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ABSTRACT

The needle chlorenchyma of Pinus centorta Dougl. ex. Loud spp. Lati-

folia (Engélm; ex Wats) was fixed on site in the sub-a]piné forests of
‘the southern fnterior plateau of British Columbia, in order to conduct
comparative observations by Ijght-and electron microscopy on the chloren-
chymal cytology in sumﬁer and winter. Material fiked in the growing sea-
son (summer) demonstrated a chlorenchymal ultrastructure similar to that
of other mature higher plant chlorenchymal tissues. Material fixed in
mid winter (usually at below. freezing tempertures) revealed extensive
changes in the structural and positional aspeéts of most cytoplasmic com-
ponehts. Some of the most dramatic changes in the chlorenchyma cytoplasm
in the winter state are as follows: chloroplasts became irregularly shaped
and clumped together usually in certain specific areas of the cell;closeias-
sociations. form between the outer membranes of adjacent chloroplasts,these
areas -~may lead to the apparent fusion of some chloroplasts. The cyto-
plasm became massively vacuolated, particularly in areas removed from the
nucleus or the chloroplast clumps. The extent of this vacuolation can be
deduced from the use of the adjectivé "foamy' to describe the extenttand
degree of these vacuolated cytoplasmic areas. Associated with the cyto-
plasmic winter vacuoles were highly osmiophilic bodies. A distinct sea-
sonal cycle of cytoplasmic oil reserves was also noted.. The reaction of
the winter chlorenchymal cytoplasm to extentive manipulation in fixative
osmotic potential was remarkably conservative. This observation allows
inferences to be made about the permeability characteristics of winter

cytoplasmic membranes.
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In order to verify the observed winter changes, .chemical fixation -
studies were supplemented by observations on material collected, trans-
ported, stored, sectioned and observed by light microscopy in the fro-

zen and unthawed, stained or fixed state. This work was conducted with

specially designed transport devices and a cryomicrotome and cryomicros-

cope. Observations were also conducted in summer and winter on the chlo-

renchyma of Pinus albicaulis Engelm and Tsuga mertensiana (Bong.) Corr.

collected near timberline at the Whistler mountain ski resort ninety
miles north of Vancouver. Observations from the cryomicroscopy of Pinus
contorta needles indicate that the seasonal changes are not artifacts of
chemical fixation procedures. Observations on the needles of the two
conifer species collected at Whistler mountain indicate that the detail-

ed seasonal observations on Pinus contorta may also apply to the needle

chlorenchyma of other conifer species.

A possible spring transitional stage between the winter and summer

ultrastructural appearance of Pinus contorta chlorenchyma is discussed.

Related experiments were conducted to indicate what effects the needle

age of field trees had on winter-summer comparisons, and what effect

drought stress and artificial hardening and freezing had on chlorenchymal-

ultrastructure. The drought and hardening—freezing experiments were con-
ducted on laboratory grown trees in controlled environment chambers. No
clear relationship between frost hardiness and drought stress was esta-
blished. Experiments on the artificial inducement of frost hardiness in

seedling trees were not considered successful.
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INTRODUCT ION

A1l non-tropical continental life on this planet must make some deg-
ree of adaption to at least the seasonal presence of low temperatures which
would cause the cellular water of metabolically active cells to freeze. In
the majority of higher organisms in a growing and metabolically active
state, the freezing of water within the cytoplasm is fatal. (Burke et al.,
1976 and Tumanov, 1967). Two broad classes of adaptive mechanisms appear
to have evolved to prevent the freezing of cell water. The first mechanism
is termed the principle of frost avoidance. ‘In this principle, the freez-
ing of cellular water is prevented by a number of means, some of which are:
the maintenance of internal tissue temperatures at a high enough level to
avoid freezing (as in the case of homeothermic animals); the build up of
cryoprotective substances to high enough levels within cell tissues (as
in the case of some insect larvae and tree buds) to prevent ice formation;
by posséssing a survival phase ina life cycle characterized by the re-
duction of water content in - the cells to level 1ow enough to prevent in-
tracellular ice crystalization (such as the 'seeds or spores of annual plants);
or by creating conditions which allow cell water to super-cool. These

frost avoidance mechanisms have been described in detail by Levitt (1972).

Woody higher plants maintain their competitive advantage {in part) by
maintaining and building upon large living tissue masses from year to year.
In temperate, high latitude and altitude zone species, this requires the

survival of a significant portion of the living cell mass through the frost



season. Such organisms are examples of the second major type of adaptive
mechanism to frost, that of frost tolerance. Frost to]erant plants enable
vital cells to survive the winter season by preparing cells structurally
and chemically in such a manner that they are able ‘to tolerate ice forma-
tion in their tissues. The vital celPS“aréaébTe:tO‘Sunvae*frositneTated
stress by controlled extra cytoplasmic ice formation with free cell water

being released from dehydrating and plasmolyzing cells.

There is a general agreement in recent literature with regard to phy-
sical stress factors related'to the formation of ice in living tissues
which must be tolerated by frost hardy plants (see reviews by Mazur, 1970:
and Weiser, 1970). These factors are:

1) The concentration and in seme cases possibly the precipitation

or gelling of cell solutes due to a greatly reduced solvent vol-
.ume.

2) Changes in ionic strength,pH, and osmotic equilibrium in the cell

interior and exterior.

3) The collapse and severe plasmelysis of the cell as cell water

moves to specific ice nucleation sites.

h) The macromolecular correlation of the above three points would

result in.the loss of membrane semipermeability and the denatur-
ing of cell proteins whose structure was dependent on cell water

and/or'the‘normal equilibrium of cell solutes.

‘The above stress  factors are internal stresses to the cell caused by

the freezing of cellular water outside the plasma membrane. In attempting



to understand the frost hardiness processes of woody plants, explanations

of how the cell tolerates and ameliorates the above stresses are required.

The ability to survive frost related stresses is a seasonally acguir-
ed property in woody plants. Tissues in extremely hardy plants cannot to-
lerate even a few degrees of frost during the active growth phase of the
plant, but can tolerate temperatures as low as -1960C when they aré pre-

pared for seasonal freezing (Sakai, 1966 and 1973; and Krasavtsev, 1973).

The general factors involved in the process of developing maximum
hardiness levels is fairly well understood and this process has been di-
vided into several phases by Tumanov (1967) and Weiser (1970). These
phases can be generalized into two main stages. The first stage involves
the detection of the impending cold season by shorter photoperiods and
cooler daily minimum temperatures and-possibly other factors; the cessa-
tion of tissue growth, coupled with an increase in certain types of bio-
chemical activity. The cessation of tissue growth is considered (partic-
ularly by Russian authors (Tumanov et al., 1973)) to be a specialized,

frost hardiness dependent form of plant dormancy.
The detection mechanism is translated into a complete succession of

~growth and differentiation in the plant tissue. This translation may be

by a hormonal factor (lIrving and Lanphear, 1967).

Although stage one is a dormancy stage in terms of growth cessation,



i.e., cell division and differentiation into cells of specialized function;
cells developing frost hardiness may become more active metabolically than
they were during parts of the growing season (Siminovitch et al., 1968).
This activity is initiated by a marked increase in ribosomal RNA (Gusta
and Weiser, 1972) and certain proteins (Clements, 1938; Siminovitch et al.,
1968; Pomeroy et al., 1970;:and Gusta and Weiser, 1972). Other cell cons-
titu ents aISO‘inqrease,:éome of which are: soluble sugars (Parker, 1956;
Heber, 1959 and Pomeroy et al., 1970), lipids, particularly phospholipids
(Siminovitch et al., 1975) and unsaturated fatty acids (Willemot et al.,
1977). In contrast, the starch content of conifer needles appears to

decline with the approach of maximum frost hardiness (Clements, 1938;Lm1

Parker, 1956 and Little, 1970).

The biochemical changes appear to be highly variable in different
plant organs and between different plant species or even varieties (Smith,
1968). Despite the extent of cellular activity, the hardiness of plants

in stage one is still relatively low (Weiser, 1970).

Stage one of frost hardiness development is of indeterminate length.
But because cellular biochemical transformations are involved, there is
probably a minimum time period involved. In the natural state, the bio-
chemical transformations of stage one seem to occur over several weeks

(Siminovitch et al.; 1968 and Weiser, 1970).

Stage two.of frost hardiness development occurs over a relatively -
short time (several days or less, Sakai, 1966), and does not require or

elicit any substantial metabolic response from the living cell. Instead,



stage two appears to involve a mechanica]‘accommodation of the cytoplasm
to increasing amounts of cellular dehydration due to external ice format-
ion. Stage two requires reduction of tissue temperatures by incremental
steps below freezing with precisely définable temperature drops before
maximum hardiness levels are obtained. Thus this stage requires expo-
sure to moderate freezing temperatures. to enable a potentially hardy cell
to survive extremely low temperatures. This process has been extensively
studied by Sakai (1966 and 1973) and Krasavtsev (1973). As an example of
this stage of frost acclimation, Sakai demonstrated the necessity of ex-
posing a twig (after the completion of stage one ) to several hours at .

-30°C before the twig was able to tolerate -196°C (Sakai, 1973).

While stage one is an-active metabolic stage, stage two appears to
involve physical changes ‘in that the progressive exposure to lower temp-
eratures may involve physical deformations and rearrangements of cytoplasm-
ic components in such a manner as to allew ice tolerance (Weiser, 1970).
Weiser points out that some enzymic activity and metabolic control may
still be operating during stage two, indicating that stages one and two

are not completely separable in time.

The cytological manifestation of stage two is the plasmoelysis of the
cell caused by dehydration as water is lost to the extracellular ice nu-
cleation sites (see Scarth and Levitt (1937) for a review of cryomicros-
copic studies of frozen cells). The Russian authors believe the ice plasm-
olysis is so extensive that it caused plasmodesmatal cytoplasmic strands

to break and withdraw from the cell wall (Genkel et al., 1971).



The exact location of ice is a matter of controversy and appears to
occur in the extracellular spaces if present, or in the intramural space
around the plasmolyzed protoplast (Scarth.and Levitt, 1937). There is gen-
eral agreement that ice formatioﬁ within the cytoplasm is fatal in frost
hardy cells (Tumanov, 1967; Weiser, 1970; Sakai, 1973 and Burke et al.,
1976). But it is debatable whether ice formation can occur in the main

vacuole without causing serious damage (Parker, 1963).

Ultrastructural localization of ice has been attempted but it has
been confined to ‘tissue cooled at unnaturally high cooling rates (Sakai
and Otsuka, 1967), or in animal tissue with no natural frost resistance
mechanisms, and again at unnaturally high rates of cooling (Rapatz et al.,

1963 and Nei, 1976).

It has been determined by extensive colorimetry studies that in hardy
plants at below freezing temperatures, an equilibrium is maintained between
cytoplasmic free water and extracellular ice:nucleation sites (Weiser, 1970).
This equilibrium would shift in direct proportion to changes in temperat-
ure; i.e. as the temperature decreases, freelwater leaves the protoplast
and migrates to the ice nucleation sites; and as the temperature rises, the
ice melts and the protoplast begins to rehydrate. There are two important
physical properties of a hardy plant cell that relates to this equilibrium

between the ice phase and the cytoplasmic free water phase.

Firstly, the hardy protoplast must release water as it is thermodynami-
cally required to prevent intercellular freezing (Weiser, 1970). This

implies that resistant cells are permeable to water (Scarth and Levitt,



1937 and McKenzie, 1974).

Secondly, the water must be released slowly so that ice formation is
not a sudden explosive éccurrencelbuta slow and controlled event. This
appears to be the result of an increase in . cryoprotective substances, such
as sugars and hydrophilic polymers that will release free water only grad-
ually at progressively lower temperatures (Weiser, 1970). The physical
state of some of these hydrophilic polymers may be in the gel form (Park-

er, 1958 and Tumanov, 1967).

Cytological studies on frost resistant cells in the literature are
often confusing and contradictory when compared with each other due to.
the large variety of organisms studied (which may possessdiffering frost
resistant mechanisms), and there is also a frequent failure in the liter-
ature to correlate cytological interpretations with the degree of frost
hardiness in the observed cells, or with“thg external environmental temp-

eratures to which they have been exposed.

One example of cytological differences between différent species in-
volves the tendency for chloroplasts to swell and disperse randomly within
the entire protoplast in winter wheat (Chén and Wu, 1965) ,whereas in Pinus
species , they tend to clump together in specific areas of thé cytoplasm
(Holzer, 1958). Similarly, the main cell vacuole becomes subdivided into nu-
merous small vacuoles in cambial and secondafy woody tissue of several plants
(Siminovitch et al., 1968; Robards et al., 1969; Mia, 1970 and 1972; Murman-

is, 1970 and !ltoh, 1971). Yet in conifer needles, the main vacuole remains

intact throughout the winter (Lewis and Tuttle, 1923; Holzer, 1958, Parker



and Philpott, 1961 and 1963; Harris 1971. and Chabot and Chabot, 1975).

One basic cytological feature which appears to be applicable to most
recent cytological work is the concept of cytoplasmic augmentation which
was discussed by Scarth and Levitt (1937), but refined and placed into a
more modern context by Siminovitch et al. (1968). Cytoplasmic augmentat-
ion refers to the increased volume and density of the cytoplasm (at the
light microscopy level) of many frost hardy cells in winter. Siminovitch
et al. (1968) suggests that the observed increases of certain biochemical
compounds ‘in stage one of frost hardiness development may account for this
observation. Examples of the proliferation of biochemical components of
cytoplasmic structures would be the very substantial stage one increase

of membrane phospholipids (Siminovitch et al., 1975).

An historical cytological dispute that has only recently been settled
was concerned with the fate of the conifer chloroplasts. Haberlandt (1876)
noticed a clumping of conifer chloroplasts after frost exposure. Holzer
(1958) confirmed these observation in studies conducted on Pinus species.
In contrast, Lewis and Tuttle (1923) and Zacharawa (1929) proposed that
the chloroplasts were destroyed during the winter in conifers. In Picea
glauca, Lewis and'%uttle (1923) observed the clumping followed by disin-
tegration of chloroplasts with progressively severe frosts. This idea
of winter chloroplast destruction was widely cited in the literature, par-
ticularly in relation to the chloroplasts in the needles of evergreen con-
ifers. Some papers in support of the concept have appeared quite recent-

ly (Gerhold, 1959;.and Perry and Baldwin, 1966).



A substantial body of literature has been written on frost resistance
in plants. Allen and Herman (1971) estimated that by 1971, more than 4,000
papers on the subject had been wriften. Review papers on the subject in-
clude Maxinov (1929); Scarth and Levitt (1937); Clements (1938 ); Levitt
(1941); Parker (1963);‘Tumanov (1967); Olien (1967); Mazur (1970); Allen
and Hermann (1971); Meryman:. (1971),Litvan (1972); Tumanov et al., (1973)
and Burke éE.El:’ (1976). Symposia and books on cryobiology which contain-
ed sections directly related to plant frost hardiness include works edited
by: Levitt (1956), Meryman (1966) and Troshin (1967). Levitt (1972) has
attempted to standardize nomenclature and define the major parameters in-
volved in plant environmental stresses, especially those related to frost
hardiness and/or sensitivity. The work is an excellent and important re-

ference on the topic of plant hardiness.

The present study has demonstrated that a fundamental positional and
structural rearrangement of cytoplasmic components in pine chlorenchyma
occurs during winter. Observations were made using both light and elect-
ron microscopes. This work was originally based solely on observations on

Pinus contorta ssp latifolia, but it was expanded to include observations

on seasonal changes in Pinus albicaulis and Tsuga mertensiana. Similar

changes were observed in all three species.

Studies were also conducted on the artificial frost hardening of pine
seedl[ngs in controlled environmental conditions, although these experiments
were largely unsuccessful. The possibility of a relationship between drought

exposure and frost resistance was also investigated.
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Besides direct comparisons between summer and winter cytoplasmic
states, the summer chlorenchyma of needles of varying ages was also studi-
ed in order to ascertain that factors not related to seasonal environment- .
al features, such as senescence, were not involved with the summer-winter
comparisons. A cytological condition that may represent a spring or an
intermediate condition between the summer cytoplasmic state and the wint-

er cytoplasm was also identified.

Technical difficulties were experienced in obtaining adequate ultra-
structual fixations of pine chlorenchyma. The modifications of standard
ultrastructural techniques developed in this work to achieve adequate fix-

ations should assist future works on conifer tissue.

Observations on chemically fixed and prepared material were supplement-
ed with observations on material in unfixed, unstained, frozen state. The
details of this procedure and thefconstruction of a very simple cryotome

and cryomicroscope to conduct these observations is also described.
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MATERIALS AND METHODS

1. Light and Transmission Electron Microscopy Preparation Procedures

Young trees (five to fifteen years of age) of Pinus contorta Dougl.

ex Loud ssp latifolia Engelm.,(identified.ggﬁ_Critchfieid,,1957), were
chosen for this project. The trees from which needles were studied

were collected in two locations: Allison Pass located on the coastal
divide in the northern Cascade mountains, and the Sunday Summit plateau
region about twenty-four miles to the north-east. Both sites are appro-
ximately four thousand feet above sea level. The Allison Pass site, be-
cause of coastal influences, has a more moderate mean average tempera-
ture and considerably more annual precipitation than the Sunday Summit lo-
cation. Both sites have a pronounced dry period which usually tast from
late July to early October. In both areas, the selected trees (presumab-
ly seeded from adjacent mature trees) are in sunlit clearings, and grow
in well drained glacial gravel soils. In the Allison Pass region stands

of Pinus contorta of various ages are mixed with Abies amabilis. The Sun-

day Summit site is surrounded by an apparently pure stand of Pinus contor-

ta trees approximately thirty years old.

