in modifed form in differentiasted cells,
Various cellular components contribute to . .the contents of IBs:ER, nuclear
 envelope, excluded portions of plastids and mitochondira, ribosomes and
groundplasms The limiting membrane and contents of IBs eventually disappear
within the vacuole.

Some IBs form sites for the synthesis of substances apparently not found



- 116 -
elsewhere in the cell, The disappearance of comtents within IBs and
the eventual loss of the whole structure from the vacuole suggests that

such vacuoles behave as lysosomes.



Figs.

Figs.

Figs,

175 &

177 &

179 &

Figures 175 - 197 Vacuolar Inclusion bodies

(IBs) in frozen-etched fresh root tips.
Figures 175 - 183 Avena sativa.

176 Differentiated Type A IBs (for definition

see text p./0Z ) in small vacuoles. Fig. 175 shows

two rounds IBs lying close together. Fig. 176
illustrates an elongated form. In both vacuoles

the contents of IBs show less etching than the
vacuolar sap (Fig. 175, x 25,500; Fig. 176, x 50,500).

178 Type A IBs at early stages of development in
small cross-fractured vacuoles., The contents of the
IBs and the groundplasm exhibit similar freezing;
this suggests recent origin of the IBs from the
cytoplasm. (Fig. 177, x 71,000; Fig. 178, x 54,000).

180 The surface appearance of IBs, Fig. 179

shows the surrounding wmembrane covered with plaques
- a condition noted occasionally. In Fig. 180 the
plane between the IB and vacuole sap is indistinct
suggesting a breakdown of the membrane at this stage
of differentiation. (Fig. 179, x 105,500; Fig. 180,
x 138,000). '
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Fig.

Fig.

| Fig.

Fig.

181

182

183

184

185

A small vacuole containing a Type B IB (for
definition see text p.!02 ). The structure is
crescent-shaped; at one end a vesicle of unknown

nature is shown in surface view (x 54,000).

Enlarged portion of the wembrane surrounding the
IB illustrated in Fig. 181, The particles on the
inner surface of the membrane (arrows) resemble
those found on the outer face of the tonoplast.
(x 101,000).

Cross-fractured small vacuole showing a single IB.
The contents of the IB exhibit similar, but not
identical, etching to that of the two lipid drop-
lets (arrows) in the cytoplasm. (x 31,500).

Figures 184 & 185 Triticum vulgare.

A vacuole containing two small IBs seen in surface
view. The depression in one of the structures
possibly represents the scar formed after separation
of the IB from the tonoplast (x 46,000),

Higher magnification of the IBs shown in Fig. 184.
Particles are visible on the upper IB but are
poorly represented on the other (x 138,000).
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

186

187

188

189

190

191

Figures 186 - 189 Early developwent of IBs in
A.sativa.

A vesicle about to be engulfed by a small vacuole.
Differences in etching show that the contents of
the vacuole at this stage contain less water than
the groundlasm. (x 24,500).

A later stage in the engulfmwent of a cytoplasmic

vesicle by a vacuole. The contents of the vacuole
are seen in cross-fracture; the inner surface of

the invaginated portion of the tonoplast is shown
in surface view (x 65,700),

A surface and cross fractured view of what seems to be
an elongated vacuole showing a further stage in
development of an IB from the tonoplast. At the base
of the invagination a constriction is present

(arrows) which apparently will eventually separate

the IB from the tonoplast. (x 89,500).

A group of small vacuoles showing IBs at various
stages of formation. IB A lies within a larger
vacuole adjacent to another IB. The invaginated
portion of the tonoplast in A probably corresponds
to the scar shown in Fig., 185, B shows IBs
within the vacuole. The scar on C marks the site
of a developing IB (x 9,500).

Figures 190 & 191 Type B IBs in large vacuoles of
T.vulgare.

A group of IBs seen in cross fracture. Each is
surrounded by a single membrane and contains numerous
vesicles. The contents of the vesicles show less
etching than the surrounding watrix of the IB and the
vacuolar sap (x 35,500),

Portion of a vacuole showing indistinct IBs..Two
are cross fractured and contain vesicles. The inner

membrane surface of another is also visible (arrow)
(x 43,000),
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Figures 192 & 193 Early development of IBs in
A.sativa (cont.{

Fig. 192 A small vacuole showing an invaginated tonoplast
(arrow) on formation of a Type A IB. Invaginations
of this kind become pinched off from the tonoplast
as vesicles resembling those shown in figs. 289 &
291. Two large cross-fractured vacuoles lie adjacent
to the small vacuole (x 12,500).

Fig. 193 Cross fracture through portion of a vacuole showing
a cytoplasmic vesicle being engulfed by the tono-
plast. Details are shown in the insert. The vesicle
is comparable to those shown in the cytoplasm which
from their surfaces are identifiable as golgi
vesicles (x 11,500; insert x 19,500).

Figures 194 -~ 197 Scars on the tonoplast associated
with developing IBs,

Fig. 194 Scar on the outer surface of a vacuole in A.sativa.
Details are shown in the insert. Whether the IB has
been pinched off or whether the contents within the
scar represent groundplasm communicating with the
diverticulum of the developing IB can not be determ-
ined. (x 77,000; insert, x 101,000).

Fig. 195 Scar on the inside of a tonoplast in T,vulgare. The
" sharp rim surrounding the scar suggests that it
represents the broken-off stalk of an IB prior to
separation from the tonoplast (specimen prefixed).
(x 73,500).

Fig. 196 A false scar on the inside of a tonoplast in A.sativa.
The scar is an artifact caused by a plucked-out
portion of the tonoplast folding back on itself (see
insert). The particles visible on the flap corres-
pond to those seen on the outside of the tonoplast
(x 80,500; insert, x 105,500),

Fig. 197 A rounded scar found on the inside of a tonoplast

in A,sativa after an IB has been pinched-off.
(x 78,500),






Fig. 198

Figs. 199 &

Fig. 201

Fig. 202

Fig. 203

Fig. 204

Fig. 205

Fig., 206

Figs. 207 &

Figures 198 - 208 IBs in outer root cap cells of
Zea mays.

Figures 198 - 205 KMnO4 fixation.

General appearance of vacuoles containing electron

dense Type A IBs., The membrane is not visible surrounding
the IBs but the sharp separation fromwm vacuolar sap
suggests that one is present. (x 6,500).

200, Typical finely granular texture of IB contents
of the type shown in Fig. 198. A bounding membrane is
absent at this stage of developwent (Fig. 199, x ca.
45,000; Fig. 200, x 46,000).

A small vacuole containing IBs. The shape of the upper
IB suggests recent fusion of two IBs. The tonoplast
has ruptured at one point. (x 27,400).

Fusion of a small IB with a larger one. A wmembrane
surrounds the small structure but appears to be absent
around the larger IB (x 30,000). - .

Vacuoles in which IBs occupy a large proportion of
the volume (x 28,500).

A vacuole with portions of IBs visible. One of the
structures contains membranes resembling golgi
cisternae (x 49,500). '

Type B inclusion body. The matrix surrounding the
internal vesicle resembles that of the groundplasm
(x 41,000).

Portion of a large vacuole showing a group of IBs,
The diffuse shape of these suggest that they are
undergoing digestion (x 41,000%.

208 Type A IBs after fixation in glutaraldehyde/

0s0,. The structures apparently correspond to those
shown in Figs. 198 - 203, fixed in KMnO4. The out-

line of an indistinct bounding membrane is visible

around the IBs (Fig. 207, x 26,500; Fig. 208,

x 41,000).






Figures 209-234 Inclusion bodies in root tips
of Avena sativa.

Figures 209 - 217 KMnO4 fixation

Fig. 209 General appearance of IBs in root tip tissue at
an early stage of differentiation of root cap.
Contents of IBs are mainly electron dense at this
stage of development. In the small vacuole (arrow)
note that a large proportion of the vacuole is
occupied by the IB. (ca. x 40,000).