Five trees at each site werepermanently labelled and used for all
experiments. Only needles from the upper branches of the south side
of the tree were processed for microscopic observations. Needles that
showed no chlorotic areas were used, and most fixations were carried out

within an hour before or after sunrise. In all cases, the first 5 mm
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of tissue from the tip of each needle was discarded and only the next

10 mm portion was used in fixations.

For winter fixations tissues were fixed in the primary fixative
of glutaraldehyde formalin solution at -4°C (when the air temperature

was below the fréezing point).

A1l needles were cut transversély into sections 0.5 mm thick in a
pool of primary fixative solution. They were then transferred to vials
containing similar.fixative at the temperatures mentioned above and
fixed for two to twelve hours. The winter fixation temperatures Were
maintained by a salt-water-ice bath and the summér fi*ation temperature
was regulated by a water bath. Specific details of the time and condi-

tions of each fixation are given in Table I.

Two primary fixative solutions were used. The most used primary
fixative is made up by mixing freshly made 25% formaldehyde (from para-
formaldehyde) and 25% pure glutaraldehyde (Electron Microscbpy Sciences,
Fort Washington PA) with a 0.1 M Sodium Cacodylate buffer at pH 6.8.

The final content of the fixative solution contains: 0.5% formaldehyde,
2.0% glutara]dehyde and the following additives: 4% sucrose, 0.0001%
Kodak Photoflo, and 0.01% CaClz. The osmotic.pressure of ‘this fixative
is approximately 700 mOsm. The second primary fixative (the acrolein
fixative), was a solution of 2% acrolein and 2% glutaraldehyde buffered-
in the same manner as the standard fixative. In contrast to the first

method, the acrolein fixations were carried out at room temperature for
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Collecting TImes and Conditlons of P. contorta Needles

Locatlon & Air Temp. (°C)

Fixatlon Fixation Needle Ages (Months)™
Season Year Month Day Time of Day Al - '
- son Sunday . 40 - st
Pass Summl t Used Temp.” (T C) 0 = June 1
Summelr 1972 Aug. 20 Dawn 12 12 S L 3, 15
Fell 1972 Nov. 26 Dawn -4 - S 5 6
Jan. 5 Dawn -14 -16 s =4 8, 20, 32, 56
1:00 PM -8 -8 S -4 8
Winter -1 | 15 ' N
Some of this Mater- .
: fal collected for '
Feb. 9 Dawn freezer storage in s 4 ?
N Taboratory
Mar. 30 Dawn. -3 -6 S <4 g +4 10
Spring 1973 2:00 PM - 5 S 4 10,22
’ Apr. 27 Dawn 2 5 S L 11
: 6 Dawn 6 S ) 0, 12 36
‘ Summer 1973 June . 29 Davin 7 8 S&A [ 1, 37, 61
Summer 1973 July 21 Dawn - 14 S &A L 2,
Key to Symbols:
s standerd flxation (Glut. & Para.) A Acrolein fixatlon *  Approximate

€l



1% hours.

After primary fixation, the material was taken through two changes
in the buffer while the temperature was raised slowly to room tempera-
ture. All material was post-fixed in 1% osmium tetroxide buffered with
0.1 M sodium cacodylate buffer with no additive. Winter material was
post-fixed for two to six hours and material from other seasons was
post-fixed for sixteen hours,. (post fixations were carried out at room

temperature).

MatekiaIEWas washed thce in distilled water, and dehydrated in a
graded methanol series. Methanol was replaced by acetone over several
changes. Graded acetone and Spurr's resin(1969) mixtures were used for
Infiltfation of ﬁlastic. It is important thét the last mixture with
the high concentration of plastic be left overnight. After two changes
Vin pure plastic of two hours each, material was transferred into fresh
embedding media in a aluminum boats and polymerized in a vacuum oven

for 2 houfs at SOOC and 12 hours at 70°C.

Technical difficulties were experienced with trimming and section-
ing. 1t was necessary to trim blocks for sectioning with the hypoder-
mis either dissected from the tissue or as far removed as possible from
the top of the pyramid in order to prevent tearing of the tissue. Fin-
al trimming of the blocks was carried out using glass knives .to obtain

smooth surfaces on the block face and sides. It was found that the ex-

14
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treme hardness of the contents of the main cellular vacuoles often ...

caused the shattering of sections during microtoming.

The best results were obtajned’by using glass knives and cutting
only one section on each area of the knife edge. Silver;gold sections
(800-1000 A thick) for electron microscopy could be obtained readily,
while 2 - Sum sections for light microscopy were much more difficult
to obtain. All sect}onsvweré-éut'on.a Reichert OmU-3 ultra-microtome,
and ultra-thin éections'weré collected on copper'gfidS‘coated with
Formvar fi]ms; These sections were stained in urany! acetate for forty-

five minutes followed by twenty minutes in lead citrate (Reynolds,

1963). They were examined with a Zeiss EM 9A or 9S electron microscope.

For light micrescopy, Sum sectionsvwere mounted onto glass slides
and stained for 5 minutes in toluidine blue (0.05% ‘ag). Fresh mater-

ial was cut into 15um to 2Qum sections on a Richert CO, gas expansion

2
cryotome. Sections were immediately fixed with 5% formaldehyde for
a further 10 minutes in ethanolicvSUdan'bléck B. Tannin staining was
carried out by placing longitudinally-cut needles in the stain-form-
aldehyde mixtureféf Johansen (1940) (see appendix A) and then cryo-=

sectioned by method out]ined.above; Photomicrographs were taken with

a Zeiss photomicroscope.
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Scanning Electron Microscoepy Procedures

I

Mature one year old needles were collected from three and four year
old saplings grown out doors for two Years prior‘to sampling at the Un-

iversity of British Columbia.

Needles were placed in petri dishes contaihing'S%-freshly prepared
formalin in the buffef.and’additivé solution used with the primary fix-
ative solution for trahsmiésion'electron microscopy. The tip andlbottom
1 cm of the needles were discarded and the remaining central poition:.
of the needle was cut longitudinally into two parts. Each longitudinal
part of the needle was then cut transversely fnto two or three segments

about 1 cm in length.

After a one hour prfma;y'fixation, needle segments were placed in

1% osmfum tetroxide in distilled water at 4°C. The osmium tetroxide
solution was then changed after 24 hours to fresh fixative and left for
. another 24 houré at 4°C. Needle segments were ‘then washed in distilled

water for thirty minutes, four times.

Needles were then dried by critical point methed. Driedlneedle seg-
ments were theﬁ'held at each end with forcep@i‘and bent until they broke
in half. The broken segments were then cut 2 mm below the breakage point
and mounted on aﬁspecimenfholdefvw%th'siTver aﬁa]gam with the broken face
facing up (the transverse face of the needle). 'Tfssue was then coated.

with gold and observed on a Cambridge scanning electron miscroscope.
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I}]. Experimental Fixations and Procedures

Three . fixative solutions were used to study the response of winter
tissue ultfasturcture'to osmotic stress- and té determine whether the
unsual cytoplasmic appearance of the winter tissue may be partially due
to fixation artifacts. These solutions were as follows:

1. A primary fixatjon solution contéining the same fixative as
described previously (1%.glutaréldehyde and 0.5% formaldehyde),
but without any additional chemicals. The osmotic pressurerf
this solution was approximately 400% mOsm.

2. A mixture of 33% sea water and 66% buffer solution containing

the same glutaraldehyde and formaldehyde concentrations as in
‘the standard primary fixative. The osmotic pressure of this
fixation solution was greater than 1050 mOsm.

3. A non-electrolyte solution conéisting of the standard primary
fixative solution but with the addition of 10% instead of 4%'

sucrose. The osmotic‘pressure of this solution was 800 mOsm.

Some nine-month-old long shoots cdmplete with needles were removed from
trees at the collecting sites in winter at an air temperature of -119C.
The shoots were maintained at -SOCvor lower while they were brought to
Vancouver by placing theh in jars capped with cheese cloth in a brine
ice bath. Ini-the laboratory; they were stored in a commercial freezer
at -1800. The needles can be stored in this way for up te two months
beforé being fixed for electron microscopy in a manner similar to the

winter fixations in the field.
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Material kept in the freezer and summer needles were place in lig-
uid nitrogen until all boiling stopped and then fixed by the same proce-

dure used for summer needles in the field.

To determine whether freezer stored long shoots were'viable,lthe
shoots were removed from the freezer, wrapped in aluminum foil and placed
in a refrigerator for 12 hours at 4°¢ to slowly .thaw. The base of the

~long shoot was then freshly cut‘and placed in distilled water. The cut-
tings were placed either in-a growth chamber with a 16 hr. or 24 hr.
light cycle and»a temperature cycle ranging from L to 12°'C, or outdoors
(during the spring) with an approximate temperature fluctuation range of
0°¢ to 15°C. The choice of placing shoots outdoors was made only when

a growth chamber with the light and temperature ranges deseribéd above
was not available. After one week of light exposure and above freezing

- temperatures, needles ‘were removed from the shoot at the end of a light

cycle and free hand sections were cut.

Sections were ‘immersed in IKI solution for several minutes and ob-
served. The presence of highly refractile chloroplasts containing large

dark starch bodies was interpreted to indicate viable material.

In order to verify that the cytoplasmic appearance of the winter
cells was not an artifact of chemical fixation or of hydrating or thaw-
ing the tissue, a procedure was developed for the observation of frozen
cells from the field which had'Hever been thawed. The proecedure and nec-
essary modifications to the standard cryotome and light microscope are

.outlined in Appendix Il. See also plate XXIV.
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IV. Experiments gg;Sgedlipgs Raised ig;;he Growth Chamber

Cones from the collecting sités were opened by scorching them with

a Bunsen burner. The seeds were stratified for three weeks on méist fil-
ter paper in the dark at 4°C, and then planted in sandy soil in 2 gallon
pots. Growth was accelerated by placing the plants in a growth chamber
under continuous illumination until the field equivalent of two to three
year old plants bearing mature needles were obtained. Seedlings with
mature needles were then placed.in a 12 hr. light and 12 hr. darkness re-
~gime and a 12 hr. temperature cycle of 20°C followed by 12°C in a growth

chamber.

To determine the effect of drought on the mesophyll cell ultrastru-
cture, two plants were deprived of water for twenty-five days in the grow-
th chamber. During this time, they were subject to a 16/18 hour temper-
ature cycle of ZSQC and 15°C. At the end of this period, needles were

fixed according to the general procedure for summer fixation.

Frost hardiness was introduced artificially by placing two plants
(grown from seed in 2 gallon pots outdoors) that had just completed a
cycle of long shoot and needle élongation in a growth chamber for four
weeks. An eight hour photoperiod and temperature of 10°C were used for
the first week. The same conditions were maintained during subsequent
weeks except that the temperature was lowered to , and continuously kept
at 4°C. After this period, the plants were taken out of the growth cham-

ber and place in a commercial refrigerator at —3OC for 2, 3 and 4 hours
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every other day for sixldays. Care was taken to move the seedlings to
the refrigerator only” during the light cycle of the growth period. One
day in the chamber at 4 OC was allowed between each .day of the frost ex-
. posure treatmeht. The plants were then placed in the refrigerator for a
final six hour treatment and transferred to a commercial freezer in an
insulated box. There was no lighting ‘in.the refrigerator or the freezer.
The plants were placed in the freezer for eight. hours at -1800. The
needles were ‘then removed and fixed at below freezing temperatures fol-
lowing the normal winter fixation procedure..‘DQring both the refriger-
ator and freezer treatments, the abp]iances were opened every thirty
minutes for a few seconds to allow gas exchange to.occur. This caused
only a brief temperature'fluctuatiqn in the refrigerator and none in

the freezer. The plants received no‘wafer during the last week in the

4% regime and during subsequent hardening at lower temperatures.

Two plants,vone from the drought experiment which.was not watered
for 30 days and a well-watered tree from the growth chamber under the
12 hr. temperature and light cyclé were taken.through the hardening re-
~gime described above. The . final stage of hardening involved placing the
plants in a commércial freezer at -18°C for eight hours followed by fix-
ationbin a similar manner to 'that described above. Some of the needles
of these trees were raised to room tempefaturefafterhthe"freezer treat-
ment and fixed as déscribed'invthe procedure for the fixation of summer

needles.
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RESULTS

1. Structure of Needle Tissues and Chlorenchyma Cells.

The needle is a complex structure anatomically. The general nomen-
clature and arrangement of cells and tiSsueé is described with reference
to figure 1, which is a dark field photograph of a portion of an unstained

transverse section of a fresh needle.

A thick cuticle (C and arrowhead), covers a layer of small epidermal
cells (E), which are cubdoidal. The thin-walled hypodermal cells of the
so called 'water-layer' . (WL, Shaw, 1914), lie immediately beneath the epi-

dermis. The second hypodermal layer consisting of larger elongated fiber

cells (FH), running parallel to the axis of the needle. In Pinus albical-
is needles, there is no ''water-layer' and the .sclerenchmatous: hypodermal

layers are seVera] cells thick.

The mesophyll chlorenchyma (M) lies between the dermal layers and

the endodermis (En). In Pinus contorta ssp. latifolia specimens collected

for this work, there are two resin ducts (Rd) located entirely within

the mesophyll. Both appear to run the lengfh of the needle between the
endodermis and the'”corners“*'of the néedle. The resin ducts were sur-
rounded by a layer of thin-walled secretory cells (the .secretory epithe-
lium (SE)), which is in turn surfounded by a ring.-of fiber cells (FC)

often several cells thick. |
*''corners''-With respect to the half-circle transectional.! appearance of the

needles of this species; the term would mean the surface area
where the flat side (adaxial surface) meets the curved side

(abaxial surface) of the needle.
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“There are usually two layers of chlorenchyma cells on the adaxial
and abaxial sides of the needle in the median regions. Most sections in
this work were cut from .this region for light and electron microscopy,
more specifically, from .the area outlined by the rectangle in figure 1.
This is a region on either side of the median longitudinal plane in the

abaxial side of the needle.

The chlorenchyma cells-are characterized by their crenulated appear-
ance. This feature, which is a distinctive characteristic of most species
of Pinus, is the result of numerous invaginations of .the primary cell wall.

These structures have been assigned various names , but .in this work the

term 'trabiculae' (Bold, 1957) will be used.

The chlorenchyma cells in the corners (lateral portions) of the nee-
dle and about.the resin ducts are circular or ovoid in shape in transverse
sections while the cells in the medial region e*amined in this work as
described abo?e are rectangular in transectional.’ profile. In the cir-
cular or ovoid cells, the trabiculae are short and invaginate with uniform
spacing from the cell walls whose planes are normal to the plane of a
needle transection.. The cell walls lying parallel to the plane of needle

transections' have no trabiculae.

The three dimentional shape of chlorenchymal cells in the median ab-
axial and adaxial mesophyll is shown in figure 2. The generalized modél

was reconstructed from the study of serial sections and later confirmed -

% See Esau (1965) and Mirov (1967)



23

by evidence from scanning electron microscopy. The three dimensional shape
of the cell approximates the geometfic shape described as a right angled
parallelepiped. This shape has six sides with opposite sides being para-
l11el to each other and having the same area. Three differing surfaces or
sides of the cell are shown.in figure 2 and are labelled wall surfaces A,
B and C. Each wall surface will have an identical opposite surface not
shown in figure 2. These surfaces are also termed surfaces A, Band C in

this work.

The wall surfaces labelled A in figure 2 corresponds to the wall sur-
faces of a cell in the plane of needle traﬁsection. Note the peripheral
parts of the cell face A contain clefts in the cell surface caused by the
“invagination of trabiculae from the cell wall faces labelled B and C. No
trabiculae were observed in pine chlorenchymé on the cell faces in the
transverse plane of the needle (face A). A cell very similar to the dia-

gram in figure 2 is shown labelled A in figures 1 and 8.

The wall surfaces labelled '"'B'" in figure 2 lies in the radial long-
itudinal planes of the needle. In the median chlorenchyma, these walls
have a short* trabiculae invaginating from their surface. The wall sur-
faces labelled ''C'" lie in the tangential planes of the needle. In the
outermost chlorenchymal mesophyll tier of cells, one cell face 'C" is

appressed to the hypodermal sclerenchyma and conversely, one cell face ''C"

* Short and long trabiculae refer to the relative distance the trabicu-
lar wall structure penetrates the cell interior.
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attaches to the endodermis. in the innermost tier of needle chlorenchymal
cells. Throughout this work, the differing wall surfaces of the chlor-
enchYma] cell will be refered to as face A - the two cell walls lying in
the transverseplane of the needle; face B - the two cell walls lying in

the radial planes of the needle; and face C - the end walls of the cell.

The trabiculum appears to be basically a she]f—liké ingrowth of the
cell wall perpendicular to the cell surface. For almost the entire Tength
of the invagination, the primary wé]ls are appressed to each other on
Veither side of a middle.lamella. At the end of each trabiculum, the wall
folds back on itself similar to a 'hairpin turn' (figure 3). The middle
lamella often separates at the tip of the trabiculum forming a small ex-
tracellular space; The study of serial sections indicates that this ex-
tracéllu]ar space is often continuous with the large extracellular air

spaces about the cell.