Fig. 210 A prominent IB with dense contents and two smaller
ones (arrows) with little contents in embryonic
cortex. The IB with dense contents probably corres-
ponds to those seen in this region after glutaralde-
hyde fixation (Figs. 207, 208, 218) (x 36,000).

Fig. 211 An IB surrounded by a limiting membrane. The contents
of the structure becowme denser than the groundplasm
at this stage. (x 43,000).

Fig. 212 A group of IBs showing membranes surrounding the
structures. Note the change in density of contents
from the swaller to the larger IB. (x 42,000).

Fig. 213 Vacuoles almost completely filled by IBs. Superficially
the structures resemble double-membrane bounded organ-
elles. (x 43,500).

Fig. 214 A vacuole from the outer cap showing a multi-vesi-
culate. Type B IB., The IB has ruptured (arrow),
probably through fixation. (x 42,000),

Figs. 215 - 217 Type B IBs from large vacuoles in outer cap
cells. Fig. 215 shows a ruptured IB containing a
mitochondrion, lipid droplet and other vesicles.
Figs. 216 & 217 depict similar structures. The IBs
appear to be in the process of digestion. (Fig. 215,
x 59,500; Fig. 216, x 57,500; Fig. 217, x 41,500).






Fig. 218

Figs., 219 -

Figures 218 - 234 Glutaraldeh.yde/OsO4 fixation:

A.sativa.

General appearance of IBs in embryonic cortical
tissue. The coarse dense contents are characteristic
of these with fixation in glutaraldehyde/OsO4

(x 15,000),

232 Developmental sequence of the above type of

IB. Note: The general increase in size on differ-
entiation; the progressive centrigufal transformation
and eventual loss of the electron dense material; and
the early separation of contents from the surrounding
membrane. Variations in development are also shown.
Fig. 223 is an example where contents become trans-
formed with little further enlargement of the IB,
Figs. 220 & 224 illustrate IBs of different form
within the same vacuole (see also Figs. 254 & 255).
In Figs., 225 & 232 the dense contents show a wmore
uniform transformation compared with the centrifugal
differentiation (all x 41,000).






Fig. 233

Fig. 234

Figures 233 & 234 IBs at early stages of
development showing remnants of

groundplasm and ribosomes.

Outer cap cell. The large IB contains a lipid
droplet and scattered ribosomes (x 29,500).

Root cap cell. At this stage ribosomes have
almost disappeared from the IB. The wembrane

appears broad through oblique sectioning
(x 44,000),






Fig. 235

Fig. 236

Fig. 237

Figs., 238 -

Fig. 240

Fig. 241

Figures 235 - 241 IBs in root tips of Triticum
vulgare.

Figures 235 - 239 Glutaraldeh.yde/OsO4 fixation.

Root cap cell with a group of vacuoles containing
what appear to be IBs. Several lie against the
tonoplast and some show internal differentiation
(arrow), The contents are similar (but not identical)
with lipid droplets in the cytoplasm (see also Fig.
236) (x 36,000).

A small vacuole from an embryonic cortical cell
showing an IB., A limiting membrane appears to be
absent from the IB. Portion of a lipid droplet
(arrow) is visible in the adjacent cytoplasm

(x 46,500).

Vacuole from a cell near the promeristem showing an
IB lying free within the vacuolar sap (x 44,500).

239 Transformation of contents in IBs of the
above form, In Fig. 238 the homogeneous contents
have partly differentiated into a central region of
coarse dense material (arrow). Fig. 239 illustrates
a later stage where the centrifugal change is almost
complete. (both x 51,000).

Figures 240 & 241 KMnO4 fixation.

Small vacuoles containing IBs with electron trans-
parent contents in an embryonic cap cell (x 34,500).

Other cap cell showing IBs containing light and dark

areas, Electron dense vacuolar sap surrounds the
IBs (x 30,500).






Figures 242 - 256 IBs in root tips of Lonicera
nitida: KMnOA fixation.

Figures 242 - 249 Actively growing tissue.

Fig. 242 Embryonic cap cell showing a group of vacuoles
containing dense Type A IBs. The dark vacuolar sap
is typical of actively differentiating root cap
tissue on preservation in KMnO, (x 23,000).

Fig. 243 Large vacuole from the outer cap containing numerous
dense IBs, Some show differentiated areas amongst
the dense contents. (x 17,500).

Fig. 244 Details of IBs of the above form. The structures
have a fine granular texture and appear to lack a
membrane at this stage of development. The IBs are
similar to certain of those found in Zea on
fixation in KMnO, (c.f. Figs. 198-203) (x 38,000).

Figs. 245 - 249 Differentiation of contents in IBs of above
form. Fig. 245 shows light areas (arrows) beginning
to develop amongst the dark contents. Figs. 246 -

248 illustrate progressive enlargement of the light
areas and restriction of dense material to the
periphery of the IBs. In Fig. 249 the dense contents
have diappeared; a limiting membrane is apparently
absent also., (Fig. 245, x 33,000; Fig. 246, x 26,000;
Fig. 247, x 29,000; Fig. 248, x 6,500; Fig. 249,

x 25,500,

Figures 250 - 253 Roots less actively growing than
above,

Fig. 250 Low magnification of tissue near the promeristem
showing vacuoles containing IBs. Most of the dark
contents of the IBs have differentiated into electron
transparent material at this stage. (x 5,000).
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Fig.

Fig.
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Fig.

Fig.

Fig.
Fig.

Figs

Fig.

251
252

253

. 254 &

Fusion of three IBs in a large vacuole (x 31,500),

Typical appearance of an enlarged IB from tissue
similar to that shown in Fig. 250, The electron
transparent contents are surrounded by a dense rim
(x 31,500).

Figures 253.- 256 IBs in large vacuoles of outer
cap cells of actively growing root tips.

Vacuole containing a multivesiculate Type B, and a
Type A IB with dense contents (arrow) (x 31,500).

255 Type A and B 1IBs within the same vacuole.

The irregular form of the Type A IB (arrow) suggests
disintegration through digestive action. The Type B

IB represents a portion of cytoplasm containing a
mitochondrion; the identity of this is seen better in
Fig. 255 from an adjacent section (Fig. 254, x 23,000;

- Fig. 255, x 52,500).

256

257

258
259

262

IB similar to that shown in Fig. 254 illustrating
probable autophagic digestion of a witochondrion
within the IB. The outer membrane of the witochondrion
has apparently disappeared leaving only the inner mwem-
brane and cristae. Note also the decreased electron
density of the wmitochondrial matrix. (x 55,000).

Figures 257 - 262 IBs in Mentha root tips.

Figures 257 - 259 Glutaraldeh.yde/OsO4 fixation

Cell near the promeristem showing a small vacuole
containing a single membrane bounded Type A IB (arrow)
(x 27,ooo§.

Vacuole containing a Type B IB (x 36,300).

Vacuole in a differentiating cortical cell showing a
developing IB still attached to the tonoplast

(% 46,000%.

Figures 260 ~ 262 KMnO4 fixation

261 Cells near the promeristem showing Type A IBs
with electron transparent contents. A membrane clearly
surrounds the IB in Fig. 261 (Fig. 260, x 57,500;

Fig. 261, x 27,000),

Root cap cell containing IBs, one of which shows an
unusual form (x 31,500).
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Fig. 263

Fig. 264

Figs. 265 -

Figs. 269 -

Fig. 272

Figures 263 - 287 Glutaraldeh.yde/OsO4 fixation

Figures 263 - 277 IBs with myelin-like configurations.,

Small vacuoles in an outer cap cell of Z.,mays. One
shows an IB consisting of concentric closely packed
smooth membranes (x 52,500).

Differentiating cell in A,sativa. The small vacuole
contains an IB comprising a series of concentric
membranes (x 52,500),

268 Various forms of myelin-like IB in Z.mays.
Figs, 266 - 268 illustrate the transformation of
concentric internal membranes into vesicles (all x
46,500).

Figures 269 -~ 277 Early development of IBs showing
stages in continuity with the tonoplast and other
cell components.

271 Illustrate apparent continuity (arrows)
of endoplasmic reticulum and internal membrane of
myelin-like IBs (Fig. 269 A,sativa, x 41,000; Fig,
270 Z,mays, x 74,000; Fig., 271 Z.wmays, x 57,500),

An example in Mentha where the relationship between
the IB internal membranes and the cytoplasm is not
clearly shown (x 36,700).
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Figs. 276 &

Fig. 278

Fig. 279

275 Origin of myelin-like IBs from the nuclear
envelope in A,sativa. Fig. 273 shows a vacuole con-
tained within an invagination of the nucleus. The
internal wmembranes of the IB are in continuity with
the envelope. Fig. 274 shows a similar association
between a developing IB and the nuclear envelope in

a larger vacuole than in fig. 273. Fig. 275 illustrates
the proliferation of the nuclear envelope forming an
IB into a small vacuole. Both inner and outer nuclear
membranes appear to be involved in formation of this
IB, A tonoplast surrounds the IB in all of these
figures (Fig. 273 x 41,000; Fig. 274 x 62,500; Fig.
275 x 49,500).

277 Origin of myelin-like IBs from plastids.

Fig. 276 shows close association (arrow) between an IB
and an amyloplast in Z.mays. The section is lateral
and does not show contact between the plastid envelope
and internal membranes of the IB., Continuity (arrows)
is indistinctly shown in Fig. 277 in a different IB

of Z.mays. (Fig. 276 x 41,000; Fig. 277 x 99,000).

An amyloplast in Z.mays showing a protuberance
extending into a vacuole on formation of a Type B
IB without elaborate internal membranes (x 49,500).

Association between a proplastid and a small vacuole

in M,citrata. A small protuberance (arrow) extends

from the plastid into the vacuole at a point where

the plastid envelope appears to be ruptured (x 36,000).






Figs. 280 &

Figs., 282 &

Figs., 284 &

Fig. 286

281 Origin of 1IBs from golgi vesicles in
A.sativa. Fig. 28l shows an puter cap cell with active
dictyosomes, and golgi vesicles being incorporated
(arrows) into vacuoles. Fig. 281 shows similar
activity in another specimen (Fig. 280 x 32,500;

Fig. 281 x 41,500).

283 Origin of IBs from mitochondria in M.citrata.
Fig. 282 shows a protrusion (arrow) extending from a
mitochondrion into a small vacuole. In Fig. 283 a
mitochondrion and a vacuole show close éssociation;
the section is tangential and therefore fails to show
direct contact between the mitochondrion and the
protrusion from the tonoplast (Fig. 282 x 57,500;

Fig. 283 x 49,500).

285 Origin of Type A IBs in which ribosomes are
excluded. Fig. 284 shows an invagination of the
tonoplast in M.citrata. A similar stage is depicted
in Fig. 285 in A,sativa (Fig. 284, x 66,000; Fig,
285, x 80,500).

Figures 286 - 288 Development of IBs containing

ribosomes.

Small vacuole from a protoderm cell in A.sativa
showing various invaginations of the tonoplast.
Groundplasm with prominent ribosomes is visible
in one of the protrusions (arrows) (x 54,000).






Fig.

Fig.

Fig.

Fig.

Fig.

287

288

289

290

291

An IB in A.sativa at an early stage in which
density of ribosomes is similar to that in the
cytoplasm (x 40,500).

Stage in the loss of ribosomes from an IB in M.
citrata. The ribosomes are becowing less distinct
compared with those in the cytoplasm (x 52,000).

Figures 289 - 291 Early development of IBs in
root cap cells of Z.mazs.KMnO4 fixation,

Shows a vacuole with a swall invagination on
formation of a Type A IB (x 42,000).

Illustrates a small vacuole with development of
a Type B IB containing a vesicle similar to that
shown in fig. 193 (x 35,000).

Depicts the invagination of the tonoplast on
formation of an IB (c.f. Fig. 171) (x 30,000).
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8. SUMMARY AND GENERAL CONCLUSIONS

Selected aspects of the ultrastiructure of vacuoles in root tips of
five species have been studied using thin sectiening and freeze-etching
techniques, The topics investigated include: (a) the preparation of
root tips for freeze-etching, (b) an evaluation of the shape of vacuoles
in thin sections and freeze-etch replicas, (c) the effect of various
conditions of fixation on the preservation of vacuoles for thin section-
ing, (d) the ultrastructure of the tonoplast and (e) a survey of cyto-
plasmic inclusions found within vacuoles. The main points arising from
this work are as folleows:=-

1. For successful freeze-etching of fresh root tips, specimens
must be grown in glycerol to prevent the formation of ice crystals
on freezing. Mest established roots absorb glycerol with difficulty.
However, roots of seedlings placed in contact with 20% glycerol with
aeration give mainly good freeze-fixation,

2o When fresh root tips are not reguired for freeze-etching, roots
may be prefixed in GA/glycerol, This gives uniform freezing but may
cause slight shrinkage of some arganeiles.

Se The angulapr irregular shape of vacuoles often seen in chemically
fixed and sectioned material is considered teo be an artifact of
fixation, These irregular shapes are caused through the shrinkage of
mainly spherical vacuoles, Frozen-etched fresh root tips show that
vacuoles are spherical er, if irregular, with a rounded outline.

by The quality of preservation of vacuoles for thin sectioning
depends on the fixative used and on the compesition and congeniration
of the vacuolar sap, Owing to the diverse composition of vacuoles

within and ameng cells, it is often difficult to achieve satisfactory
preservation of all vacuoles using a given fixative, KMnO# causes

greater shrinkage of vacuoles than does GA/0s0y fixstion.
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The presence of buffer ions in KMnO) fixation of'ten helps reduce
vacuolar shrinkege.

Proaeze-ctch atudies show thut the tonoplest is a dynswmic membrane
with 2 high degree of organlzation. At poinks where the tonoplast
invaginates to form inclusion bodies there is o loecal dgifterentiation
of the membrene, This is shown porticularily on the outer surface
of the tonoplast where there is a greater conecentration of particles
ot these points than elsewhere on the membrone.

In frozen-etched fresh root tips fracturing appears to expose
the true surfaces of the tonoplast, Both outer and inner faces of
the membrane are revealed. Vhen root tips ave prefived in GA/glycerol
the plane - of fracture within the membrane may be modified and verious

levels within the membrane are revealed.

Ineclusions of cytoplosmic origin are'oammon Teatures of many
vacuoles in root tip tilssue. Vmﬁmmcm@mmMmofthwﬂlam
incorporated within these incluslion bodies which are survounded
initially by a single unit membrane derived from the tonoplaste Most
inclusion bodies seem to be initiated during periods of calluléf
activity and eventually disappear from.vacuoles probably as a vesult
of digestions Vacuoles containing inclusion bodles thevefore appear
to function os lysoaém@s. d

This study has been lergely exploratory. Several ospscts could now

be investigated in greater detalil on the basis of information obtained from

this work,

Little is known about the interaction of different varisbles of fix&%i@n

on the preservetion of vacuoles and this might prove an interesting area of

rasearche it the struetural level, the organization of the tonoplast sl

diiferent stages of development requires furthor investigation and results
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from such a study would be & valusble contributlon towards an understanding
of membrane developments lore work of a fundamental nature is required
to establish with certainty where the plane of fracture withimyﬁh@ tonoplast
(and in other frogen=-etched membranes) occurs, how this is affected hy the
organization of the membrane and how it may be modified by various kinds
of treatments The origin and differentiation of inclusion bodies needs
to be followed more fully. The conditions which determine theilr
formation, f'ate and their role in the economy of the cell need to be placed
on a fivmer basis,

In additlon to toplos investigated in this thesis, many other funda-
m@ntal problems of vacuole structure and function could be exaunined. How

’ﬁembranea fuse when vacuoles coalesce and what factors control this process
are still lsrgely unknown. Thewe is also very little knowledpe of the
composition of individual vacuoles withip s cells. How vacucle cemposition
changes during development and whether or not sn adjusiment is made in sap
concentration before vacuoles fuse could also be investlgated.