The arrangement of the chlorenchymal air spaces and the chlorenchyma

cells in Pinus contorta is in a specific manner. The air spaces occur

next to the céll surfaces A and extend as narrow unbroken passages from
the hypodermis to the endodermis in the transverse plane of the needle.
The chlorenchyma cells are arranged in the same manner seo that cell sur-
faces B and C are contiguous with other mesophyllic,»hypodermal or endo-
dermal cells. Thus in needle longitudinal sections, the mesophyll cells
form sheets of single ée]is extending from the endodermis tonthe hypo-

dermis alternating with hollow passages of extracellular spaces. This
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organization breaks down only under ‘the rows of stomata which run longi-
tudinally almost the length of the needle. Beneath the stomata are sub-
stomatal air spaces which form longitudinal connections between the chlor-

enchymal air spaces.

When fixed and’ér{tiCal point dried needle segments'were broken
open for scanning glectron_mfcroscopy‘in the transverse plane of the nee-
dle? the mesophyll chlorenchyma broke apart along the trasverse air spaces.
‘This exposed an intact sheet of chlérenchyma cells lying in the trans-
verse plane of the needle with Veryvlittie damage to :the exposed trans-
“verse cell wall faces. Figure 7 indicates that there.wefe Few'afeas of
attachment between the cell walls of sepafate transversefsheetsaéfﬁmeso-

phyll cells.

When the mesophyll chlorenchyma fractured in. the longitudinal plane
of the needie, the mesophyll chlorenchyma cells usually broke apart at
the junction between the end wall df‘the adjacent cells. 1In this case,
intact cell walls were not usually observed. Instead, fragments of cell
walls remained attached to adjacent cells or pieces of the cell.walls includ-
ing remnants of the protoplast were broken off (figure 8). |In thin sect-
ions of the junctional regions between the end walls of "adjacent mesophyll
cells, the middle lamella and numerous primary bit fields are observed.
Thus the scanning electron microscopic observations appears to indicate
that in the transverse plane of the needle, the needle mesophyll consists

of single tier or sheet of mesophyll cells extending from the éndodermis
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to the hypodermis. Within each transvéﬁse _tier, individual cells are
firmly attachéd to each other with middle lamella between adjacent end
walls and radial cei] walls. Primary pit fields and plasmodesmata in the
end walls of mesophyll cells provide continuous cytoplasmic connections
between the endodermis to the hypodermis through the transverse mesophyll

cell sheets.

The complex frabicu]ar infoldings of the cell wall of the chloren-
chyma resul t fn sectional profiles which are difficult td interpret. Fig-
ures 3 to 6 of plate Il show how sections of the generalized cell in fig-
ure 2 woﬁld look if sectioned in several different planes. When the
needle is sectioned transversely; the chlorenchyma ceI]s are cut in the
plane of face A (figure 2). Sections in this plane show the cell in the
transverse plane of the needle and the shelf-1ike trabiculae are viewed
from the side (i.e., at right ang]es to the wall from which they inva-

ginate, figure 3).

If cells are sectioned in planes which extend'in the same direction
as the longitudinal axis of the needle, it can be seen that the chloren-
chyma cells are not nearly as thick in the needle's’ lengitudinal plane

as they are wide or long in the transverse piane (figures 4 to 6).

When the cell is sectioned in the samé plane as the needle's sur-
face (i.e., a tangential cut), the cell will be cut in the same plane
as the surface C in figure 2. |[If this section is cut near the cell sur-
face, then the trabiculae will be cut in the section plane and the sec-

tion would have a profile similar to that shown in figure 4 which could
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be confused as three separate cells (the trabicular walls are identical
with the appearance of the walls of two immediately adjacent cells). |If
the section is cut deeper into the cell and approaching the equatorial
plane, the section may be below the point of maximal trabicular invag-
ination and the section would have a profile similar to that shown in

figure 5 in which no parts of the trabiculae are seen.

When the chlorenchyma cell is sectioned ip'the radial planes:of the
needle, the section would be parallel to theiblane of‘wall‘surface B of °
figure 2. Figure 6 represents a section in this plane close to surface
B to make it appear as if the short trabiculae dissect the cell into two

portions.

The two long_trabiculaevwhich invaginate froﬁ face C in figure 2 can
be viewed in two different planes as sho&n in f%gures 3 and 4. When view-
ed in these two sectional planes,. it can be seen that the two trabiculae
divide top areas of the cell interior into three large lobes. The open
side of two of the lobes is partially restricted to the cell interior by
the.small ‘trabiculae invaginating into the cell from surface B. In figure
2, the cell is shown to be subdivided into six lobes by six long and shor-

trabiculae.

The shape of mesophyll chlorenchyma cell walls in Pinus albicaulis

needles collected at Whistler mountain were very similar to those des-

cribed for Pinus contorta. Sections of mesophyll from Tsuga mertensiana
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collected from Whistler mountain revealed a mesophyll chlorenchyma con-
sisting of cylindrical cells with rounded‘ends. The long axis of the cells
were arranged radially from the endédermis to the hypodermis. No evidence
of trabicular infolding were found in chlorenchyma of this conifer species.
The relationship between mesophyll cells and the Jnferce?lu]ar air spaces
was not aSﬁunifbrmxaéaintmﬁe'Iéggi_mesophy]1. The air spaces formed a more

anastomosing system about individual cells rather than being largely con-

fined to the transverse plane of the needle. As in Pinus contorta, the
primary pit fields, piasmodesmata.and the areas of wall to wall contact
between mesophyll cells and mesophyll endodermal cells or mesophyll hypoder-

mal cells was largely confined to the end walls of the cylindrical cells.

Below the mesophyll in Pinus contorta ,was:a well defined endodermis
consisting of a single layer of closely packed cells which are ovoid in
transection, (figure 1). Within the endodermal layer and surrounding the
vascular bundles (VB) is the transfusion tissue, which is uniquely gymno-
spermous (Esau, 1965). It consists of irregularly shaped transfusion tra-
cheids (TT), with‘secondary walls containing numerous bordered pits, and
large living transfusion parenchymal cells (TP) which are circular to oval

in transection, and have thick primary cell walls (figure 1).
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The Cytology of the Chlorenchyma in the: Summer Condition

A. Light Mfcroscopy

A frozen sectioﬁ of summer chlorenchyma prepared by the method
outiined in Appendix Il is shown in figure 10. Frozen sections of
summer and winter material have a very granular and opaque appear-
ance but several cytoplasmic featuresvcan be identified. The cyto-
plasm appears as a thin peripheraf band'containing chlofoplasts
(arrowheads), and the nucleus (N) is centrally located witHin the

cell.

When cryosections are allowed to thaw, the granularity largely
disappears and cytoplasmic objects are more distinct. Figure 11 is
a thawed section at highef magnification. Chloroplasts (arrowheads)
can be seen to be regularly spaced along the cell wall and the sides
of the trabiculum (T). The sperical appearance 6f the chloroplasts
in frozen and»then thawed cryosections appears to be an artifact of

cryosectioning.

The cell in figure 10 has an unusual ‘shape due to the U-shaped
indentation in its upper surface which is the substomatal space that
connects the air spaces of the needle in the longitudinal plane. The

guard cells (Gd) of the stomata are also shown in this figure.

Fresh cryosections treated with either ferrous sulfate based stain
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fixative for tannin (Johansen, 1940), the nitrous acid staining pro-
cedure of Reeve (1951) or one percent osmic acid resulted in the iﬁ-
tense specific staining of the tannins within the main vacuole. The
intensity of the staining of the main cell»vacuole when the Johansen
procedure is used is illustrated in figure 12. :In order to avoid
confusion with other vacuolar structufes‘to be discussed later, this
tannin-filled vacuole will be called the tannin vacuole (TV). The
tannin vacuole-in'figuré 12 outiines cléarlylthe ;hin band of un-
stained parietal éytoplasm, (cytoplasm bethéeﬁ affowheads). A nuc-
leus is located close to the tip of a long trabiculum; this is a

typical location of the nucleus in the summer cell.

When formalin fixed cryosections in the summer condition were
stained with.Sudan Black B, many small oil droplets (0) appeared in
the cytoplasm. The largest of these were about twe microns in dia-
meter (érrows, figure 13) and their size extended down to the limit
of resolution (arrows, figure_14). In the endodermis and the trans-
fusion parenchyma; numerous and considerably larger oil droplets (

arrowhead, figure 13) can be seen. .

No cryosections were cut of other conifer species mentioned in

this work.
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U]trastrUctura]'Changesfiﬁfthe'Chlorenchym37Re]atedi59 the‘Aging

of the Needle

Although the elucidation of the process of senesence in pine chlo-
renchyma was not the object of this ‘investigation, it is essential that
any major changes due to aging in the 5ummef needle be characterized so
that” these features will not 'be confused with changes related to season-
al dependent factors. For this purpose, summer .and winter needles from

current season needle flush to five years of age were examined.

Three general‘cytorégical conditions dependent on needle age were
identified. In the first condition, the chlorenchyma.has a character-
istics which reflect a state of high metabo]ic'and synthetic aﬁtivity.
The ground cytoplasm is filled with numerous polysomes and a large amount
of RER, particular]y near the nucleus (figure‘ZZ). Dicfyosomes were
frequently seen in sections and were surrounded by numerous vesicles. In
many cases, nuherous dictyosome vesicles are located in the area Between
the dictyoéomes and the plasma membrane (figure 29). In other cases, a
large number of the dictyosome assocfated‘Vesic1es appear in regions
where vacuolization occurs (figure 26). Mitochondria were large and
extensively lobed and had numerous cristae. Tannin.is present at a very
early stage of needle elongation but in young expanding needles, it is
often clumped into irregular aggregates and does noto;cupy‘the full vol-

ume of the main vacuole (figure 20).

It was concluded that the first condition observed in young expand-
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ing current season needles in-June and July represented cells character-
ized by features usually associated with active metabolism. In this

work, this.cell condition will be referred to as the type | cell type.

In late July, the young needles had completed elongation and the
cytoplasm had transformed into the second cytoplasmic condition which
will be refefrgd to as the type Il cell. This condition of needle cyto-
logy is observed in the current season needles during late July and Au-
~gust. When second,thifd‘and fifth year needles are examined, the major-
ity of cellg appear to also belong to this condition. |t appears to be
characterized by the cell being committed to, and éctive in photosynthesis
and respiration. The cytoplasm is dominated by large numbers of chloro-
plasts and mitochondria, and contains few other organelles. Other fea-
tures of this cell type are?

a. Dictyoéomes were rarely seén and usually associated with few

surrounding vesicles.

b. Ribosomes occured in the ground cytoplasm:

c. JOhTyfsmallifnagments'omeER:wene'seen,iusuélry:near;theﬁnucleus.

d. The nucleus.had extensive areas of heterochromatin.

The third condition of summer chlorenchyma cells ;onsists of what
appeared to be old or damaged cells to a variety of degrees. Some of
these are probably caused by preparative precedures for electron micros-
copy. These cells are characterized by oréanelles that are damaged and

poorly fixed, or by scarcity of organelles indicating the low level or:
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cessasion of cellular functions. Cells of this type had some or most of

the following characteristics:

a.

Large quantities of osmiophilic material which tend to obscure

the cytoplasmic detail. The osmiophi]ic material is usuélly
tannin-like or lipoidal in appearance. Figure_70 illustrates
part of a cell of this type. The cytoplasm contains - a large
osmiophilic oil-like body (0), and poorly discernable chloroplasts.
Despite electron density and lack of.membranous‘detail, the cy-
toplasm is probably still functional aé evidenced by the pre- |
sence of starch grains within the chloroplasts. However, many
cells of this type did not contain the amount of fine structural
detail shown in this figure and starch grains.were absent.
Tonoplést‘ and/or plasma membrane fragmented or absent.

Very poor detai1‘and/or with apparent. mechanical damage to the
cell, i.e.; swol]én'organellés,rﬁptured'cytoplasmic membranes.

This could be a physical phenomenon due to changes in osmotic

‘pressure and membrane permeability within these older cells.

Type 111 cells were not observed in young maturing needles (first

summer), but the frequency of their occurence increases with needle age.

Approximately twenty-five percent of ‘the chlorenchyma cells in five year

old needles were of this type.

Most needles of one year old or older have occasional chlorotic

' patches scattered along the length of the needle. These chlorotic pat-



34

ches increase in size and frequency with respect to the age of the nee-
dle. Small chlorotic (less than 1 mm) patches do ndt usually spread
along the needle axis but extend around the needle as a ring or a girdle.
Larger chlorotic patches, however, not only extend completely about the
needle but also spread to a lengh of a centimeter of more along the

needle axis.

Type 111 cells usually occurred in large groups and appeared to be
more extensive within the transverse plane of the needle than they are
in the plane of the longitudinal needle axis. They show the same basic

pattern of orientation as the macroscopic chlorotic areas.

Summer fixation problems increased in proportion with needle age and
adequatefixations of three and five year old needles was only achieved with
‘the acrolein-glutaraldehyde primary fixatives (figures 69,70 and 71 as ex-
amples). One problem associated with the use of acrolein based fixative

on pine chlorenchyma is that the cytoplasm becomeglconsiderably more os-

mibphilic than with the formalin-glutaraldehyde fixatives.

Predominently green needles were observed on young open grown trees
that were as old as. twelve years. Attempts to fix such needles were un-
sccessful. However, starch grains and chloroplasts were observed in cryo-
sections of primary fixed (acrolein-glutaraldehyde) material at the light

microscopy level.
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C. Observations on Specific Organelles: Electron Microscopy

A1l organelles in summer pine chlorenchyma appear to be very similar
to those described for the chlorenchyma of other higher plants. Only types
I and Il cells will be described since ‘these are the cells which are of

functional significance to the tree.

The plasma membrane is well defined intypes | and Il cells. At the
fixative osmolarity used for electron microscopy, it was usually tightly
appressed to the cell walls and the walls of the trabiculae. However,
the high osmolarity of the formalin fixative used to stain tannins for
light microscopy often caused plasmolysis of the protoplast. (figure 12).
Plasmodesmata were observed frequently when sections were cut near the
ends of the cell (surface C, and the corner areas near its junction of

wall surface C and B in figure 2).

The tonoplast is also well defined and remains intact in all types;l
and |l cells observed. Tannin material appeared to shrink and separated
somewhat from the tonoplast forming a gap. This is evidence for membrane
continuity since strands are clearly seen linkiﬁg the two structures.
Such a phenomenon also appears to cause the convolution .in the profile of
the tonoplast (7O, open arrows, figure 23). The size of the gap between
tonoplast and tannin appears to be fixation dependent, varying consider-
ably from one fixatiéﬁ to-the hext (see figures 22, 23 and 26). Acrolein
fixatives did not appear to form a 'gap betweeﬁ the tonoplast and tﬁe tan-

nin material. In some sections, the tonoplast is observed to interdigi-
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tate extensively into the adjacent cytoplasm (open arrows, figure 27).
When the tannin vacuole is sectioned obliquely, the interdigitating

tonoplast forms complex membrane patterns (open arrows, figure 28).

The tonoplast is also most susceptible to damage caﬁsed by needle
subdivision, or due to osmofic changes during fixation. When the tono-
plast does rupture, the cytoplasm appears filled with tannin, and cell-
ular fine structure is obscured. The sensitivity of the tonoplast dur-
ing fixations appears to be dependent on the osmolarity. of the fixative.
Fixatives with a high-osmotiC'pressure‘éause the tannin material to ap-

pear to contract and separate:from.the'tonopléstt(forming the gap pre-
viously mentioned). Fixative with osmotic ﬁressures below that used.
for this work tendgd to rupture the tonoplast which resulted in the
dispersion of tannin throughout the cytoplasm and the destruction of

cytoplasmic fine structure.

In very young (2mm) needles, thé main vacuoleé is largely electron-
transparent (figure 20) and tannin;deposits, if any,.occur as scattered
clumps. However, well before needle elongation is completed, the main
vacuole becomes filled with tannin, and the main vacuole is then,as stated

previously, referred to as the tannin vacuole.

In the cell of the mature summer chlorenchyma, the tannin vacuole
is a dominant feature and occupies most of the cell volume. The tannin
-material has a very uniform granular appearance, but.occasionally a

fibrillar fine structure was also seen along with the granular texture.
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In type Il and type 11l cells particularly, thé appearance of the tannin
is modified by minute fracturing and knife chatter artifacts formed dur-
ing sectioning. An example of this type of artifact is shewn in the tan-
nin vacuole of figure 70. The ‘tannin material is exceptionaltly difficult
to cut and this difficulty appears to ‘increase with needle age. Osmio-
philic material with the texture of.tannin-was not seen oﬁtside of the-

main vacuole in types | and |1 cells in summer fixations.

In some older needles (threé to five years), the homogeneity of the
tannin in the tannin vacuole was often..replaced by.the presence of large
and small inclusions. The inclusions were consistently. very osmiophilic .
and smooth in texture and are thus described as a lippidaTt?peiﬁéJnejd)ﬁ In
this cell, the tonoplast could not be resolved and thus.the lipid mat-
erial (0) could be within-a cytoplasmic vacuole or within the tannin va-

cuole.