In conclusion, this thesis hos shown that the vacuole is a dynamic
organelle of the cell., I1 can no longer be vregsrded as a passive cell
incluslon but as a centre for vital sotivities of the velle Furthernmore,
not enly are vacuoles veriesble in composition among themselves, both in
space and time, but also 1t is now apparent that their’function changes
during thelr development. In early stazes wany vacuoles spparently funetion
25 lysosomes but alter they enlarge to £ill the greater port of the cell
their main role seems to be that of mailntaining the burgor pressure of the

cells
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Since this paper was written, other accounts of changes in fine
structure of root tip tlssues have appeareds Clowes and Juniper have

- obtained results in Zea mays similar to those in Ranunculus hirtus

(Clowes & Juniper 19643 Juniper & Clowes, 1965). The.ultrastruoture
 of tissues basipetal to the promeristem has also been examined (Leech
et ale, 1963; Maniruzzaman gt al., 1967). Observations from these
studies suggest that differentiation, at the struotural level, involwvss
the development of orgsnelles found in embryonic cells rather than the
formétion of new structures.

During this project, further observations have been made on root
tipss The structure of promeristem and differentiating root cap cells

in Avena, Lonicera, Mentha, Iriticum and Zea agrees with that found in

Ranunculus. Some additional information has also beenmoted. Golgi
vesicles have now been seen acoumulating against the wall in outer cap
cells, particularly in actively growing roots of seedlings.

Amyloplasts in growing root tips are larger and contain more starch

than those in dormant materials Freeze-stching has also revealed much
new information on the structure of organelles, but the technique proved
limited for studles involving a linear sequence of differentlating cells,
This is because fracturing is a random process and files of cells are

seldom exposed.
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Introduction

Electron microscopy is providing a
valuable tool whereby differentiation of
plant tissues can be followed in greater
detail than was previously possible with
optical microscopic techniques. In the
present study a general survey is made
of the ultrastructural changes in the
cellular compounds during differentiation
of root cap tissue in Ranunculus hirtus.
As a basis for comparing the ultrastruc-
ture of differentiating cap cells the fine
structure of cells from the promeristemn
region of the root are described first.

In this study the root cap was selected
in-preference to other tissues of the root
since differentiation can be followed over
a comparatively short lineage of cells
from the meristem to the tip of the cap.
Compared with other tissues the cap is
also comparatively simple in structure,
thus making it ideally suited for prelimi-
nary investigations of fine structure
differentiation. Information on the root
cap, at the time this study was under-
taken, was limited mainly to the studies
of Whaley and Mollenhauer and their
associates (Mollenhauer, Whaley & Leech,
1960, 1961; Mollenhauer & Whaley, 1962,
1963; Whaley, 1959; Whaley, Kephart &
Mollenhauer, 1959; Whaley, Mollenhauer
& Leech, 1960a, b; Whaley, Mollenhauer
& Kephart, 1959, 1962; Whaley &
Mollenhauer, 1963), and a mnote by
Kawamatu {1962) with little information
on the changes in fine structure accom-
panying differentiation of the tissue

{Mollenhauer, Whaley & Leech, 1960;
Mollenhauer & Whaley, 1962; Whaley,
1959). During preparation of this paper
Juniper & Clowes (1964) gave an account
at the Tenth International Botanical
Congress, Edinburgh (August, 1964),
describing similar work as outlined here
but for a monocotyledon, maize. At the
same congress, Whaley outlined work on
cell division and cell differentiation in a
linear growth system in which results
from fine structure were also discuss-
ed (Whaley, Mollenhauer, Stallard &
Kephart, 1964). At present, however,
only abstracts of these accounts are
available.

Material and Methods

The plants of R. hirtus (stock G. 2080,
Botany Division, D.S.I.R., Lincoln, New
Zealand) were grown in soil in pots in a
growth cabinet. Clonal material and
controlled conditions were used to mini-
mize the possibility of developmental
differences attributable to genetic and
environmental variation. Root tips 1-2
mm long were selected from actively
growing and dormant roots and fixed
for two hours at room temperature (22°C)
in 2 per cent aqueous potassium per-
manganate {(Mollenhauer, 1959). This
schedule was the most suitable of the
various concentrations, period of fixation,
and different fixatives initially tested.
Since the present work was carried out,
aldehyde fixation techniques have been
adopted (Ledbetter & Porter, 1963) and

*This work was carried out in 1963 while the author was on study leave at the Electron

Microscope Section,

Physics and Engineering Laboratory {formerly the Dominion Physical

Laboratory), Department of Scientific and Industrial Research, Lower Hutt, New Zealand.
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these have modified certain interpreta-
tions and demonstrated new components.
Nevertheless, permanganate fixation is
still useful for a general survey of the
gross ultrastructural changes accompany-
ing differentiation, provided its limitations
are fully realized. During fixation for
thirty minutes the specimens were
subjected under partial vacuum to
facilitate the removal of air from inter-
cellular spaces. Dehydration was carried
out rapidly in acetone of increasing 10
per cent concentrations up to 90 per cent,
followed by one hour in absolute acetone.
Specimens were embedded in Araldite
{Luft, 1961) in which casting resin M was
replaced by type N. Infiltration com-
menced in a mixture comprising equal
parts by volume of absolute acetone in
Araldite, the mixture being left to gently
agitate for one hour. Then half the
mixture was removed and replaced by
fresh Araldite, giving a final mixture
containing about one part acetone in
eight parts Araldite. The specimens
were left to agitate in this mixture
overnight, and finally embedded in fresh
Araldite in gelatin capsules. Blocks were
polymerized at 35°C for 24 hrs followed
by a similar period at 60°C. Sections
were cut on a Cooke & Perkins Ultrami-
crotome, using glass knives prepared
according to that described by Andre
(1962), to show interference colours from
pale gold to silver. Grids were stained in
lead hydroxide solution (Karnovsky,
1961) followed by a brief rinse in 1 per
cent potassium hydroxide solution
(Lever, 1960} and then viewed under a
Philips EM 100B electron microscope.

General Organization of the Root Tip

Figure 3 is an optical median longitu-
dinal section through the root tip of R.

[ March

hirtus. A root cap {RC) extends distal
to the meristem and down the sides of
the root for a short distance. Distally
the cap is many cells thick but along the
sides of the root it tapers off, and is finally
replaced by the epidermis as the protec-
tive tissue of the tip.

The term meristem is used here in a
general sense to designate the growing
region of the root (Whaley, Mollenhauer
& Kephart, 1959). Within the region
of meristem, at the focus of the differen-
tiating cap and root axis tissues, is a
group of cells referred to as the promeri-
stem. In a median longitudinal section
these cells are distinguished from neigh-
bouring parts of the meristem by being
roughly round in shape; those of neigh-
bouring regions are more rectangular,
becoming progressively elongated further
from the promeristem. Promeristem
cells were selected as representing perhaps
the least differentiated ones of the
meristem from which comparisons of
differentiating cells could be made.

On the cap-side of the promeristem the
cells are arranged roughly in files, and
it is here that the cap initials and their

immediate derivatives appear to be
situated. From here to the tip of the
root the cells become progressively

enlarged reaching their final size within
a few cells from the surface of the cap.
Thereafter, they undergo little change
and are finally sloughed from the surface
as the root grows through the soil.

Fine Structure of Meristem Cells

Figure 1 shows a group of roughly
round cells from the promeristem. Each
cell possesses a prominent nucleus sur-
rounded by abundant cytoplasm contain-
ing plastids, mitochondria, endoplas-
mic reticulum (Whaley, Mollenhauer &

J—

Fics. 1-3 (ER, endoplasmic reticulum; G4, golgi apparatus; M, mitochondria; N, nucleus;
NP, nuclear pore; P, plastid; PC, procambium; PDS, plasmodesmata; PM, plasma membrane;

PRO, promeristem; RC, root cap; V, vacuole).

Fig. 1. A group of cells from promeristem; the

nuclei are large and contain reticulate electron-dense chromatin. x 4400. Fig. 2. Portion of
cytoplasm of a promeristem cell; the endoplasmic reticulum (ER) is comparatively short and scat-
tered; the plastids contain small grains, presumably starch. x 16000. Fig. 3. Optical section of
root tip showing the position of promeristem (PRO), root cap {RC) and procambium (PC). x 116.
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Kephart, 1959), golgi apparatus (Whaley,
Kephart & Mollenhauer, 1959; Whaley,
Mollenhauer & Kephart, 1959) and em-
bryonic or prevacuolar bodies (Whaley,
Mollenhauer & Xephart, 1962) among
the principal organelles. A plasma
membrane surrounds each protoplast
while plasmodesmata occur between the
cells (Fig. 2). The organelles are describ-
ed below in greater detail.

NucLeus — In a section the nucleus
is round to oval occupying about half to
two-thirds the visible portion of the
cell. In interphase cells the chromatin
is conspicuous appearing as an electron-
dense mass surrounded by a less dense
nucleoplasm (Fig. 1). Within the nucleus
is the nucleolus which in these prepara-
tions usually shows as a round area
with an electron density between that of
the nucleoplasm and ground substance
of the cytoplasm. Surrounding the nu-
cleus is the nuclear envelope with a ty-
pical double membrane (Buvat, 1958;
Setterfield, 1961; Whaley, Mollenhauer
& Leech, 1960a, b) in which pores are
present (Whaley, Mollenhauer & Leech,
1960a).

VACUOLES — In promeristem cells the
vacuoles are usually small appearing as
dense, often irregular, masses dispersed
throughout the cytoplasm (Fig. 5). That
these structures are in fact prevacuoles
is shown when their growth is followed
through successively differentiating cells
from the meristem —as demonstrated
elsewhere also by Manton (1962) and
various other workers. Not all young
vacuoles of promeristem cells have dense
contents but may instead have an appear-
ance similar to that of differentiating
vacuoles (Fig. 2).

PLAsTIDS — In meristematic cells the

[ March

proplastids (Whaley, Mollenhauer &
Leech, 1960b). Promeristem cells of the
present material average about eight
visible plastids per median section. They
are oval to oblong, sometimes with
irregular outlines (Figs. 1, 2). A double
membrane surrounds each plastid enclos-
ing an internal system of lamellae and
vesicles of various configurations. The
ground substance of the organelle is
finely granular with an electron density
slightly less than that of the cytoplasm
and mitochondria (Figs. 1, 2, 4). At
this stage small grains, presumably starch,
are sometimes present within the plastids
(Fig. 2) which are occasionally grouped
near the nucleus. During differentiation
of cap tissue the proplastids develop into
amyloplasts (Whaley, Mollenhauer &
Leech, 1960b), similar to those figured
elsewhere (Figs. 4, 11) (Lance, 1958;
Buttrose, 1960).

MitocHONDRIA — Mitochondria  com-
monly occur in promeristem cells (Figs.
1, 2) in all parts of the cytoplasm, some-
times associated with the endoplasmic
reticulum. They are generally smaller
than the plastids and vary from oval to
oblong (Fig. 2) — sometimes with irregu-
lar outlines which is probably the result
of improper fixation. The structure of
each mitochondrion is basically similar
to that described in other root meristems
(Sitte, 1958; Buvat, 1958; Whaley,
Mollenhauer & Leech, 1960b). In the
current preparations most of the cristae
were seen to be separated from the inner
membrane of the organelle though at
places they were in continuity.

GoLGl APPARATUS — In median sec-
tions of promeristem the average num-
ber of wvisible golgi structures per cell
is about eight. Structurally each ap-

plastids are wusually designated as paratus is similar to that described
—_—
Figs. 4, 5 (ER, endoplasmic reticulum; GA, golgi apparatus; II, unidentified cytoplasmic

body; M, mitochondria; N, nucleus; P, plastid; V, vacuole; W, wall).

TFig. 4. Cytoplasmic organi-

zation of a cell from the general region of root cap initials; compared with nearby promeristem
cells (Figs. 1, 2) the ER has increased slightly in length and concentration of its profiles and vesi-
cular derivatives of ER are also present; note the early increase in size of plastids over that of

mitochondria. x 15000.

Fig. 5. Part of cytoplasm of an early differentiated root cap cell showing

variation in the size of vacuoles; between the larger vacuoles note smaller vacuolar areas; at this
stage the vacuoles are filled with material more electron-dense than the ground substance of

cytoplasm. x 18000.
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from other meristems (Mollenhauer,
Whaley & Leech, 1961; Mollenhauer &
Whaley, 1962; Sun, 1962; Whaley,
Kephart & Mollenhauer, 1959; Whaley,
Mollenhauer & ILeech, 1960b). The
number of cisternae varies between 4-7

which has been reported earlier (see

Setterfield, 1961; Whaley, Mollenhauer
& Leech, 1960b), They are double-
membraned with an intra-membrane

space similar to that of the endoplasmic
reticulum. Occasionally wider spacings
may occur, especially at the ends of the
cisternae where small swellings are
sometimes present (Fig. 2). Associated
vesicles, derived from the golgi apparatus
(Buvat, 1958; Whaley, Xephart &
Mollenhauer, 1959; Whaley, Mollenhauer
& Kephart, 1959; Whaley, Mollenhauner
& Leech, 1960b), are also often present
in the adjacent cytoplasm. As noted
elsewhere (Whaley, Kephart & Mollen-
hauer, 1964), there appears to be some
consistent relationship of the golgi
apparatus with the endoplasmic reticulum.

ExporLasmic  Reticurum (ER) —
The ER (Figs. 1, 2, 4) 15 represented by
profiles of a typical double membrane
(Buvat, 1963; Porter & Machado 1960;
Whaley, Mollenhauer & Leech, 1960a, b},
and associated with these sometimes are
small vesicles or tubules (Figs. 2, 4). The
intra-membrane space of the ER is
similar to that of the nuclear envelope,
though wider spacings may often be
observed depending on the plane of
sectioning. At the ends of the mem-
branes small swellings are occasionally
present becoming more common in
differentiating cells (Figs. 4, 8. 9). The
ER is widely distributed throughout the
cytoplasm, showing little apparent
association with any particular organelle.
In promeristem cells the ER is usually

PHYTOMORPHOLOGY

{ March

sparsely represented compared with
differentiating cells with short profiles
seldom much longer than the larger
plastids, and generally showing as dis-
continucus profiles except where they
make contact with the nuclear envelope
and occasionally with the plasma mem-
brane (Fig. 2) {(Porter & Machado, 1960;
Whaley, Mollenhauer & Leech, 1960aj.
Nuclear connections in R. Jrius are
more common in recently divided than
in interphase cells (Porter & Machado,
1960).

ORGANELLES OF UNCERTAIN AFFINITY
-—In some promeristem cells one occa-
sionally sees round to oval bodies
bounded by what appear to be single
membranes. Such bodies, however, are
usually commeon in differentiating cells
(Fig. 8). Their contents are finely
granular with an electron density slightly
more than that of the ground substance
of the cytoplasm. In general form these
organelles appear similar to those labelled
as ‘unidentified cytoplasmic inclusion
bodies’ by Whaley ef al. (1960b) and
Mollenhauer ¢f al. {1961), or the structures
figured by Frey-Wyssling ef al. (1963) as
spherosomes.

Changes in the Fine Structure of
Differentiating Root Cap Cells

The following observations are based
on cells from all parts of the root cap
with particular reference to those in a
broad zone from the promeristem to the
tip of the root.