In types | and 11 cells, a variety of cytoplasmic vesicles and vacu-
oles are seen within the perfpherql cytoplagm-of the. celll in addition
to the main tannin vacuole. These cytop1asmfc vacuoles may contain small
osmiophilic bodies (0B) and/or material that is possibly-of memBranous
origin (figures 22, 23 and 25). ~The osmiophilic bodies discussed through-
out this work are structures.of unknown chemical composition. They are
identified on the basis of: size, (usually less than 1 um in diameter),
fexture (very homogeneous and “lipid-liké“) and staining intensity, (they

are the most osmiophilic structures in most sections). Compare the ap-
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pearance of osmiophilic bodies with tannin material in figures 22, 23, 24
and 25, and with the oil body in figure 29. In this work, cytoeplasmic va-
cuoles are differentiated from the tannin vacuole on the basis of the form-
er being much smaller than the tannin vacuole (less than 5 um ‘in diameter)
and containing electron transparent lumens, or membranous.material or mat-
erial that stains similar to that of the osmiophilic bodies.. The cytoplasm-
ic vacuoles were not observed to contain material that had staining and

textural properties similar to tannin.

The number of osmiophilic bodies tends to increase in late summer in
needles of all ages. Most osmiophilic bodies are found within cytoplasmic
vacuoles (figure 22), but some are found in the cytoplasm without any
apparent bounding membranes (figure 23, cf. uppef and iower‘osmiophi1ic

bodies).

As previously noted, dictyosomes were very numerous in type | cells.
‘In elohgating needles, dictyosomes appear associated with the trabicular
regions of the cell wall. These organelles appear to often have their mat-
uring face towards the plasma membrane. Dictyosomal vesicles also often oc-
cupied the space between the cell wall and the dictyosomes. These vesicles
~generally were the smallest in size when Tocated near the maturing face, the
largest in the proximity of the cell wall (figure 27). Dictyosomes are
also associated with the cytoplasmic vacuoles described previously (fig-
ure 25). A transitional series of vesicles may occur between dictyosomal

faces and the cytoplasmic.vacuoles ( figure 25 ). In type Il cells of
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the mature summer tissue, the number of dictysomes is greatly reduced as
compared with expanding needles. But in'mature needles, .the close asso-
ciation between dictyosome vesicles and the cytoplasmic vacuoles (which

do not contain osmiophilic bodies) is still observed (figure 26).

In the summer needle, the chloroplasts-of the chlorenchyma have the
characterisfjc discoidal shape seen :in higher plants. with one side of
the plastid flattened against the plasma membrane (figures 19, 20 and 21).
The shape and uniform distribution of the chloroplasts along the cell
wall and the trabiculae remain constant regardless of needle age in type

1 and type Il cells.

The chloroplast envelope is distinct and consists of two sharply
contrasted membranes (fiéure 21). The grana were made up of not more
than five or six stacked thylakoids in all cell types. Thé-granal thy-
lakoids are of very different sizes, thus the resulting stacks of thyla-
koids have very irregular edges. Partitions are often elongated, re-
sulting in very low and broad profiles of granna (figure 21). The great-
ly-elonga£ed grana shown in figure 21 is‘made up of two to three stacked
thylakoids. This type of grana is more common in chloroplasts from old-
er needles, however, exceptions wére noted. ' The chloroplasts of the
three year old cell in figure 71 show we]l developed granal stacks sim-

ilar in héight to those seen in younger cells.

-Starch graihs were usually found in summer chloroplasts of type |



Lo

and type 1l cells and often in type Il cells in which the chloroplasts
remain intact. The star;h grains in the chloroplasts in this work (fig-
ure 21 for examplé)zare usually small because allsummer material was fix-
ed at dawn. Afterndon-fixations of summer tissue were. not conducted be-
cause starch in cells fixed in this manner would obscure much of the in-
ternal structures of the plastids and greatly distorted their shape and

the surrounding cytoplasm.

Prominent plastoglobuli are a feature of the chlorenchymal chloro-

plast.of Pinus contorta. ‘In very young type | cells, the plastoglobuli

are small (arrows, figure 20), but in type Il cells, they are larger but
remain at about the same relative number per chloroplast profile. After
an increase in plastoglobu{i size from type | to type |l cells, plasto-
globuli size then appears to be‘independent of the agé of the cell in

types Iland 111 cells.

The variation of chloroplast structure from cell to cell or within
one cell is greater in older needles. The chloroplast in figure 71 for
example has fewer plastoglobuli and more extensive thylakoids:than is ty-

pical for a three year-old type Il cell:

The structure of chlorenchymal mitochondria in summer also varies
with needle age. In type | cells, mitochondria appeared to be cup-shaped
or multi-lobed when sectioned in thé plane parallel té and just below
the cell wa]].(figures 27 and 28). -When transverse sections of thé cell

are taken with respect to the cell wall, the mitochondria are not so ex-
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tensively lobed in appearance and are usually ovoid~in-se¢tional profile
(figure 19). The degree of lobing of the mitochondria is greatly dimin=-
ished in type 1| cells. In this céllitype, sectional profhles_of_mito-
chondria usually appear ovoid . in all planes of sectioning. Summer mi-

tochondria in both types | and I'l cells have extensive tubular cristae.

The nucleus in the summer chlorenchyma is usually located in the
central region of the cell, typically near the ends.df one or more of
the Iqhg trabiculae. In this position, the nucleus is nearly surrounded
by the tannin vacuole. Immediétely about the nucleus is a region of
perinuciear cytoplasm. The perinuclear cytoplasm is connected by sever-
al broad cytoplasmic strands through the tannjn vacuole to the peripher-
al cytoplasm near the trabiculae and/or the cell wall (figure 9 shows
two such connections). " In type |l cells, this area of cytoplasm is the
only area where RER and cytoplasmiC'ribosomeé were consistantly noted.
Sections from this area of .cytoplasm also appeared to have a higher pro-
bability of containing profiles of a dictyosome than other parts of the

cell.

Small oil bodies up to three to four am in diameter were also a
common occurence in this and other area of cytoplasm of type | and types

Il cells (figure 32).

in general, the nucleoli appear to be circular in sectional profile.

The nucleolus is predominently composed of ‘pars-granulosae material sur-
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rounded by an unusual heterochromatin:free electron transparent riﬁg
of nucleoplasm (figure 30). |In type | cells, as many as three nucleo-
lar profiles were observed:(figure 31)..in sections. '~ The number 6f nu-
cleblar profiles appearé to be dsually-.one and oﬁcaéional1y two.per
section in type Il cells kfigurev32).“ In third and fifth year needles,

nucleoli were rarely observed.

The nucleus of ail cell typeS'contains dense areas. of heterochroma-
‘tin, between which are areas of'c]ear nucleoplasm consisting of scatter-
ed granular material and very fine fibrillar material. The extent of
the heterochromatin }egionSgin the nucleus apbearsxto slightly increase

in older needles (cf. figures 32 and 69).
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D. Experiments on Summer Needles

It has been élready noted that the chloroplasts in cryosectioned
summer needles swell into spherical shapes (figure 11).. When these nee-
dles were kept in a freezer at -18°C or placed into liquid nitrogen and
then fixed for electron microscopy at AOC, images similar to that shown
in figure 72 are obtained. An area of the cytoplasm containing what
appears to be plastoglobuli and starch grains probably represents what
may have been a chloropiast. No clear cut membrane boundaries can be
seen. The mixture of tannin material in this cell region may indicate

the breakdown of the tonoplast.

Summer tissue frozen to -18OC and then fixed in the winter proce-
dure at -4°C (without thawing) also was severely disrupted but more cyto-
plasmic membranes remain visible. Following this treatment, chloroplasts
were greatly swollen with the envelope often ruptured. Although they
still contained thylakoids, most of them were extensively dilated. In
these cells, the tonoplast had apparently ruptured and tannin material

was present within the cytoplasm.

The various osmotic extremes used in some of the winter fixations
were also carried out on summer tissues as control experiments. Ex-
tensive plasmolysis of the protoplast was noted with the fixative con-
taining 10% sucrose. In this fixation, the cytoplasm appeared crushed
or compacted against the tannin vacuole and was very osmiophilic. The

major cell organelles however could be observed and they appeared to
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be Structurally intact. Cytoplasmic organelles were swollen and com-
pletely disrupted by fixative made up in either sea water or distilled
water. In both cases, tannin material-was again released .throughout

the cytoplasm and the tonoplast was not observed.
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1ni. Autdmna] Changes in‘'the Ultrastructure of the Chlorenchyma

Fixations of material between August 20 and November 26, 1972 were
not satisfactory. ‘Material fixed on.Aqust 20th revealéd basically a
summer condition within the cells. There are, howéver,.some slight mod-
ifications compared to earliér sﬁmmer fixations: the'eléctrbn density,
size and number of the oil drop]éts incfeased above that seen in the
early and mid-summer fixations; the chloroplasts maintained their even
distribution within the cell but appeared to be located slightly away
from the plasma membrane. Material fixed in late Noveﬁber had the

general ultrasturctural appearance of the winter condition.
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The Chlorenchyma in the Winter Condition

A. Light Microscopy

At the light microscopy level, changes in the nature and posi-
tion of cytoplasmic structures were observed in the winter condition.
A photograph of an unthawed section .of winter tissue prepared by the

procedure'out]ined in Appendix Il is shown in figure 33. The band of

peripheral granular cytoplasm (between arrows) is several times great-

" er, in width, than of comparable tissue in the summer condition. Very

little detail is discernable inside the cytoplasm and. the chloro-
plasts lining the cell wall, (which characterized. summer tissue pre-
pared by the same preparative procedures), cannot be clearly visual-
ized (e.g., cf. figure 7). The onlynrecognizable.structUres are thg_
nuclei and the clear tannin vacuoles which appear similar in size and
location to observations made on these structures in chemically fixed

material.

Mechanically, this unfixed.frozen winter tissue was more suscep-
tilble to damage caused by the stresses of cryo- or freehand section-
ing. .Sections tended to crumble or the main vacuoles often fell out
as intact units when the sections were cut. If the sections are al-
Towed to thaw while.being‘observed, the tannin vacuoles seem to ret-
ain their shape, while the cytoplasmic areas appear to liquify with
the granular material within it moving about rapidly in fluid con-

vection currents.
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Figure 34 shows a section of several cells from wintering pine chlo-
renchyma that have been stained by the Johansen's tannin stain solution
as described in Appendix 4. The wide band. of cytoplasm is in marked con-

trast to the densely stained tannin -vacuoles.

Using 1 um sections of plastic-embédded material stainéd with tol-
uidine blue and safranin, .it was possible to observe  the structure of
the winter chlorenchyma cytoplasm in more detail (figﬁré 35). The most
remarkable feature is thé clﬁmpiﬁg of the chloroblasts. These clumps
appeared to be compartmented.in areas bounded by the trabiculae, the cell
walls and by the fannin vacuole. Close examinatibn of each clump of
chloroplasts indicated it to be cpmposed of densly stained internal mem-
brane systems with a discoidal shape similar to that of the summer chlo-
roplast. Surrounding each membrane system is a medium density homogen-
eous area which is.probably corresponding to the stromal region of the
chloroplast. It is the swollen stromal areaé of the chloroplasts which
are responsible for the generalTy circular or irregular profiles of these
clumped‘chloroplasts. In some chloroplasts, the internal thylakoid sys-

tem appears to be twice as large as the adjacent chloroplasts.

The nucleus in the cell of winter material occupied a different
position. |In marked contrast to the summer state, it does not protrﬁde
into the tannin vacuole. Instead, it'is completely located within the
peripheral cytoplasm (figures 33, 34 and 48). The wintér nucleus is
variébté in shape, but is usﬁally ovoida]'in Séctional profile with the

major axis parallel to the proximal cell wall. The winter nucleus is
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usually found in a specific part of.the.periphera}_cytoplasm.. This area

is the same cellular region where the larger chloroplast clumps are found.

The broad band of peripheral cytoplasm.in figuré.Bs appears as a net-
work of clear vacuoles and narrow strands of cytoplasm. So extensfve is
this cytoplasmic vacﬁolar<system that it coﬁ1d be suitably. déscribed as
'sponge-like'. Small densé granulés can ofténibé seén in ‘the cytoplasm

near the cell wall (open arrowhead, figure 35).

Cryosections stained with  Sudan Black B reveal oil droplets usually
ranging between 5 and 10 um in diameter (figure 36). They are mainly in
the perinuclear region. The volume of ‘the largest sudanophilic droplets
is approximately ten times the average‘size‘of_those observed in the sum-
mer condition th]e larger oil bodies are found near the nucleus. Smaller
droplets, often the size éf‘those in summer condition are usually found
scattered throughout the cytoplasm. 0il droplets are aléo more extensive

in the endodermis and transfusion parenchyhé-than in summer.
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The electron microscopic observations of the winter chlorenchyma
confirm the protoplasmic structure observed in Iight microscopy. Fig~ .
ures 37 to L0 represent viéws of thé protoplasmic strﬁctﬁre in winter
chlorenchyma cellé obtainéd from varfous-planes of sectioning. These
figures are low magnification micrographs showing sectional profiles
of nearly entire cells. They reveal how the position of the chloroplast

clumps is related to the nature of the cell wall.

Figure 37 shows several cells sectioned in a plane similar to the
illustration in figure 5. There are several shall chloroplast clumps
shown in the cytoplasm adjacent to the cell waiIS'corresponding to the
cell wall face: B in figure 2. From these Facés of.the cell wall, the
small trabiﬁu]ae invaginéte. Also shown in this section are the cell
walls corresponding to face A in figure 2. The cytoplasm next to these
walls is marked with asterisk;.in figure 37. Note that chloroplast
clumps are absent in the cytoplasm adjacent to these ﬁaceé“ of the cell

wall.

Figure 39 represents portions of two cells sectioned in a plane
similar to the illustration in figur¢’3. A short trabiculum is shown
invaginating from the wall face B in each'cell.l Adjacent to the tra-
biculae are small chloroplast cTﬁmps and in the lower cell, a large oil
body is also édjacent to the trabiculum. To the left of .figure 39 is

an area corresponding to the end region of the lower cell; i.e;, adja-
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cent to the cell face' labelled C in figure 2. Note the chloroplast

clumps in this area.

Nearly an entire cell séction“is shown ‘in figure 38. This section
is in the sectional p]ané.of”thé cell similar to the illustration in
figure 6. Note the presencé of large'hbmbérs of chloroplasts near the
ends of ‘the cell (to the left ‘and:. right) near the cell walls corres-
ponding to face C in figuré 2. Note thé“ré]ativély few chloroplasts in
the c?toplasm adjacent to the cell walls corresponding to the cell wall

faces ~ labelled A in figure 2.

Figure 40 is a section of several cells in the sectional plane of
the cell similar to that fllustrated in figure L, in this plane, the
size of the chloroplast clumps located in the‘cytoplasm“adjaCenttto:the

end walls of the cell becomes apparent.

Studies of the winter mesophyll chlorenchyma in various planes of
sectioning reveal that the disfributﬂon of chloroplasts is related to
the nature of the adjacent cell wall. Very few chloroplasts are found
adjacent tb the ce}] facés' labelled A in»figure 2 where no trabiculae
invaginafe. Sﬁal] chloroplast clﬁmbé (usually two to .ten organelles)
are found in the cytoplasm‘adjacént tosthe cell ‘wall faces labelled B
in figure 2 where the short‘trabicﬁléé §ccur. Large chloroplast clumps
composed of up to twenty Or.thirty chloroplasts are foﬁnd in the cyto-

plasm adjacent to the cell wall faces labelled C in figure 2. Long tra-
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biculae invaginate from this part of the cell wall.

In addition to the clumping phenomena, the winter chloroplasts have
structural differences from summer.chloroplasts. At low magnification,
.the chloroplasts appear boﬁndéd by~a distinct, dark boundafy. At higher
magnifications, the natﬁre of the chiloroplast enve]opé,can be somewhat..
resolved (figure 47, CE). The two bounding mémbranes-dﬁ'the chloroplast
envelope, easily distinguished in summer chloroplasts, are consistently
indistinct iﬁ all winter chloroplasts fixed by various.methods. Dila-
tion or swelling éf'the iﬁter-meﬁbrane space of the chloroplast envelope
was never observed in the winter observations. |t appears therefore,
that the two envelope membranes are consistently parallel to each other.

. Furthermore, envelopes of adjoining chloroplasts appear to be extensively
in contact with one another (see figures 42, 45 and 46). A triple-mem-
brane appearance of the contact regions between the chloroplasts can be
seen in places (figure 46), characterized by a thick central membrane and
two thinner outer membranes. This triple ]ayefed membrane system pro-
bably represents the partial fusion area between clumped chloroplasts

and can often be seen at lower magnifications (arrows, figure 42). When
the regions of chloroplast adherence are cut tangentially to the membrane

[

surface, the contact region appears as a homogeneous dense band (figure 43) .,

As noted at the light microscopic level, the thylakoid systems of the
winter chloroplasts retain the discoidal :shape of the summer chlorop]ast.

The arrangement and size of the stromal and ‘granal thylakoid membranes
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also remain distinct:and similar to.the summer-condition (figﬁre 47).
However, in contraét to fhé_summer conditién, two and sometimes three
complete thylakoid systems are found within a single énvelope of winter
chloroplasts. Occasionally, two.chloroplasts'appearédito'be joined by
a contriction or isthmﬁs of stroma;(figuré hh); When two or more thy-
lakoid systéms‘are found within a common envélopé, thay may be arranged
at various anglés to each other (asterisks, figﬁre h3)i ‘In all cases,
however, the thylakoid systéms are not ' in continuity and are always

separated from each other by an area of stroma (figure 43).

The stroma is very extensive in winter chloroplasts and,_in general,
this expanse of stroma accounts for nearly half the sectional area of
thé chloroplast (figures 39, 43 and 47). Winter chloroplasts that have
only one internal membrane system within the envelope appear to be about
fifty percent greater in volume than summer chloroplasts. This volume-
tric increase'is due to an increase in the width of winter chloroplasts
without a corresponding decrease in length (i.ei, the chloroplasts swell

substantially in winter).

Plastoglobuli have, in general;;beeh;noted'iﬁ.summen?material to in-
crease_Slight]y in size.and numbers with increasing needle age. This
relationshib’also appears to be occuring in winter with older winter chlo-
roplasts containing .larger and slightly more plastoglobﬁli“(gf, figufes
L3 énd L) . This rélationship has many specific exceptions however, as
was noted in the sﬁmmér observations. In wintér{ the plastoglobuli are

randomly distributed within the chloroplast in the swollen areas of the
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stroma as well as in.the stroma immediately around the thylakoids (fig-

ures 42, 45 and 47).

The structural and positiona]:transformafions of .the chloroplasts
représent the most dramatic changés in‘thé winter protoplasts, .but other
protoplasmic struétﬁrés aISO"ﬁndérgo séasonal changes; -The matrix of
the tannin}vaéuole appearéd to contract in winter material. This con-
traction is associatéd with an approximate hundred percent volumetfic
increase in thé periphéral cytoplasm (figufe 34, 35, 36 and 45). The
tannin-cytoplasmic border when viéwed'in sections of entire cells is
more rounded and conforms less to the coﬁtours of the cell walls (fig-
ures 37, 38, 39 and 48). The texture of the tannin.material is similar
to that observed in the summer and yielded similar shatter artifacts
When ‘sectioned. Occasionally, small biebsbdf tannin material appear to
be separated from the main deposit (arrowhead(s), figures 39 and 40).
The tonoplast, presumably about' the tanﬁin material,could‘notAbe clearly

‘visualized in winter fixations.

In winter, the cytoplasm is confined to the cell periphery between
the tannin vacuole and the cell wall and no cytoplasmic strands..assdes-
cribed for summer condition:weréobserved. The winter per.ipheral cyto-
plasm is of irregu1af width; the widest areas are usually-located in the
pockets formed by the long trabicﬁlae at the end of the céll (figures 38,
39 and L40). THe narrowest portions of cytoplasm occur along the cell

walls corresponding to faces A of figure 2 (figures 37 and 38).
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In the narrower cytoplasmic regions, the cytoplasm is dominated by
massive cytoplasmic vacuolation. These vacuolized areas can be describ-
ed as appearing 'foamy' or'sponge-~like' and contain little cytoplasmic

matrix and very few organelles (see asterisks, figure 48).

Large numbers of vacuoles are found about and between the chloro-
plast clumps in the end regions of ‘the cell (asterisks, figures 41 and
50) and between areas where cytoplasmié Qrganel]es occur and the plasma
membrane (figdres 49 and 60). Vacuoies are not common, however, in the
cytoplasm immediately.adjacent to the nuéleus and the chloroplast clumps.
The non-vacuolated cytoblasm in these areas contains the occasional

polysomes and‘other cell organelles (GC, figures 41, 42 and 57).

Another prominent feature of the cytoplasm is the presence of very
large numbers of osmiophilic bodies. The osmiophilic bodies are usually
found in the areas that aboﬁﬁd with vacuoles and in some cases, the os-
miophilic material_constitutes the bulk of the vacuolar material (0B,
figure 49). The osmiophilic material may also form a thin layer lining
the interior face of the cytoﬁlaSmic vacuole (CV and arrowheads, figure
L49). In some sections, almost every Cytoplasmic vacuole appears to con-
tain an osmiophilic body (figures 51 and 52), while in other sections,
there are few osmiophilic bodiés associated with thé cytoplasmic vacuoles

(figures 50 and 51).

In the regions of the cell where the majority of the chloroplastclumps
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occur:- and where the cytoplasm is not highly yacﬂolated, the osmiophilic
bodies are foﬁnd in vacuoles arranged in a file or tiér adjacent to the
plasma membrane (figﬁrésfS] and 52);i‘lt is intéresting to note that the
cytoplasmic,vacuolés between thé chloroplasts and the tannin material
(not shown in figﬁré 51) contain very few osmiophilic bodies (double end-
ed arrow). It seems that the cytoplasmic vacuoles appear to consistently
have their long axis parallel to each other (figure 51). Configurations
such as this appear to indicate the shrinkage of tannin material causing

the stretching of the cytoplasmic vacuoles.

Lipid inclusions appear to build up significantfy in winter (figr
ure 36). Figure 39 shows a large oil body (0) about 5 to 7 um in diame-
ter, many of the oil bodies are located in the peri-nuclear cytoplasm
(figures 55 and 58). The size, number and distribution of the large
oil inclusions noted in winter tissue at the ultrastructural level agree
very well with the size, number and distribution of sudanophilic bodies

seen at the light microscopy level:

The majority of mftochondria in the winter chlorenchymal cytoplasm
are loosely associated with>the chloroplast clumps (figure 37). Mitochon-
dria are also occasionally localized near the large oil inclﬁsions (fig-
ure 58).or are randomly distribﬁted.thrqughoﬁt the vacuolated cytoplasm
(figure 48). Thé mitochondria aré smaller than in Sﬁmmér needle chloren-
chyma and are predominently circﬁ]ar in sectional profiles indicating a

spherical shape. :As with winter chloroplasts, the two membranes of the
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mi tochondrial envelope'aré very indistinct and usually appear as a sin-
gle dense line at low magnification (figure 53).. Thére is, however,

no sign of fusion between mitochohdrial When mitochondria come in close
proximity to one anothér or to chloroplasts, a distinct gap was visible
between their(envelqpes (é.g. figurés>43 and 58, arrows). Although some
mitochondria still have clear and extensive tubular cristae in winter
'(figure 58), the majority of mitochondria appear to have more poorly
developed cristae than those found in-the organelles in summer (figure

53).

Dictyosomes were not common ‘in mature mesophyll. chlorenchyma type
I'l cells in both summer and winter fixations, but those present in the
winter condition were characterized as having very few dictyosomal ves-
icles associated with them (figﬁre 54);‘ The few winter dictyosomes

observed were found close to the nucleus or the chloroplast clumps.

As noted preyious]y, the nucleus changes its position within the
cell from a central location partially surrounded by the tannin vacuole
(in summer) to a more peripheral location near the cell -walls dhring
winter. In summer, the nucleuS' appéared consistently circular in sec-
tional profile while in winter, thé most common sectional shape was ov-
oid (figure 57) with the long axis parallel to the cell wall (figure

48) .

The two layers of membranes of the winter cell nucleus are distinct
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and parallel with each other and there is no.evfdénce of swelling (fig-
ure 56). Numerous nuclear pores are presént (figuré»56) and contain an
amorphous dense matérial. Comparisson betweén the structure of the win-
ter nucleus at the light microscopy and electron microscopy levels is
illustrated by figurés 55 and 57. The darkly stained-hetérochromatic
regions shown at the light microscopy level in figure 55 can be seen to
be considerably smal]er'and evenly spaced within the nucleoplasm in con-
trast to the counterpart regions in summer nuclei (figure 32). At the
ultrastructural level (figure 57), the darker chromatin regions 6f the
nucleus as described at the light microscopy level have a fine granul-
ar texture and are considerably more diffuse than the heterochromatin
of the spring or summer nucleus. In the lightly stained nucleoplasmic’

regions, fine fibrillar material can be seen (figure 56).

One or two circular nucleoli were usually noticed in sectional pro-
files of winter nuclei. The nucleoli in winter condition were struct-
urally similar to those found in the summer tissue (figure 56). The un-
usual less dense nucieoplasmic area about the nucleolus seen in the sum-

mer tissue (figure 30) was not observed. in winter fixations.
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C. Winter Material Fixed with Différing Fixative Solutions

When winter chjorénchyma cé]ls.weré first'examined; it was thought
that thé wintér cytoplasmic conformation was at least partly induced by
osmotic pressuré damagé caused during fixative procédures. A series of
fixative solutions of Véky?pg_osmolaritiés was thén made and applied to
winter material. The results of these experiments indicated that the
winter material failed’to vary significantly in structural appearance
with any of the fixative so]utioné used. These experiments were then ex-
panded to include not only extreme variations in fixative osmolarity, but
also the use of electrolyte or nonelectrolyte additives in fikation med-

ia.

An unbuffered hypotonic fixative solution was made by using one
percent glutaraldehyde and 0.5% formalin in distilled water. This fixa-
tivevso]ution was below 400 mOsm. Tissue fixed in this fix;tive could
not be distinguished from winter tissue prepared by the standard winter

fixation procedures.

A very hyperténic fixative solution was also prepared using sea
water and 2% glutaraldehydeand 0.5% formalin as a primary fixative with=
out any buffer or sucrose in thé solution. Thé osmolarity of this hy-
pertonic elecfrolyte solution was much gfeater.than 1;@50 mOsm. This
solution caused some ncticéable but minor changés in thé ultrastructure

of the winter chlorenchyma.
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In figure 60, it can be ééen that the chloroplasts are elongated,
but the stromal métérial is somewhat reduced. In génera];.thé areas of
contact betwéen thé én?é]opeS'of adjacent chloroplasts aré also reduced
(figure 60). The osmiophilic bodies in the cytoplasm appear to change
théif shapé from circular forms to a sté]]ate profilé (figure 61). The
major cytoplasmic features that are characteristic of the winter fixa-

tions were unaffected by sea water electrolytes in the fixative solution.

A third type of fixative, the non-electrolyte fixative solution
was made up of 10% sucrose in addition to the standard fixative solu=~
tion. No identifiable'changes in winter chlorehchymal ultrasturcture

was noted with this fixative.

Control studies with the above fixative solutions were conducted
on summer tissue from the field collecting sites or from mature needles
of » seedlings grown under optimal growth conditions in a growth chamber.
The fixatjve solution without buffer and the solution containing sea
water as an additive caused complete disruption of the summer cytoplasm.
The fixative solution containing ten percent sucrose as an additive re-
sulted in an inferior fixation to matérial fixed with thé standard sum-
mer fixative solhtion 1argély due to extensive plasmolysis . of the proto-

plast.
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‘ D. Experiments with Winter Needles Froze® and Thawed Under Field

and Laboratory Conditions

It was found that needles collected ‘in mid winter maintained their
viability for at least two mqnths when stored in a commercial deep freeze
at -18°cC. Viability was tested by the cytological methods outlined in
_ the material and methods section. Attempts to store needles in the free-
zer section of a reffigerator whose freezer temperature varied at least
between -3°C and -8°C were not successful. After one month in the free-

zer compartment of the refrigerator, no needles could be termed viable.

Maferial collected in mid winter at -11°C and transported to Van-
couver at slightly be16W'freezing temperatureé failed to survive immer-
sion into liquid nitrogen. When matérial stored in the chest freezer
for several weeks»té four ‘months  was plated into liquid nitrogen and
then had the viability test conducted on the needles, the results were

positive.

Some of the chest freezer stored material and also the chest free-
zer material which had been in liquid nitrogen was warmed to about -hoC
and fixed for electron microscopy by the standard winter procedure. The
usual winter state of the winter chlorenchymal cytoplasm previously des-
cribed was observed. The only changesWéréin material that had been in
liquid nitrogen. Figure 62 shows that in this material the osmiophilic
 bodies have two distinct regions, a light outer area and a more electron

dense inner core.
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When mid winter material collected in the field was placed in a
~growth chamber under summer temperature and light regimes and then ex-
amined by light microscbpy,'starch appéared in the chloroplasts and the
chloroplast clumps become loose aggregates within four days. After
eight days in the growth chamber, the chloréplasts were evenly distri-
buted along the cell and trabicular wal}s when tissue was examined by
light microscopy. >After about two weeks in the growth chamber, the nee-
dles started to become chlorotic at the needle tips and then died in

several days.

In winter, the needles of Pinus contorta growing in the collect-

ing areas had changed from a summer green colour to yellow with only

a little pale green in the needle's coloration. This colour change

was most pronounced in needles with full sun exposures (the only needles.
used in this work). A similar but less extensive colour change was not-

ed in the winter foliage of Pinus albicauliis~and Chamecypafis nootkatens..

sis growing on Whistler mountain. A chlorotic coloration was also noted

in specimens of P. contorta 5?6? contorta growing naturally in the '‘Her-

" on Swamp'' area of the University of British Columbia endowment lands in
mid winter. Marked winter colour changes were not noticed in the foli-
age of other conifer species growing in the collecting areas. It is

interesting to note that after several days in the summer conditions of

the growth chamber, the needles of previously frozeri Pinus contorta.. ¥SP

latifolia foliage -began tovturn‘to“the;summerigreen colour.



62

The above experiments and observations indicate that after summer
conditions in a growth chamber for several days, the arrangement of the
chloroplasts at least begins to revert to the éummer condition in pre-
viously frozen needles. Two fixations conducted in the field on March
the third, 1973 demonstrated that the winter cytoplasmic state is stable
at above freezing temperétures for at least several hours. Needles fix-
ed at dawn on this date were fixed at temperatures of between -30C and
-6OC. This fixation showed the normal winter ultrastructure for the

chlorenchyma.

Later in the day, a second fixation was conducted between two and
four p.m. when the air temperature was +4 to +6°C. Due to the bright
sunshine and lack of wind,vthe temperaturg of the micro-environment about
the sun exposed neeélés which were fixed Was probably considerably higher
than the ambient air temperature. The needles were fixed in solutions
in equilibrium with the air temperature. The afterncon fixed needles de-
monstrated a similar appearance to needles fixed at dawn except for the
appearance of small graiﬁs of- starch in nearly all of the chloroplésts.
Normally, starch grains were seen‘Only very rarely in winter fixations
conducted at dawn. On January the fifth, 1973, another afternoon fixa-
tion was conducted. fhis was. a sunny.day‘ih which the temperature never
went above -86C.- It is_possible that the température in the micro envir-
onment of the needles was near or above freezing. No:starch grains were

observed in the chloroplasts of material from this fixation.
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Winter fixations of three conifer species at the coilecting sites
all demonstrated a similar unique winter cytoplasmic state. Winter at
these collecting sites is characterized by near continuous below freez-

ing temperatures. In early January, 1973, a fixation of Pinus contorta

'SSR; contorta growing naturally in the '"'Heron Swamp'' region of the Un-
iversity of .British Célumbia endowment lands wé?flfixed at +3°C and

again a week later when the air temperature wag -ZOC. Air temperatures

in the area for the winter to the dété of fixation contained several

days of mild frosts and no temperature below -6°c. The results of these
fixations were poor but the cytoplasm of the needle cells of these trees
-resembled the summer state except for extensive oil droplets and some osmio-
philic®bodies. There was no extensive vacuolation of the cytoblasm and
the chloroplasts were notuclUmﬁedmandnconﬁéined?small=starch gra}ﬁs.” The
chloroplasts were removed from the cell wall by a narrow region of cyto-
plasm but the flat face of the plastids was orientated parallel to the
cell wall. The position oflthe plastids was very similar to that shown

in figure 76.
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Vernal Changes in the Ultrastructure of the Chlorenchyma

Fixations were conducted in March and April in an éffort to dem-
onstrate any possible cytological transitionlphase from the winter to
the summer condition. Tissues fixed on Mérch the third (table 1) show-
ed ghe winter condition despite the fact that some of the material fixed
on this date was fixed at above frée;ing temperatures. Material fixed
on June the sixth (table 1) showed the summer condition despite light

frost in the area the night before.

The fixations condiucted in the/field on material collected on Ap-
ril the twenty-seventh, however, revealed a unique ultrastructural con-
dition which can be interpreted as an intermediate stage between the
summer and winter conditions. The chloroplasts were no longer in clumps
as-noted in the winter fixations. Most chloroplast were dispersed about
the peripheral cytoplasm. These chloroplasts were located near or appress-
ed to tﬁe plasma membrane with the major sectional axis usually parallel
to the cell wall or trabiculae (figures 63 and 67). The remaining chlor-

oplasts were associated in small groups, (figure 65).

In the spring fixation, the distribution of chloroplasts in the
peripheral cytoplasm about the cell wall aﬁd trabiculae was not uniform
as observed in summer fixations. In the cytoplasm near the ends of the
cell near the long trabiculae, the chloroplast density was greater than
observed in summer. In other areas of the cells, particularly in the

central regions of the cell lying in the transverse plane of the needle
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(central part of face A, figure 2), chloroplasts were rare, In regions
where the chloroplast density was high, chloroplasts usually formed a
uniform tier along the plasma membrane with several additional chloropl-

asts lying deeper in the cytoplasm (figure 63).

Some of the chloroplasts distributed near the plasma membrane were
discoid in shape with the side proximal to the plasma membrane being
more flattened (figure 66). These chloroplésts appeared to be very sim-
ilar to summer chloroplasts. Most of the chloroplasts distributed furth-
er from the plasma membrane and nearly all of the chloroplasts associa-

ted in small groups appeared irregular in shape (figures 65 and 67).

The irregular sectional appearance of some of the spring chloropl-
asts is similar to the winter chloroplasts. However, in the spring fix-
ation, the irregularly shaped chloroplasts do not appear to have the
extensive'stromal‘aréas as seen in the winter chloroplasts (figure 63).
The irregular shape of the spring chloroplasts appears to be due rather
to the twisting of the internal membrane systems. No spring chloroplasts
were observed to have more than one internal thlakoid membrane system

(figure 57).