Nucieus — The nucleus of actively
differentiating root cap cells increases
in size, reaching its maximum some time
pricr to final enlargement of the cell.
Such nuclei have been measured up to
one and a half times that of nuclei visible

—_—

Tigs 6, 7 (ER, endoplasmic reticulum; GA, golgi apparatus; T, tonoplast; V, vacuole).
Fig. 6. Portion of two cap cells from about midway between the promeristem and tip of root cap,
these cells are almost fully enlarged and show a massing of ER within the cytoplasm; the contents
of vacuoles (V) are about the same electron density as that of cytoplasm and are therefore less
readily distinguishable, a distinct tonoplast (T) delimits the vacuole from cytoplasm and the outline
of tonoplast is mainly entire but fine projections into the cytoplasm are present at places. X 6300.
Fig. 7. Portion of a root cap cell (after enlargement) showing the character of KR ; some of the
cisternoid profiles appear to have broken up into smaller derivatives; a few vesicles are visible at

the ends of cisternae of nearby golgi apparatus.

X 17000.
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in promeristem cells. In less actively
differentiating root tips the nucleus also
increases during differentiation of the
cap, but here the increase is of a smaller
degree. The nucleus usuvally fails to
increase in a linear manner from the
promeristem through the cap, but in the
region of the cap initials it is often smaller
as a result of recent division. After
enlargement of the cell it decreases (Figs.
13, 14) and eventually disappears on the
death of the protoplast in outermost cap
cells. In moribund cells (Fig. 14) the
nucleus often comes to lie against the
wall surrounded by a mass of shrinking
cytoplasm in which various organelles
are still visible. At the stage shown in
Fig. 13 a thin peripheral mass of cyto-
plasm lines the cell, but later this
disappears leaving only the nucleus and
its immediate cytoplasm (Fig. 14}. Even
at this stage, however, the nucleus retains
its identity with chromatin and nuclear
envelope. Besides changes in  size
alterations also occur in the shape of the
nucleus and, as differentiation proceeds,
its outline becomes more oval to ellip-
tic. Towards the end of differentiation
it usually becomes irregular (Figs. 13,
14).

VAcuoLEs — Concerning the growth of
the vacuole(s) in tissue of the root cap,
the prevacuoles first become noticeably
larger in the region of the cap initials.
Here young vacuoles are often grouped
close together (Fig. 5) and sometimes
interconnected by narrow ‘channels’.
Usually in early stages of growth the
vacuoles have irregular outlines with
fine projections extending into the
adjacent cytoplasm. Further out in the
root cap, however, they enlarge and
become entire, though occasionally fine
projections can still be seen. By the
time the root cap cells are fullv enlarged,

{ March

the wvacuole{s) occupies a prominent
part of the protoplast. Thereafter it
continues to enlarge and ultimately
restricts the cytoplasm to a thin pen-
pheral lining in outermost cap cells.
Eventually, the cytoplasm disappears
and the vacuole becomes replaced by the
lumen of the cell.

In other tissues several vacuolar areas
may enlarge considerably before fusion
to form the main vacuole (unpublished
observations}, but it may be noted that
in the cap the main vacuole initially
develops usually from only a few pre-
vacuolar areas and early assumes a pro-
minent part of the cell. However, small
vacuclar bodies apparently continue to
arise within the cytoplasm and these fuse
with the main vacuole during the course
of its enlargement, even towards the
later stages of differentiation when the
cytoplasm becomes restricted to a peri-
pheral lining.

During differentiation changes also
occur in the appearance of the vacuolar
contents. The vyoung vacuoles of
promeristem cells and those of adjacent
parts of the cap meristem are usually
more electron-dense than the ground
substance of the cytoplasm, becoming
progressively  less  dense  (Whaley,
Mollenhauer & Leech, 1960b) outwards
through the cap. At first the contents
are finely granular in appearance, but
towards the final stages of differentiation
they become coarsely granular (Figs.
10, 14). The other small vacuolar bodies
which develop during differentiation
normally possess denser contents than the
main vacuole, which indicates their
independence at this stage.

PrasTips — Plastids undergo marked
changes on differentiation, the most
conspicuous being an increase in size
and the accumulation of storage products

Figs. 8, 9
T, tonoplast; V, vacuole; W, wall}).

{ER, endoplasmic reticulum; 7, unidentified cytoplasmic body; M, mitochondria;
Fig. 8. The cytoplasm of an enlarged root cap cell from: a

root tip of slow growth; compared with similarly situated cells of actively growing root caps the
ER is poorly represented (cf. Fig. 6); other organelles are also more scattered and smaller in size.
X 19000. Fig. 9. Appearance of cytoplasm after cell enlargement when the vacuole encroaches
increasingly on the cytoplasm; in the lowermost cell long ER profiles are ‘ compacted ' near the
wall while nearer the vacuole the profiles are shorter. x 18000.
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within the organelle (Figs. 4, 11). They
become steadily larger from the meristem
out through the cap to where the cells
reach maximum size; over this range
they increase as much as eight times the
size of plastids of promeristem cells.
After cell enlargement the plastids become
reduced, especially in the outermost
root cap cells. Discrete plastids contain-
ing starch grains are, nevertheless, often
visible in cells which are moribund (Figs.
13, 14).

As the plastids enlarge starch accumu-
lates within them. Starch grains are
occasionally present in proplastids of
promeristem cells but here they are small
and few per organelle (Fig. 2). On
differentiation the granules increase in
size and number until they come to
occupy almost the entire organelle with
few of the original internal membrane
system still being visible (Fig. 11). Not
all plastids of differentiated cap cells
become amyloplasts; a few may remain
undifferentiated as proplastids, as also
noted in companion cells by Esau (1963).

Although plastids appear pleomorphic
and are probably subject to differences
in distribution in the cell depending on
conditions within the protoplast, counts
from many sections over several root
tips suggest that they become numerous
on differentiation; sometimes as many as
a third more on the average are present
in fully enlarged cells compared with those
of the promeristem. Besides a size and
probable number increase, changes also
occur in the form of plastids. Generally
on differentiation they become more
oblong in outline but in some instances
irregular forms are noted, one type being
occasionally noted where the plastid
was ‘cup-shaped’. Figure 11 shows a
group of plastids of this form sectioned
differently; one is cut longitudinally and
shows some ER profiles and a mitochon-
drion within the hollow of the organelle;
the others are sectioned transversly and
appear ring-shaped. They surround
some cytoplasm which contains mito-
chondria.

Regarding association of plastids with
other organelles, a grouping towards the
nucleus 1s sometimes discerned prior to
the cytoplasm becoming reduced through

[ March

vacuolation. An association with the
nucleus, however, is often more clearly
seen in the procambium than in the cap
(unpublished observations).

MITOCHONDRIA — Observations  from
many root tips indicate that mitochondria
become larger and numerous on differen-
tiation, increasing in size to about twice
that of mitochondria from promeristem
cells. After cell enlargement the mito-
chondria become smaller and eventually
disappear on death of the protoplast.
The shape of mitochondria, in general,
alters little on differentiation, the round
to oval forms predominating in inter-
phase cells while internally there is only
a moderate tendency for the cristae to
become numerous. During final stages
of differentiation mitochondria often
assume an irregular ‘shrunken’ appear-
ance with a more disorganized arrange-
ment of cristae (Figs. 10, 12).

GOLGI APPARATUS — Comparisons of
micrographs taken at the same magnifi-
cation indicate a small increase in the
size of golgi structures in cells outward
through the cap. Counts also suggest
an increase in the number of organelles
per cell on differentiation. Structurally,
however, the average number of cisternae
remains much the same, but there is a
tendency for a more strongly cuarved
arrangement of them as seen in transec-
tion through the lamella stacks (Figs.
4,7, 8,10, 12). Towards the later stages
of differentiation golgi vesicles also
become more numerous and enlarged,
particularly in outer root cap cells (Figs.
9, 12). Some differences in orientation
of golgi structures are alsc noted on
differentiation, the organelles becoming
more randomly arranged compared with
those in promeristem cells where they
usually lie roughly parallel to the wall.

EnporrasMic RETICULUM — In active-
ly differentiating root cap tissue ER
profiles become longer and more concen-
trated within the cytoplasm, the increase
first becoming noticeable in cells in the
region of the root cap initials (Fig. 4).
From here out through the cap the
ER increases progressively reaching its
greatest elaboration in cells which have
almost completed enlargement. In such
cells long winding profiles occur  folded ’
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Frgs. 10, 11 {£R, endoplasmic reticulum; G4, golgi apparatus; 3/, mitochondria; 2, plastid;
SG, starch grain; 7, tonoplast; [, vacuole; W, wall), [Fig. 10. Cytoplasmic hning of o highly
vacuolated cell near the surface of root cap, the organelles show some changes on approaching sencs-
cence of protoplast; the mitochondria (bottom right) are irregular in outline and internally their
cristac show a less ordered arrangement; the 1242, however, is still represented by longish profiles and
the tonoplast is also intact. « 22500. I'ig. 11. \ group of plustids from an enlarged cap cell with
abundant cytoplasn, the plastids contain well-developed starch grains (black), thiree of the plastids
shown have o * cup-shaped ’ form and each encloses 2 small portion of evtoplasm containing various
organelles. x 15000.
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within the cytoplasm (Fig. 6), sometimes
more concentrated in certain parts of
the cytoplasm. In less actively growing
root tips the ER fails to show the same
degree of elaboration, as observed by
comparing Fig. 8 with that of a similarly
situated cell (Fig. 6} from an actively
differentiating cap.

After cell enlargement the ER becomes
progressively reduced in amount and in
the visible length of its profiles. Fre-
quently reduction first takes place near
the wvacuole and nucleus leaving the
longer profiles more concentrated near
the wall (Figs. 9-11). During reduction
it is also noted that some profiles ap-
parently break down into tubules or
vesicles (Fig. 7), but seldom to the
extent that the cisternoid form of the
ER is no longer predominant (Figs. 9,
10).

Discussion

In R. hirtus every component of the
cell undergoes some change on differen-
tiation of root cap tissue compared with
cells from the promeristem. Similar
general conclusions have recently been
reached independently by Jumper &
Clowes (1964) for the root tip of Zea.

In the present material most compo-
nents increase during the phase of growth
of the cell, this being shown especially
by plastids and the ER and to a lesser
degree by mitochondria and the golgi
apparatus. It is perhaps significant in
terms of cellular metabolism that the
increase occurs during growth of the cell
with little increase after cell enlargement.

[ March

That the elaboration is an expression of
the amount of activity within the cell
{Buvat, 1963), is shown alsc by the
smaller degree of change in the organelles
in root tips where growth is slow.

In general, the organelles become
structurally more developed on differen-
tiation of the root cap, this being shown
particularly in the massing of the ER,
accumulation of starch within plastids,
and tendency of the golgi apparatus to
proliferate more vesicles. Besides an
elaboration in size and structure, pre-
liminary counts also suggest that most
organelles become numerous on differen-
tiation of the tissue.

The increase in the ER is perhaps the
most striking change occurring in the cap
apart from that of vacuolation. In the
present material the increase is progres-
sively outward through the cap to where
the cells reach full enlargement. Such an
increase is in accord with that reported for
various tissues by Whaley ef al. (1962),
Esau (1963, 9164), Buvat (1963} and
Setterfield (1961). In an earlier paper,

however, Buvat {1961} reported little
change during vacuolation of root
parenchyma of Triticum. Mercer &

Rathgeber (1962) have also observed a
smaller elaboration in  parenchyma
compared with nectary cells in Abutilon.
The various forms assumed by the ER in
differentiated tissues suggest that the
membranes are of some importance in
differentiation as a means of increasing
the internal metabolic surface within
the cell (Palade, 1956; Whaley, Mollen-
hauer & Xephart, 1959). Some have
even suggested an association with the

—

Figs. 12-14  (ER, cndoplasmic reticulum; GV, golgi vesicles; M, mitochondria; N, nucleus;

P, plastid; T, tonoplast; V, vacuole; W, wall}.

Fig. 12. Cytoplasm of an outer root cap cell show-

ing the form of golgi apparatus, in its vicinity occur several round eclectron-dense bodies appa-
rently derived from the ends of cisternae; at this stage all the organelles are reduced compared
with those of fully enlarged cells. x 30000. Tig. 13. A cell from near the surface of root cap showing
the nucleus and some cytoplasm lying against the wall, the nucleus is greatly reduced and irregular
in outline but the nuclear envelope is still intact surrounding some chromatin; in this cell a thin
peripheral mass of cytoplasm (not shown) lined the rest of the cell. x 10000. Fig. 14. A surface
cell from the tip of root cap showing the condition of cytoplasm towards the end of differentiation,
the nucleus and its surrounding cytoplasm have shrunk into one corner of the cell; around the
rest of the cell the peripheral cytoplasmic lining has disappeared leaving only a residual film
against the wall; various organelles can still be discerned in the cytoplasm surrounding the nucleus.

X 12500.
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growth of the cell wall (Porter & Machado
1960; Juniper & Clowes, 1964).

Preliminary counts and measurements
in K. hirtus indicate a small increase in
size and number of the golgi apparatus
during enlargement of the cell. An
increase in number is referred to by
Juniper & Clowes (1964) in root tips of
Zea where it was found that the golgi
apparatus increased with increased rate
of division and in later stages of differen-
tiation. An increase is also inferred by
Setterfield {1961} in differentiating coleo-
ptile cells of oat. The golgi apparatus
also shows some changes in organization
on differentiation of cap tissue in R.
hirtus. The cisternae become generally
more crescentic in shape and more
vesicles are associated with the ends of
the cisternae, especially in outer cap
cells {Fig. 12). Mollenhauer e al. (1961)
have described large vesicles in outermost
cap cells of maize produced by hypertro-
phied portions of the golgi cisternae which
later accumulate against the cell wall.
Vesicles of an apparent similar nature
have also be:n noted in outer cap cells of
present material (Fig. 12), but so far
they have not been observed collecting
near the wall. Mollenhauer & Whaley
{1962) have further considered the func-
tion of the golgl apparatus in outer root
cap cells and state that the accumulated
material against the wall is apparently
incorporated into a greatly increased
volume of wall and becomes part of the
slime surrounding the root cap cells.
The thickened outer portion of the wall
in Fig. 14 may represent such a slimy
cover. That the golgi vesicles are vehi-
cles of transport of secretory products is
supported by Schnepf (1964} for carni-
vorous plants and in the mucilage ducts
of Laminaria.

Mitochondria are reported as under-
going various changes on differentiation.
Buvat (1958, 1963), for example, found
that they remained relatively undifferen-
tiated in starch storage cells as compared
with metabolically active tissues. In
mature sieve elements a poorly developed
internal organization is also reported by
Esau & Cheadle (1962a). In root cap
tissue of R. Airtus there is only a moderate
tendency for mitochondria to become

{ March

larger, more numerous and internally
elaborate on differentiation as also
observed by Setterfield (1961) in coleop-
tile tissue. Similarly, in root cap tissue
of Mentha citrata (unpublished observa-
tions) and maize (Juniper & Clowes, 1964),
photosynthetic tissue of Elodea {Buvat,
1958), phloem parenchyma and compa-
nion cells of Cucurbita (Esan & Cheadle,
1962a), mitochondria have been shown
to become variously elaborate on diffe-
rentiation. According to Juniper &
Clowes (1964) there may be a correlation
between the number of organelles per
unit volume of cytoplasm and the amount
of cristae within the organelle. Esau
(1963, 1964) considered that the elabora-
tion appeared to vary depending on the
metabolic state of the cell. This is
supported by the present observations
where the mitochondria are generally
more elaborate in actively differentiating
caps than in root tips with lesser growth.

The nucleus has been shown to undergo
various changes during cell development
{Lyndon, 1964). In cap tissue of R.
hirtus it becomes more elongated in
outline, and in some instances two
nucleolar areas may also be discerned.
Such general changes as these are not
confined to cap cells but occur in other
tissues, particularly in the procambium
{unpublished observations). Towards
the end of differentiation the nucleus
becomes reduced in size and somewhat
irregular in outline which has been noted
in maize (Whaley, Mollenhay v & Leech,
1960a) and other tissues {Esau, 1963).