Most spring chloroplasts had plastoglobuli that appeared generally
smaller and:slightly less numerous. than ‘in the winter condition.  How-
ever, in nearly every section studied, there were certain chloroplasts
that wefe noted for the very large masses of plastoglobuli, which appear

in dense clusters, (figure 65).
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In regions of the spring chTorenchyma where the chloroplast den-
sity was high, the chloroplasts liﬁing the plasma membrane and those
lying deeper in the cytoplasm were often in very close proximity. High
magnification studies of these areas revealed'a consistent 75nm to 150
nm wide space between the outer membranes of adjacent chloroplast (fig-
ures 63, 64 (high magnification of boxed area in figure 63), and open
arrows in figure 65). There is no apparent contact between the outer
membranes of the chloroplast envelbpeé of adjacent chloroplasts. Small
starch grains were noticed in many chloroplasts in the spring fixation

(figures 62 and 64).

The tannin vacuoles remained partially contracted and generally
circular in.sectional profile and the tonoplast could not be.resolved.
Thus the tannin vacuoles appeared similar to the winter state. The peri-
pheral cytoplasm still.occupied a greater volume of the total cell.than
that usually observed in the summer, but not as great as that observed

in the winter condition.

The condition of the ground cytoplasm howevef, appearéd more sim-
ilar to the summer'condition than the winter state (figure 67). Cyto-
plasmic vacuoles were present but were widely scattered and not asso*

‘ ciated with osmiophilic bodies. The occasional osmiophilic body was

found scattered in the cytoplasm and near the cell wall (open arrows,
figure 67). The majority of osmiophilic bodies present in the spring
cytoplasm had a different morphology than that observed in the winter

condition. The osmiophilic bodies were often very large (figure 64,
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arrowheads) or consisted of localized aggregates of smaller bodies (fig-

ure 68 (0')).

The mitochondria were generally located close to the‘chlorOplasts
in the spring fixations (figure 63 and 67). The mitochondria had |
ovoid to irregular sectional profiles (figures 63 and 67) and appeared
very similar to the description of summer mitochondria in type Il cells.

Dictyosomes were not common and rarely seen in the spring fixation.

The nuclei in the spring fixation were located &ither near the ends
of the cells in the peripheral cytoplasm (similar to thé winter position)
or in a more central location in the cell usually at the end of a long
trabiculum (figure 66). When located in a more central location, the
nucleus was located in an indentation into the tannin vacuole similar
to what was observed in the summer fixations. . All spring nuclei had a
generally circular sectional profile. The nuclear membrane and the in-
ternal structure of the nucleus appear very similar to summer nuclei
(figure 66). Nucleoli were observed in the spring fixation but detail-

ed observations of their structure were not made.

The number of oil bodies within the cytoplasm was greater in spring
than any other season. 0il bodies were located near the nucleus (figure
66) and also extensively throughout the rest of the cytoplasm (figures

67 and 68).
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Experiments gﬂ;Piné Seedlings in Controlled Environments

A. Artificial Frost Hardéning: Ultrastructural Observations

Tumanov (1967) and‘Saiki‘(1973) elaborate on their earlier stu-
dies which established the conditions necessary for the artificial
induction of frost hardiness in certain hardy woody plants. Seedl-
ings were grown under optimum conditions until they reached the eq-
uivalent: of two or three years of field growth. The seedlings were
artificially hardened following the procedure outlined in materials
and methods. All seedlings survived freezing conditions when arti~

ficially hardened but sustained considerable damage.

Ultrastructural observations on needle chlorenchyma revealed
some features characteristic of the wintef condition. The tannin
vacuole had contracted to a similar extent. Some .osmiophilic bodies
were found but not to the same extent as in winter cytoplasm. These
bodies wefe also associated with the extensiveAcytoplasmic vacuolar
membrane systems within the cytoplasm (figure 73). The cytoplasmic
vacuoles were usually. larger than those observed in the winter condif
tion. The chloroplasts were not aligned along the cell walls. They
were instead scattered in the cytoplasm., Théy are often irregular
in shape and many grouped into clusters of between two: and five chlo-
roplasts. The®: outer envelope membranes in the clumped chloroplasts
were in close contact (figure 74). These small chloroplast groups

are not equivalent to the extensive clumping chlaracteristic of the
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winter condition. The nucleus appeared to be similar to the summer con-
dition, and no significanf build-up of large perinucléar lipid bodies

was observed.

Long term damage was.dbserved when the seedlings were returned to
summer conditions in the growth chamber. The youngest and the oldest
needles became chlorotic, particularly at the tips and bases within a
week after freezing. Many of the apical buds failed to open. Figure
75 shows a seedling (A) which was given the hardening treatment. The
seedling was still alive four monfhs later, although more than half of
the needles on the tree were chlorotic and the youngest needles had
yellowed (light areas shown by arrow) and later died! The youngest

~needles were shown in figure 71.

Tree B in figure 75 was not given any hardening treatments (photo-
periodic and low temperatures) before being placed in the freezer. After
being placed in the freezer, this tree quickly died. Ultrastructural
observations on the needle chlorenchyma of the control seedling (tree B)
which did not receive pre-freezing hardening treatments revealed that

the chlorenchyma fing structure was destroyed.
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B.  Summer Condition Trees Exposed to Drought: Ultrastructural Observations

The nature of the cellular _ultrastructure of‘the needles was brief-
lyihvestigated to see if there is any correlation between the drought
exposure condition and frost~hardiness states. The tannin material of
drought exposed summer needles seems to be reduced in volume as in‘winter
conditions, coinciding with a considerable increase in cytoplasmic vol-
ume'(figure 76). The chloroplasts however, remained evenly distfibuted
along the cell wall but had moved s]ightly away from it (figure 76).
Chloroplasts with constrictions similar to those observed in some‘cases
in winter (figure L44) were occasionally observed (figure 77). Approxi-
mately the same number of osmiophilic bodies were present as in the late
summer fixations undér field‘conditions. There was development of cyto-
plasmic vacuolar systems, (these were more extensive than in normal
summer fixations but notnearly as extensive as those seen in the wint-
er condition, figure 76). The bulk of the ground cytoplasm in the drought
condition consisted of lightly stainfng homogeneous material with very
few ribosomés or other .inclusions. Mitochondria were few and circular
in profile, and small oil droplets were seen. The nucleus appeared sim-

ilar to that seen in the summer condition.

One seedling tree that had been exposed to long day photoperiods.
and warm growth chamber temperatures while not being watered for thirty
days was then watered once and placed in the artificial hardening regime.
described previously. This seedling was given the same freezer frost

exposure as described previously for seedling A. The drought exposed
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seedling survived the frost exposure but subsequent observation revealed
it had received about the same amount of damage as tree A. Fixations

on the needles of this tree were not successful.
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Di1SCUSSION

1. Discussion gf_Techhical Problems and Procedures

A major portion of this work was spent on developing preparative
techniques for electron microscopy whicH would generate reproducible
ultrastructural observations. It is hoped that the reporting and dis-
cussion of the technical problems dealt with in this work will assist

future studies on conifer tissue.

The fixation of mature conifer chlorenchyma for ultrastructural
studies is very difficult during the growing season. .Testimony to this
is shown by the fact that nearly all published ultrastructural studies
on mature conifer chlorenchyma make reference to fixation problems;
(Parker and Philpott, 1961 and 1963; Harris 1971; Campbell, 1972, and
Chabot and Chabot, 1975). Most of the above authors speculate that .the
prolems stem from the interference with fixation chemistry by the resinous
’and tanniniferous material in the mesophyll tissues or in the mesophyll

chlerenchymal cells.

A major initial probiem was found to be related to the method of
cutting and subdividing the needle for fixation. |In the early stages
- of this work, the flat surface of the needle (adaxial side) was placed

on a plastic petri dish, flooded with fixative solution and subdivided
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into small transverse segments. In this procedure, the razor blade used
to cut the needfe did not initially slice and penetfate the epidermal-
hypodermal layer effectively. This resulted in the crushing and mechan-
ical damage to the delicate mesophyll chlorenchyma situated between the
tough but flexible epidermis-hypodermis, and the tissues of the endoderm-

is and the vascular tissue.

The problem was aleviated by the use of higher quality stainless
steel razor blades and cleaning them in an ultra-sonicator in acetone
rather than by hand. The latter treatment removed oif films from the
blades without damaging the knife edge. Turning the needle on its side
at right angles to the flat side of the needle also helped to prevent
mesophyll damage. The flat surface of the needle (adaxial side) was
now at right anglés to the petri dish surface so that the strong and
supportive epidermal-hypodermal layers were at right angles to the ra-
zor blade, thus supporting the chlorenchyma from the knife pressure rath-

er than crushing.

The addition of formalin to the primary fixative solution resulted
in a rapid and detectable hardening of the chlorenchyma so that trans-
‘verse sections of the needle could be further subdivided after about
one hour of primary fixation. The general hardening of the mesophyll

lessened the problem of the knife crushing the material.

The best results were obtained when the secondary subdivision was
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carried out by dissection and removing as much of the endodermis and
hypoderma]-epidérma]'layers as possible from the mesophyll. The remo-
val of these comparatively impermeable layers was found to facilitate
the infiltration of the fixative and embedding media. Esau (1965) noted
that the pine needle surface is characterized by a thick cuticle and
that endodermal cells may be lignified and contain suberin. Thus the
dissection of .these tissues from the mesophyll probably freed an addi-
tional one or two facets of the tissue block for fixative; dehydration,
and embedding media penetration. The 0.5 mm to.1.0 mm tissue pieces
still required sixteen hours of post-fixation in osmium tetroxide at
room temperature to achieve anuniform osmification of the tissue block.
Harris (1971) also advocated similar long secondary fixation periods.
The removal of sclerenchymous cells also aided in the trimming and sec-

tioning of the plastic embedded material.

With respect to the quality'OF ultrastructural preservation, fixa-
tions with glutaraldehyde as the sole primary fixative were found to be
inferior to a mixture of g]utaraldeh&de and freshly prepared formalin.
Harris (1971) did achieve adequate fixations with glutaraldehyde as the
only primary fixative, but Campbell (1972) and Chabot and Chabot (1975)
both used a mixture of the tw0'aldehyd¢s as primary fixative on conifer
tissue. Srivastava and 0'Brien (1966) suggest that the resins in Pinus
cambial tissue bind and precipitateglutaraldehyde which may disrupt the

fixation of the tissue.

Fixations of older (one or more years of age) summer needles showed
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the best results when acrolein was added to the primary glutaraldehyde
fixative solution. Campbell (1972). also obtained ‘the best results with
acrolein/glutaraldehyde primary fixatives on mature pine needle tissues.
Acrolein differed from glutaraldehyde/formalin fixative in that it tend-
ed to make the cytoplasm more osmiophilic and also often altered the tan-
nin material substructure when used as a primary fixativewith glutarald-
ehyde (figures 69, 70 and 68). (More studies should be conducted on the

use of this fixative for conifer tissues).

Campbell (1972) also used potassium permanganate solution success-
fully as a fixative on pine needles but only published one figure of chlo-
renchyma prepared with this chemical. It was a high magnification photo-
micrograph showing only part of a chloroplast. Parker and Philpott (1961
and 1963) also used permanganate as the sole fixative on Pinus chlorenchy-
ma with poor results. ~Attempts. to use potassium of barium permanganate
as a fixative in this project failed because the material in the plastic
become so hard that the blocks could not be trimmed or sectioned. A pos-
ible reason for this apparent contradiction was the use of barium and po-
tassium pefmanganate'aS'a secondary fixative in this work after ‘initial
aldehyde fixation. The above authors used permanganate only as the sole

fixative, a procedure not attempted in this work.

The experimental use of glycol methacrylate (Feder and 0'Brien,
1968) and Epon resins for embedding pine needle tissue resulted in the
consistent failure of these resins to be properly polymerized within the

tissues despite extremely long dehydration and infiltration procedures.
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The failure in polymerization appeared specifically to be located in the
tannin vacuoles. The embedding resins in the tannin vacuoles remained se-
mi-liquid, while polymerization was adequate in the cytoplasm and extrace-

Ilular spaces.

Spurr's resin, (Spurr, 1969), gave adequate polymerization only after
a long dehydration and infiltration series. Campbell (1972) was apparent-
ly successful in using Epon resin while Harris (1971) and Chabot and Cha-

bot (1975) both used Spurr's resin.

Osmium, and to a lesser extend, the plastic resins, react with the
contents of the tannin vacuoles of the needle chlorenchyma to form an ex-
tremely hard substance which is very difficult to section. This material
often visibly shatters glass knives. Good sections for light.or electron
microscopy could only be cut simply from newly broken and extremely good
portions of the knife edge. The fact that osmium is involved with the
formation.of this very hard material was deduced from the fact that ald-

ehyde fixed material was considerably easier to section.

The types of electron microscopic preparative procedural difficult-
ies described above generally increased with needle age during summer
fixations. In winter fixations. however, very few preparative difficult-
ies were encountered. For example, long fixation and embedding proced-
ures could be greatly reduced without detectable changes in ultrastruct-
ural preservation. Similar]y; it was not necessary to subdivide.or dis-

sect tissue blocks as extensively as in the summer fixations. Winter
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needles from six months of age to five years of age were fixed during
winter but no relationship between needle age and ultrastructural pre-
servation was observed in marked contrast to the observations on summer
tissue. In the winter fixations, plastic embedding media other than

Spurr's resin and permanganate fixatives were not used.

‘In an attempt to reduce the possibility of artifacts caused by
thawing frozen tissue or by chemical fixation and embedding procedures,
the techniques for cryomicroscopy were developed. The techniques em-

ployédiare based on the principle that an in situ needle in mid-winter

at the collecting sites (with'témperatures of'rIOOC to -TSOC) exists in
almost a completely frozen state. The bulk of free water in needle
tissue at these temperatures-will be crystalized, (Kaku, 1975). The ob-
ject of the study of frozen tissue was fo find an efficient way to col-
lect, tfansport, store, and process the material for light microscopy

while maintaining the tissue temperature between -10°C to -150C.

An important limitation to the low temperature techniques was the
difficulty in monitoring>temperature at all stages of the preparative
procedure: from the field to cryomicroscopy. In lieu of accurate temp-
erature measuring and control systems, the tissue was consistently
kept as cold as, or colder than the field temperature. The use of lig-
uid nitrogen as the coolant material at several stages of the prepara-
tive procedure resulted in temperature difference of as much as from

-10°¢ at collection sftes, to a possible minimum temperature of -19600.
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These fluctuations probably would not have affected the structural and
positional nature of bulk tissue.ice. It is also difficult to envision
how the structural components of the cell could significantly rearrange

at these temperatures.

Sakai (1966 and 1973) has demonstrated ‘that extremely hardy living
woody tissue can survive temperatures as low as -196°C, provided they
had been initially exposed to temperathes of 0°C to -40°C for several
hours previous-to.immersion. He also demonstrated that after the init-
ial frost exposure, various rates of freezing usually did not cause

damage. Similar studies have been cited by the Russian authors (Tumanov,

1967).

In this study, freezer stored needles that had been collected in
mid winter were dropped into a liquid nitrogen vat and then removed and
fixed at -4°C. Very little change from the normal winter ultrastructure
was observed (figure 62). These observations are the basis for the con-
culsion that the observations from material processed by'cryo-technfque

represent a very close condition of the in situ cytoplasmic arrangement

in the frozen cell.

It would have been desirable to do more detailed studies on winter
cells in the frozen state, but the construction of a cryomicroscopehthat
could give direct control of stage temperature for freeze-thaw studies

is very complex and expensive(bHIerandﬁrayﬂhb;J971)”However, the cryo-
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tome, cryomicroscopé.and handling apparatus used for this study were ad-
apted from simple materials and equipment commonly found in most ultrastr-

uctural research laboratories. .

The needle chlorenchyma of Pinus contorta ssp. latifolia was chosen

as the major experimental material in this work due fo several propert-
ies which sfmplified and assisted seasonal studies on frost hardiness.

One method of hfghlighting seasonally reTated cytological changes is to
study organisms which demonstrate extreme cases of the seasonal phenom-

ena. Pinus contorta ssp. latifolia specimens collected in the subaipine

forest of Wyoming and Montana were testea by Sakai3nd.WquéF(T913["fbr
the degree of/ 'the tree's frost hardiness. These authors have placed P.
~contorta ssp. latifolia in the most 'hardy' catagory of North American
woody plants. Their specimens were able to withstand at least -80°C in

winter. In this work, Pinus contorta ssp. latifolia was sampled at the

western edge of the interior plateau of south western British Columbia
at an altitude of four thousand feet. At the sample locations, the
coastal influences are reducéd and the climate tends to be more of the
high latitude continental'fype. At the sample locations, P. contorta .
is a major member.of the interior plateau subalpine forest (Critch-

field, 1957).

Tsuga mertensiana is found in a more moderate climatic zone in the

coastal subalpine forests of British Columbia, (Sudworth, 1908). However,

specimens used in this work were collected near timberline at five thou-

sand feet in altitude on Whistler mountain which is a site on the coast+
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range, somewhat removed from the moderating.. influences of coastal

regions.

Pinus albicaulis is often the treeline species of the coastal for-

ests of south western British Columbia and grows in very exposed severe
locations (Sudworth, 1908). Trees sampled in this work grew at about
5,700 feet>on Whistler mountain and were found in full tree growth habits
where other conifers were absent or reduced to low lying krumholtz grow-

th habits.