In the present material vacuolation
is a striking feature of differentiating
root cap tissue. The process begins
early with enlargement of the vacuoles
taking place over a comparatively short
series of cells from the meristem to near
the surface of the cap. In this respect
cap cells resemble those from the mid-
cortex but differ from those of the pro-
cambium, where the process spans several
millimeters from the meristem region
{unpublished observations}. In different
root tips the state of vacuolation can
also vary slightly outwards through the
cap, apparently depending on the state
of differentiation within the particular
root cap. Dormant root tip cells, for
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example, have large vacuoles nearer the
meristern than is the case with actively
growing caps where the final delimitation
of cytoplasm is in the outermost cap
cells far removed from the meristem.
Throughout the course of root cap diffe-
rentiation the tonoplast is persistent
and of a similar thickness (Marinos,
1963), disappearing only in the final
stage of senescence of the cytoplasm.
Thus, it differs from the behaviour in
sieve elements of Cucurbita as described
by Esau & Cheadle (1962b), where the
tonoplast became more or less disorga-
nized after maturity of the cell. Regard-
ing the origin of the vacuole in R. Asrius,
there is no conclusive evidence to support
the suggestion that they arise through
some modification of the ER (Buvat,
1962, 1963; Buvat & Mousseau, 1960;
Poux, 1961, 1962). However, it seems
that they are independent and of seperate
origin as suggested by other workers
{Manton, 1962; Miihlethaler, 1960).
According to Marinos {1963) the vacuole
arises through enlargement of whole
cisternal elements of the golgi apparatus.
Current sections of R. hirtus, however,
do not show this.

Summary

The fine structure of promeristem and
differentiating root cap cells in Ranun-
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culus hirtus is described. The promeri-
stem cells possess organelles typical of
the root meristem of other higher plants.
In actively differentiating root tips every
organelle undergoes some change during
growth of the «cell. Excluding the
vacuole, which comes to occupy the
greater part of the cell towards the end
of differentiation, the most noticeable
increase is that shown by the plastids
and the endoplasmic reticulum. Pre-
liminary counts also suggest that most
organelles increase in number during
growth of the cell. In dormant and
less actively growing tips the changes
shown by the organelles are much less.
After cell enlargement the organelles
become reduced and finally disappear
on the death of the cell.
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Scientific and Industrial Research, New
Zealand, for the opportunity to study
electron microscopy at the Physics and
Engineering Laboratory, Lower Hutt.
In particular, I wish to thank Mr W. S.
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_APPENDIX II

The following negatives were used to prepare the illustrations.
Plates deposited in the Electron Microscope Laboratory, Department
of Botany, University of Canterbury are denoted by a numerical and
alphabetical listing e.g. 629/b. Negatives housed in the Electron
Microscope Unit, Physics and Engineering Laboratory, D.S.I.R.,
Lower Hutt, are catalogued by a numerical system only e.g. 2223/18.

Figure Negative No. Figure _Negative No. Figure Negative No,

1 627/2 41 2229/7 80 311/b

2 624/28 42 2229/8 81 316/a
4 624/29 43 523/b 82 1126/a

5 624/26 44 708/b 83 429/a

6 626/29 45 866/b 84 436/b

7 624/25 46 807/b 85 433/a
8 626/27 47 813/b 86 280/b

9 626/16 48 852/b 87 - 478/a
10 626/3 49 892/a 88 474/a
11 626/30 50 2231/12 89 440/ a
12 627/29 51 243/a 90 420/a
13 621/4 52 673/b 91 440/b
14 621/3 53 251/b 92 444/a
15 2221/8 54 242/b 93 446/b
16 2220/23 55 687/b 94 451/a
17 593/a 56 ‘ 723/a 95 365/b
18 735/b 57 247/a 96 368/a
19 2222/13 58 668/b 97 369/a
20 2232/24 59 674/b 98 316/b
21 589/b 60 664/a 99 326/b
22 588/a 61 720/a 100 325/a
23 2223/15 62 721/a - 101 341/b
24 2223/16 63 715/a - 102 350/b
25 2228/13 64 677/a 103 358/a
26 2229/24 65 776/ a 104 357/b
27 597/b 66 815/b 105 365/a
28 2224/12 67 773/a 106 360/a
29 633/b 68 772/a 107 364/a
30 730/b 69 766/a 108 255/ a
31 2232/19 70 809/a 109 211/a
32 2230/29 71 2228/12 110 1252/b
33 2229/22 72 2231/7 111 1260/a
34 2228/1 73 2230/25 112 1236/a
35 2223/26 74 629/b © 113, 1266/a
36 2229/4 75 2231/4 114 1144/ a
37 2229/10 76 2232/3 115 1145/a
38 548/b 77 2230/24 116 1146/b
39 544/b 78 731/a 117 1147/b

40 576/a 79 310/a 118 1156/a



Figure Negative No. Figure Negative No. Figure Negative No,.

119 1166/a 164 874/a 213 963/a
120 1176/b 165 875/a 214 966/b
121 1170/a 166 919/a 215 966/a
122 1170/b 167 893/b 216 960/b
123 1179/b 168 920/a 217 965/b
124 1180/a 169 920/ a 218 775/a
125 1189/b 170 920/a 219 984/a
126 1187/a 171 886/a 220 984/a
127 1201/b 172 885/b 221 974/a
128 1206/a 173 929/a 222 979/a
129 1237/a 174 929/b 223 970/ a
130 1235/b 175 2230/25 224 989/a
131 1236/a 176 869/b 225 755/a
132 1239/b 177 869/b 226 991/a
133 1242/b 178 623/a 227 980/ a
134 934/a 179 872/b 228 991/a
135 866/a - 180 870/a 229 971/a
136 870/b 181 845/b 230 982/b
137 891/a 182 846/a 231 975/b
139 848/b 183 2230/24 232 985/b
140 851/a 184 890/a 233 971/b
141 881/b 185 890/b 234 741/b
142 848/a 186 2231/9 235 994/a
143 848/b 187 2231/26 236 760/b
144 886/b 188 877/b 237 762/b
145 870/b 189 2230/21 238 759/a
146 881/b 190 924/b 239 993/a
147 866/a 191 923/a 240 1002/a
148 892/b 192 887/b 241 999/b
149 545/b 193 2231/5 . 242 1017/b
150 896/b 194 848/b 243 1017/a
151 579/b 195 904/a 244 1016/b
152 562/b 196 889/b 245 1018/b
153 563/a 197 2231/31 246 1025/a
154 904 /b 198 681/a 247 1008/b
155 904/a 199 721/b 248 254/b
156a 902/b 200 719/b 249 1008/ a
156b 897/a 201 685/b 250 220/b
156¢ 897/b 202 680/a 251 1015/b
1564d 576/a 203 939/b 252 1011/b
157a 899/a 204 943/ a 253 1021/b
157b 900/ a 205 938/a ‘ 254 - 1026/b
157¢ 898/a 206 940/b 255 ©1022/b
1574 903/a 207 1032/b 255 1005/ a
158a 907/a 208 956/a 257 814/a
158b 907/b 209 962/b 258 917/a
159 904/ a 210 963/b 259 775/ a
160 563/a 211 716/a 2560 1028/b

163 925/b 212 715/a 261 1029/b



Figpure Negative No.

262 1027/a
263 1033/b
264 985/a
265 1042/b
265 953/a
267 1036/a
268 1039/a
269 983/a
270 1037/a
271 1038/a
272 914/a
273 1045/b
274 1050/b
275 1052/a
276 1037/b
277 949/a
278 1042/ a
279 911/a
280 742/a
281 739/b
282 909/b
283 917/b
284 916/a
285 1053/a
286 740/
287 1202/b
288 777/a
289 722/b
290 933/a

291 719/a
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