Sakai and Weiser (1973) did not test the hardiness of Pinus albicau-

lis,but on the basis of the climate of colléction sites, the tree must be

very frost resistant. These authors did test Tsuga mertensiana and found

it to be only moderately frost hardy, tolerating only -540°¢. However,

these authors sampled Tsuga mertensiana close to sea level near Seattle,

Washington.

When comparing the results obtained in frost hardiness studies with
the results of other studies in the literature, care must be taken to en-
sure that the hardiness and growth conditions of the organisms being com-
pared- . are well defined. Burke et al. (1976) cite evidence that frost
resistant mechanisms may be different in slightly, moderately and extre-

mely hardy plants. Harrfis (1971) studied Pinus strobus (an extremely hardy

tree, Sakai and Weiser, 1973) but his seasonal observations were conduct-
ed on specimens. growing well south of the tree's natural range on

the campus of the university of Arkansds. Thus Haris's winter observa-
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tions may have been very different if conducted in the tree's natural

distribution ranée. "The different parts of a woody plant may also dif-
fer in the degree of frost hardiness obtained, with exposed parts such
as the needles of conifers usually obtaining the maximum hardiness le-

vels (Parker, 1963).

An important concept te be considered in interpreting and comparing
frost hardiness observations between different taxonomic plant groups is
the possibility of differing frost hardiness mechanisms being employed
for a given Iévelvof hardiness acquisition. The genus Eiﬂﬂi is believed
‘to have evolved in the higher latitudes of the northern hemisphere (Mir-
ov, 1967) and the frost hardiness of most members of the genus is probab-
ly a.very ancient trait. The angiospermous plants that dominate the plan-
et today are believed to have been progressively expanding into more hos-
-tile high altitude and latitude regions since the Cretaceous time period
(Regay, 1977). Thus the acquisition of frost hardiness has probably oc-
curred many times in geologic time and is probably still occurring in
genetically and range expanding taxonomic groups. These factors necessi-
tate the Qse of caution when comparing frost hardiness studies between
differing groups of plants, and has probably resulted in the frost re-
sistance mechanisms of plants becoming a very complex phenomenon, particu-

larly on a comparative basis.

The development, maintenance, and loss of frost hardiness is a sea-
sonal part of the continuum of growth, differentiation, and senescence in

plant tissues. The study of frost hardiness must take these phenomena
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(which overlap seasonal cycles) into consideration. Experimentally,

the pine needle is well.suited for 'separating other cellular processes
which may confuse frost hardiness studies because of a characteristic
rapid growth phase followed by several years of maturity and function-

al activity, before senescence’becomes a dominant factor.

Sudwor th (1908)'observed green needles of at least eight years of

age on young Pinus contorta trees. Needles which were green and healthy

in appearance up to twelve years in age were observed on young open grown
trees of P. contorta at the sampling sites. The age of needles on young
Pinus sp. can be simply determined by counting long shoot internodes from
the terminal buds to the internOde on the branch or axial trunk on which
the needles occur.(Dickmann and ‘Klozlowski, 1970). The occurrence of dam-
mas or prolypsis growth forms would invalidate this method of needle age
determination, but no examples of these growth forms were observed. Lam-

mas forms of growth have been reported in Pinus divaricata (banksiana)

(Rudolph, 1964), (which is a hybridizing close relative of P. contorta,Crit--

chfield, 1957), in the Great Takes area of eastern North America.

The common occurkenceof‘very old needles on young open grown trees
at the sampling sites appears to be dependent on continued high growth
rates - and insolation during the life of the needle. The open grown,
well spaced young trees at the sampling sites had very large annual long
shoot growth increments. This resulted in internode distances of us-

ually greater than 20 cm, which when combined with a lack of crowding
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and shadihg between individual trees, gave the crown a very open growth
form and lessened the shading of older needles by recent growth result-

ing in the continued insolation of older needles.

The growth of new needles was observed to start in early June at
the collecting sites with the emergence of.short shoots:'and rapid long
shoot expansion. By the end of July, that season's needles had reach-
ed the length of older mature needles. Mirov - (1967) has observed spec-
ial cases in which needle elongationcontinues for a year or more in
tropical and sub-tropical pines. This growth appears to be :due to the
activity in the basal meristem of the needle (Esau, 1965). Cell divi-
sion does not occur in the apical mesophyll regions of fully expanded
needles observed in this work. Residual activity in vascular cambia
within the stele throughout the life of the needle would also not af-
fect the mesophyll since it appears to solély to propagate vascular

tissue (Huber, 1947).

‘Cytologically, the mesophyll chlorenchyma of P. contorta needles
in the period of needle expansibn were observed to have the character-
istics of cells with high metabolic activity relative to cells of
older needles. This cell type was classified as the type | cell form

in this work.

After needle expansion was completed, the size and complexity of
mitochondria were reduced and the occurence of dictyosomes, dictyosom-

al vesicles, RER and SER were greatly.reduced. This cell type was
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termed the type Il cell. It‘is concluded that the type 1l cell repres-
ents the transformation of the cytoplasm from a state of growth (type
| cell) to a state of mature functional activity (type Il cell). The:
type Il cell was found to bé the dominant cell type in the needle chlo-
renchyma in current season needles fixed in July and August and in one,
two, three, and five yeér old needles fixed between early June and late

August (see table I).

A third cell £ype was identified and called tﬁe type 111 cell. The
incidence of this type of cell increased in proportion to needle age.
This cell type‘was interpreted to be a.senescent or degenerating cell
type on the basis of cytologfcal properties (Butler and Simon, 1971) and
was chafacterized in this work only to insure that it would not be con-

fused with seasonal changes.

The cytological stability of the type ll.ce]l and the‘correspond—
ing long needfe 1ife span made the needle material very useful for
studying seasonally related phenomena since the ‘same“type of tissue can
be sampled beforé, during and after winter through several yearly cyclesi
In contrast, the majority of the cytological studies on the frost hardi-
ness phenomena in woody plants have‘been conducted on the vascular cam-
bium (e.g. Murmaﬁis, 1970) or secondary stem_parenchyma(éimindetéh@ﬁ;
al.,1968) in which individual cells have a life span of one to th. -
years, during which-gnthh differentiation and senescent processes must
be segregated from cytoplasmic changes solely dependent on seasonal fac-

tors.
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11 The Discussion of Seasonal Changes in the Cytoplasm of Needle Chlo-

renchyma

"After establishing what was occurfing’hwthe chlorenchyma cells with
regards to growth, maturity and senescence, it was then possible to pro-
ceed with the main objective of this work which involves the study of
the seasonal changes in the cytoplasm of the needle chlorenchyma of P.

contorta.

It has been established that the type |l cell was the predominant
cell type observed in all fixations conducted between June 6th and August
10th (table I). The cytological consistency of this cell type has led
to the term '""the mature summer state'' being applied to describe type ||
cells. Fixations conducted during the winter of 1972 to 1973 (November
26th to March 30th) revealed a completely different cytoplasmic state.
Like the summer state, equal ultrastructural consistency is observed in
all fixations of all needle ages examined. The remarkable different cy-'
toplasmic state in winter is termed 'the winter cytoplasmic state''. The
winter state is believed to be the form of the summer type 1l cell dur-

ing the winter frost hardy state between November 16th, 1972 and March

30th, 1973.

A number of winter state cells, (proportional to needle age) were
believed to be the winter equilvalent of type !1l summer state cells.
The more intensely osmiophilic winter equilvalents of type 11l cells ap-

peared identical to their summer counterparts. The less osmiophilic type
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Ii1cells that had some recognizable organelles and had sbme of the cyto-
logical properties of the winter state type Il cells. These observations
have led to the conclusion that the summer and winter cytoplasmic states
are completely reversible on a seasonal basis. Thus the summer and wint-
er '"states' are seasonal transformations of mature functional mesophyl]l
chlorenchyma cells which have anunusually long life span for cells with-

in the plant kingdom.

In the winter cytoplasmic state, almost every cytoplasmic structure
and organelle has changed structurally or positionally. So different and
unusual is the winter cytoplasm compared to summer fixations and publish-
ed photomicrographs of mature plant tissue that the author believed init-

ially that the winter state was a fixation artifact.

The most dramatic change in the winter chlorenchyma is the structur-
al and positional changes in the winter chloroplasts. The aspect of sea-
sonal change in chloroplasts of winter evergreens has received much atten-
tion in the early literature; Mohl (1837) noticed the seasonal chlorosis
in some winter conifers and suggested that organic acids deétroyed .
‘the pigments in assimilatory cells but the pfgment bodies (chloroplasts)
remained intact. Kraus (1874), Haberlandt (1876) and Schimper (1885) no-
ticed the clumping of chloroplasts in the needles of several winter coni-
fers. However, in herbs, non-coniferous déciduous and evergreen woody
plants, the behavior of chloroplasts or plastids was highly variable. In
some species, these authors reported no change, some slight movement from

summer positions, clumping, or chloroplast disappearance. They also re-
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ported great variations in chloroplast changes within individual leaves.
However, Haberlandt (1876) particularly believed that in most over wintering

plants, chloroplasts were not destroyed.

LewisandﬁTptﬂeO923)observedchlorOp]ést clumping about the nucleus
in P. glauca in the fall and by early winter, with frosts df increasing se-
verity, the chloroplast clumps disintegrated and disappeared. They used
the term "'laked' (apparently an old medical term more or less synonynous
with lysed ) to described this disintegration. Zacharowa (1929) observed
the winter break down.of chloroplast after an initial clumping in both Pin-
cea and Pinus species, and used the term ''zerfallen' (German: fallen apart)
to described this process. Holzer (1958) conducted detailed observations
of chloroplast clumping in the cytoplasm between the trabiculae in Pinus
and in the parietal cytoplasmic regions of the cells in other conifers.

His observations appear to be very similar to those reported in this work.

Unfortunately, Holzer's work is not known in the general literature.

The controversy over the fate of winter chloroplasts continued when
both Gerhold (1959) and Perry et al. (1965) published papers which indicat-
ed a continued acceptance of the possibility that the chloroplasts in coni-
fers may break down during winter. Harris (1971) failed to notice any win-
ter clumping in the chloroplasts of P. strobus but as stated earlier, his
observations were conducted in a sub-tropical location. Parker and Phil-
pott (1961 and 1963) published ultrastructural photomicrographs of winter

chloroplasts in Rhododendron and Pinus with the express purpose of dis-

proving the chloroplast destruction concept. They also reported exten-



88

sive clumping of the chloroplasts :in winter fixations of Pinus needles and

bark parenchyma.

In this study, chloroplast clumping was regularly observed ‘in all the
winter fixations of the conifers examined. It was also observed later by
Chabot and -Chabot. (1975) iin Abies. No.evidence for chloroplast destruction
or a decrease in their relative numbers.was seen in this work, nor it was
ment ioned by Chabot and Chabot (1975) or by Parker and ‘Philpott (1961 and
1963). It appears  from thesé studies that the destruction theory-concern-
ipg‘wiﬁter.ch]oroplastSzwas either an observational "‘error and/or the result’

of plastid destruction during preparation for observation.

The structural nature of clumping of winter chloroplasts' is best re-
vealed with electron microscopy. High magnifiéation studies’ of ‘the regions
of chiorop]ast‘contact'revealsvwhat may be a tripartite layering of the en-
velope membfanes (figures 45 and L46). This structure is interbreted to
indicate a fusion of ‘the outer membranes of each adjacent chloroplast en-
veldpes.to form,a'Structurecoﬁsisting of - two attached membranes. . The
fuéed oﬁter envelope membraneSfafe'beiieved to make up the central thick
cdmponent of the tripartite structure. The 'inner membfanes of the envelope

of each plastid constitutes “the outer twovthinner membrane components of
vthe complex. Parker-and Philpott (1961 abd 1963) did not discuss the fine
structure of the chloroplast envelopes within.‘the chloroplast clumps and
their published photomicrographs are of too low a magnification to deter;

mine- the structure ‘of adjacent ehvelope membranes.
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Considerable interest is now focused on the fusion of living proto-
plasts of different cells from similar organisms or completely different
organisms. Besides removal of the cell wall (if present), an apparently
essential prerequisite to successful fusion is the treatment of the cell by
some mildly toxic material to induce the protoplasts to fuse. Such methods
involved treatment with sodium nitrate@oWeran@E]éﬁng,f197o)radiation, vi-
ral inoculation, specific antisera (to the membrane proteinous components),
high pH, partial and brief lysozyme digestion, polyethylene glycol and poly-
L-1ysine, and probably several more methods have been found (see Burgess
et al. (1974) for references to the above).

Douglas (197L4) cites many cases in which calcium is involved in the
process of the membrane fusion in the exocytosis o? cytoplasmic vesicles
and the fusion of plasma membranes. Schober et al. (1977) has observed that
the aggregation of isolated chromaffin granules occurs in areas where there
has been a calcium induced area on the graﬁule membrane that is free of

surface particles.

What these treatments and observations appear to have in common is that
the site of action by these treatments is tHe plasma membrane. Ultrastr-
uctural studies of the adherence zones seem to indicate the areas of fusion
occur where the apposing plasma membranes of adjacent protoplasts come into
very close contact (Burgess et al., 1974). Subsequent to this, the fusion
of protoplasts occur. Similar process may apply to the fusion between Pinus
chloroplastswhich lead to the mixing of the stroma of neighboring chloro-
plasts. The existence of separate systems of thylakoids within a common

stroma seems to support this.
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Two questions arise out of the observation of chloroplast clumping.
The first is what brings the chloroplasts into close contact and the sec-
ond is'what may be habpening at the surface of the outer envelope membranes
to allow tneir close association. . The cause of clumping and
closelappositidn of outer envelope membranes is believed to be the result

of frost plasmolysis and will be discussed later.

The second quesfion concerns what may be happening ét the membrane
surface.' Most membranes in apposition to each other in Eukaryotic eells
are characterized by an approximately 40 nm or more gap between surfaces
which result in fegular pérallel spacing of the membranes. Examples of
such spacings would be golgi cisternae, algal thylakoid systems, nuclear
and chloroplast envelopes etc., and the spacing'between animal tissue
cells. This gap is probably a balance between adherence promoting forces
and hdtual repulsive forces on the apposing membrane‘sﬁrfaces that cause
this structural arrangement. Repulsive fbrces are the net negative charges
associated with membrqﬁe surface proteins (Power et al., 1970), and/or
the strong bonding due to the hydrophilic phase of the polar ends of the
membrane lipids and the aqueous phase of the cytoplasm. The adherence for-
ces that maintain a reqular parallel spacing, and which prevent the membr-
ane surfaces from drifting apart may due to the cross bridges formed by

proteinacous bridges between the parallel membranes (Franke et al., 1971).

The chemical, physical and biological treatments described above for
the induction of protoplast fusion appear to affect mainly the repulsive

forces between cells in order to promote closer membrane association. Rad-
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iation, enzymatic digestion and positively charged electrolytes are proba-
bly targeted towards membrane outer surface proteins; while the poly-alco-
hols may affect proteins and/or hydrophilic lipid interactions. Similarly,
antisera would be targeted to membrane surface proteins. Calcium may neu-
tralize sugface repulsive charges on membrane proteins thus éllowing them
to clump and open protein free areas. Schober (1977) supports a theory
suggest by Ahkong et al. (1975) that before membrane fusion can occur, mem-
brane surface proteins must be displaced so that.the lipid bilayers of

adjacent membranes can come into close contact.

The common inference from all the above procedures for promoting mem-
brane fusion is that the . target site of the agents used is the membrane
surface proteins. Membrane surface proteins (ectoproteins) are now known
to be largely glycoproteins and are proteins specific to the externa1 plasma
membrane surfaces (Rothmanand Lenard, 1977).. It can be suggested that the gly-
coproteins of the chloroplast outer enveloped membranes are damaged or alt-

ered in some manner during winter.

In this work, one of the few structural changes observed with the sea
water electrolyte fixative on water tissue was the marked reduction of chlo-
roplast adhersion zones. This may have resulted from some interaction be-
tween the salts in the fixative solution and the physical properties of the

membrane surface proteins.

The observations on the fine structure of the envelope membranes of

clumped winter chloroplasts in this work have not been reported in the 1lit-
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erature. Parker and Philpott (1961 and 1963) did not discuss the fine str-
ucture of chloroplast envelopes in their observations on the clumped wint-

er chloroplasts of Pinus strobus. Their published plates of clumped chlo-

roplasts are of quite low magnification. However , their photographs ind-
icate that close association - between outer membranes of adjacent chlo-
roplast may occur. Chabot and Chabot (1975) mentioned chloroplast clumping
in Abies sp. but did not publish a plate showing clumped chloroplasts or

discuss the fine structure of the envelope membranes of clumped chloroplasts.

Only the chloroplasts exhibit the clumpingand:-close outer membrane asséciation
properties. Mitochondria were often in loose clusters but never were ob-
served to adhere. Similarly, there was never any adherence between chloro-
plasts and other organelles in winter fixations. |t can be concluded that
clumping of winter chloroplasts and the fusion of their outer membranes in-
dicate that the chloroplasts outer envelope membranes have differing chemi-

cal properties than other organelle membranes during the winter.

It was observed that about ten to thirty percent of all winter chloro-
plasts had two or more thylakoid systems within a common envelope based on
observations on thin sections. This indicates that in the reality of threedi-
mensional space, the majority of the winter plastids may be double systems.
Harris (197%).and Chabot and Chabot (1975) did not report any double chloro-
plasts in winter conifer tissue but Parker and Philpott (1963) did mention
that ''"division like constrictions' were noticed in observations during the

fall on the chloroplasts of Pinus strobus but not during winter. From these
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authors' description of the divisional structures, the plastids they obs-

erved may have looked like the chloroplasts in figure 44. It seems reason-

able for Parker and Philpott to have concluded that the chloroplast's narr-

ow constrictions similar to those observed in figure 4l could represent

pre-divisional structures. However, in this work,. the chloroplasts in fig-

rue 44 were atypical, and thebappearancerﬁ:most winter chloroplasts appear

to be more likely the result of fusion for the following reasons:

1.

Membrane adherence in close association .- .- may be a pre-
requisite for fusion (Ahkong et al., 1975).

For division by constriction to occur, one would expect to find
contrictions of, or separations in the internal thylakoid sys-
tem as well as in fhe envelope membranes. But although thylakoids
are visible between plastidsconstrictions in figure 44 (open ar-
row),vthey were not observed td be in the process of separating
or pinching apart. Chloroplast thylakoids could also greatly el-
ongate before constriction division. |If this were the case, one
would expect chloroplast with very long thylakoid systems would
have been observed in this work. No such structures were seen.
The thylakoid systems of double chloroplasts are all of the same
morphology and size as in normal mature chloroplasts. No smaller
systems than would be expected from constriction division prod-
ucts were observed.

It wouldibe unusual to expect chloroplast divisions to be occur-
ing in the dormant winter state.

The thylakoid systems within the common envelopes were oriented

at various angles to each other and often had large areas of stro-
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ma separating them (figure 43). In post division products, one
would expect to find some thylakoid membrane systems partially

attached or at least arranged in the same plane.

On the basis of this discussion, it seems more likely that the multi-
ple thylakoid system chloroplasts were the result of fusion between mature

plastids.

Apparent fusions between chloroplasts have been observed in a natur-

al population of the hydrophyte Mimosa pudica (Esau, 1972) and in radiation

induced mutants (Allen 95_513,1972). These authors alsocited several other
cases where radiation has induced chioroplast fusion indiffering plants. Ra-
diation has also been used to fuse plant protoplasts as discussed above. Fur-
ther more, chloroplasts in the radiation exposed prothali of a fern used by
Allen et al. wereobserved to clump together after radiation exposure ana be-
fore the fusion process. Initially, aggregate chloroplasts in radiation expo-
sed fern prothali consist of many individual, normal, discoidal appearing
thylakoid systems. But the individual thylakoid systems appear .to eventually
fﬁse into large membrane masses (Allen et al., 1972). . This does not occur in
winter pine chlorenchyma. The thylakoid systems appear identical to the sum-
mer thylakoid systems both in shape and in individual membrane structure. It

is interesting tonote that the thylakoid membrane of the winter chloroplast

arétheonlywintermembranes that are structurally similar to summer membranes.

By the virtue of their transformation from discoidal to approximately

spherical shapes, the winter chloroplasts increase substantially in volume.
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This conclusion was reached by transposing sectional areas into volumes which
indicated that winter chloroplasts (not including the fused chloroplasts)

are about one and one half to two times the volume of summer chloroplasts.
This volumetric increase was found to be due to the increase in the stromal
areas of the chloroplasts. .A simple increase in stroma probably also ac-
counts for the change in shape. The stain density of chloroplast stroma in
winter remains the same as those of summer chloroplasts. Thus the volumetric
increase due to additional stroma may indicate a substantial augmentation of
the stromal phase of the chloroplasts. Heber (1959) has noted a considera-
ble increase in soluble protein and sugars ih the ch]oroplastsxﬁ’hardy plants.
The swelling of chloroplasts into spherical forms is observed in nearly all
reports on the cytology of frozen plant cells (Heber, 1959 and Chein and Wu
1965). In non hardy species, the swelling also occurs even at slightly above

freezing temperatures (Kimball et al., 1973).

In conclusion, dramatic changes in winter chloroplasts in pine chlor-
enchyma appear to be cytologically due to: their translocation into clumps,
in physical properties of the chloroplast envelope membranes, the large in-
crease in stromal volume and the possible augmentation of stromal contents.
The thylakoid system appears to retain a similar form to that of the summer

chloroplasts. .

A definite summer-winter-summer cycle was also established for the mit-
ochondria in the pine chlorenchyma. In summer, the mitochondria appear as-
sociated with organelles with which they may have a functional relationship,

i.e., chloroplasts and oil bodies. In winter however, the mitochondria are
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dispersed in the expanded cytoplasm and in loose clusters about the chloro-
plast clumps. They cannot be said to be consistently associated with any
definite structures such as oil bodies, although this was occasionally ob-
served (figure 58). Chabot and. Chabot (1975 also noted a general dispersion
of winter mitochondria in Abies. The shape and volume of winter mitochon-
dria also changes from larger and irregular forms (in summer) to the smaller

and spherical form in winter.

Catesson(1974) also described a seasonal reduction in the mitochondria
of maple secondary cambia. Mitochondria became much simpler and more uniform
(usually ovate) in sectional shape in winter as opposed to larger and more
complex forms in fall. |In early spring, he noted an increase in size and
complexity in shape. But there was a return to simple shapes and small size
in late spring and early summer. This second transformation was not pbserv-

ed in this study.

Mitochondrial membranes become amorphous and indistinct in winter (fig-
ure 53) in both the envelope and the cristae. The obscuring of structure,
the random distribution of mitochondria, and the reduction in volume may be
correlated to the minimal amount of respiration observed in over-wintering

conifers even when they are briefly raised to above freezing temperatures

(Clark, 1961).

Recently, microbodies have been reported in the mesophyll chlorenchyma
of needles up to six months old (November of the year of needle flush) in P.

strobus and P. mariana (Chabot and Chabot,1974). No microbodies were observed


http://Cat.es

97

in P. Contorta. At the low magnifications, (at which most sections were
studied), they could have been missed by interpreting them as mitochondria.
No attempt was made to identify them by enzymic localization. As Chabot

and Chabot (1974) noted.the presence of microbodies in fat storing trees

‘is’ very interesting, but they were only able to cytochemically identify
catalase activity. Ching (1970) has demonstrated the presence of glyoxyso-
mes in the oil bodies of germinating megagametophytes in P. ponderosa seeds.
The presence of glyoxysome microbodies (if present in mature pine chloren-
chyma) should be most apparent (based on the studies in this work) in the
spring when it appears that the fat reserves of the chlorenchyma are mobil-

ized.

The conifers appear to have a markedly stage by stage spring-summer
growth cycle, with root growth, secondary cambial activity and shoot grow-
th occuring at differing times (Kozlowski and Winget, 1964). The needles
that survive winter play an important role in these growth phases. Extant
ﬁeedles supply fixed carbon for root growth initially in early spring. La-
ter, the over wintering needles supply the secondary cambial growth (Gord-
06 and Larson, 1970)and reproductive structures of their respective inter-
nodes with photosynthates (Dickmann et al., 1970). In early summer or late
spring, one year old needles in particular, ;upply a significant amount

of 14

C-labelled carbon to the late spring current needle flush (Loach and
Little, 1973). The supply of photosynthates to the expanding needles may
supply the fixed carbon necessary to compensate for the negative photosyn-

thesis that occurs in expanding buds and needles (due to very high respir-

ation;Clark, 1961) during the period of maximum current needle growth.
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Older needles are not as photosynthetically efficient as current year

needles. However, Clark (1961) has shown that six year old Abies balsamea

needles still produce more than half the net photosynthesis of current

needles and that the one year old and older foliage of Picae glauca pro-

duce about 75% of the net photosynthesis of the tree* during the growing
season. If the shading effects on older needles by younger needles were
removed, the contributions of the older needles may be even higher. The
fact that the older needles retain an ability to expand their normal pho-
tosynthetic capacités has been domonstrated by deliberately destroying
current season needles (Neales et al., 1968).

The studies by Gordon and Larson (1970) indicated that 1l\‘(l—labelled

carbon was recovered in the expanding bud after being fed to one year
old needles in the spring before bud burst and also when fed to the one
year old needles (then only several months old) the preceeding autumn.
These authors estimated that ten to fifteen percent of photosynthates fed
to needles in the fall are recoveréd in the terminal buds just before
flush the Fo]fowing spring. Since starch is nét stored in the needle over
winter (Clements, 1938; Little, 1961 and 1970; Chabot and Chabot, 1975; and obser-

vations in this work), the photosynthate must be stored in some other form.

In this work, oil bodies were found to gradually increase in size
during the summer in need]es of all ages. By mid winter, the oil bodies
were a dominant feature of the winter chlorenchyma and.appeared to be

unaffected by the seasonal cytoplasmic changes about them. The oil bodies

This data is from the author of this paper's calculations based on
data supplied in Clark's 1961 monograph.
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did not appear to increase further in size during the winter but were
much larger and more numerous in the spring fixation which was the sea-
sonal maxima for oil in needles of all ages that were examined. Harris
(1971) noted an increase in cytoplasmic oil bodies in November fixations

compared to summer fixations of Pinus strobus. But Campbell (1972) did

not mention any oil reserves in his studies on summer and early fall
needles of Pinus nigra. Chabot and Chabot (1975) observed substantial
increases in chlorenchyma lipid bodies in the winter fixations of Abies
balsamea. Winter accumulations of lipid bodies are also found in the res-
ting cambia of conifers (Murmanis, 1970; Itoh, 1971) and in angiospermous

cambia (Roberts et al., 1968 and Mia, 1972).

The common if not universal presence of large oil storage bodies in
the secondary cambia of both conifers and angiosperms, as well as conifer
needles during the winter, and the rapid dissipation of thesé oil bodies
in the spring indicates lipid reserves are significant seasonal storage
reservoirs of fixed carbon. The importance of this storage product is un-
doubtedly increased by the near complete absence of starch in the winter

needles.

Labelled tracer studies cited above also indicated that the one year
old and older needles mobilize winter storage reserves kept within the
needle, plus current photosynthates to supply current season.growth of all
parts of the tree. These observations may contain a partial answer to
the long standing question concerning the competitive advantage of ever-

green trees versus deciduous trees. In this work, needles contained starch
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reserves and larger oil reserves than seen in winter in the spring fixat-
ion conducted on April the -twenty-seventh, 1973. However, current need]e
flush of that season was just beginiﬁg onJune the sixth, 1973, while one
year old needles observedonJune the sixth had only a few oil bodies, char-
acterisic of the summer state. This would indicate that one year and old-
er needles had been photosynthetically active to some degree from April
the twenty-seventh and that by June the sixth, they had largely expended
their oil reserves. Since deciduous aspens growing at the co]lect}ng

sites were only partially in leaf on June the sixth, Pinus contorta trees

would have been photosynthetically active for up to a month before the
deciduous trees of the area. Chabot and Chabot (1975) made similar obser-

vations on Abies balsamea. These authors detected starch accumulation in

early March, two months before new needle growth occurs..

The lysosomal system in higher plants has been described as a system
involving cytoplasmic structural entities which maintain an effective
compartmentalization of hydrolytic enzymes from the rest of the cellular
system (Berjak, 1971). Berjak describes earlier work which have suggest-
ed tha£ the developmental sequence of structures that appear to have ly-
sosomal properties in differentiating root tips leads to the eventual for-
mation of the main or central vacuole as the cells mature. This has de-
veloped into the concept that the vacuole is an integral but not the only

component of the lysosomal compartment in mature.cells.

In the mature conifer chlorenchyma, the main vacuole contains tannin

material, a substance characterized by its ability to bind to and dena-
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ture proteins. A tannin filled main vacuole would thus not be incompat-
ible with the older but still valid concept of the main vacuole in mature
plant cell being a "'sink'" (Devlin, 1969) for further non-metabolizable by-
products of cellular activity. The presence of tannin may be an answer

to the problem of by-products removal from the cell solution in very long
lived plant cells by binding ahd precipitating them. In this context, the
observation that the homogeneity of the tannin material breaks down in five
year old needles may be relevant. . In older needles, the tannin material
is characteriied by a more heterogeneous appearance due to the presence

of various osmiophilic inclusions (figure 67) which may indicate that the

tannin may assist in inactivating cellular by-products.

If the tannin material within the tannin vacuole can be viewed as an
inert and probable end stage of a cell'g lysosomal system, then the per-
sistence of residual ER in the cytoplasm about the nucleus (it was not
determined if this was SER or RER in type Il cells), dictyosomes and cy-
toplasmic vacuoles (some of which may contain membranous and possible or-
ganelle debris; figures 22. 23 and 25) suggest the active lysosomal com-
partment is confined‘té and operates within the cytoplasm. However, con=-

firmation of this suggestion would require enzyme localization studies.

Observations on type Il cells in the summer state indicate that the
tannin material may be structurally removed from the tonoplast. Figures
22, 23 and 26 indicate that the tannin material contracts as a unit from
the tonoplast. The shrinkage of the tannin is believed to be a fixation

artifact since the amount of separation between tannin and tonoplast was



102

fixation dependent. However, in many cases, it was observed that the to-
noplast invaginated into the cytoplasm forming an interdigitating complex
‘'sectional profile(figure 27). This unusual tonoplast conformation is
more pronounced in oblique sections to the tannin vacuole (figure 28).
This phenomena is believed to be unrelated to the tannin shrinkage and

may represent the type of complex membrane pattern commonly associated with
transport activity (Gunning and Pate, 1374). The interdigitation also pro-
vides areas where the tonoplast and lumen of the infoldings of the tono-
plast are physically separated from the tannin. This type of structure
may be the site of most of the enzymatic activity that would be expected
by tonoplast and the main cell (tannin) vacuole. Enzyme localization stu-

dies would illucidate this suggestion.

In winter, the tannin material contracts to a greater extent than
observed in summer. This contraction greatly increases the volume of the
protoplast between the tannin material and the inner surface of the cell
wall. This contraction may also be an artifact as is believed to be the
case in the summer tannin contraction. But studies on frozen fresh win-
ter material with the cryomicroscope indicates the tannin contraction na-
turally occurs (figure 33) although possibly not as extensively as obser-

ved in chemically fixed material.

In winter, the tonoplast was not identified possibly due to very close
adhesion to the tannin material which is so osmiophilic that it may mask
any other small osmiophilic structure such as a membrane. The maintenance

of an intact main cell vacuole (tannin vacuole ) in winter was also observ-
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ed in conifer needles by Lewis and Tuttle (1923), Parker and Philpott
(1961 and 1963), Harris (1971) and Chabot and Chabot (1975). This is in
marked contrast to the breakdown of the main cell vacuole in the over win-
tering cambial tissueé of trees (Kadwai and Roberts, 1969; Robards et al.,
1969; Mia, 1970 and 1972; Murmanis, 1970 and Itoh, 1971). The breakdown of
central wvacuole has also been observed in the tillering nodes of winter
wheat (Chién and Wu, 1965), bark parenchyma cells (Siminovitch et al., 1968
and Krasvtéev t al., 1971) and wheatgrass hybrid leaves (Khristolyubova

and Sanfonova, 1973).

.The main difference between the plant cells where there was the ob-
servation of central vacuole breadkown iﬁto numerous small vacuoles, and
the plant cells where the preservation of an intact central vacuole was
observed, was the presence or absence of a tannin filled main vacuole.
Most authors who studied secondary cambial tissue in winter reported what
they believed tb be tannin materials in the lumens of the many small wint-
er vacuoles tHat made up the bulk of the winter protoplast. However,
these materials did not have the same Structure of homogeneity of the
tannin found in the conifer needlie main cell vacuole; nor were these ma-
terials in the same quantity as the tannin observed in conifer tannin va-
cuoles. Further mére, no.tests were mentioned to identify the ''tannin

material''.

The great mass of cytoplasmic vacuoles in the winter chlorenchyma are
one of the main features of winter cells. The question of where the va-

cuoles come from is a question that cannot be answered in this work be-
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cause in the August the twentieth, 1972 fixation, they were largely absent
and by November the twenty-sixth, 1972 fixation, they were present. Cy-

toplasmic vacuoles were.a common feature of the summer fixations but their
number was greatly less than in winter and they were evenly dispersed with-

in the cytoplasm.

In summer, the cytoplasmic vacuoles were usually separated by ground
cytoplasm and organelles from each other. |In winter, however, the cyto-
plasmic vacuoles are found in masses in specific areas within the cell.

The vacuolar region appears to have occupied most of the space formed with-
in the winter cytoplasm.by contraction of the tannin material. The vacuol-
ation of the winter cytoplasm appears to be a common feature of over win-
tering cells (see references in the discussion of the tonoplast and tann-

in vacuole above).

Biochemically, the greatly increased synthesis of phospholipids is
one of the main features of stage one of frost hardiness acquisition  (Sim=-
inovitch et al., 1975). The synthesis of phospholipids and proteins (Sim-
inovitch, 1968) at this time may provide the materials for the greatly .in-
creased augmentation of cytoplasmic vacuolar membranes that must occur
sometime in the fall. Similarly, some of the increased lipid bodies in
the spring fixation may represent the lipoidal remains of the winter mem-

brane masses.

Murmanis (1970) and Chien and Wu, (1965) and others who reported vac-

uoles forming in the winter cytoplasm of hardy plants, believed :that: the .

tonoplast of the original main cell vacuole broke down to form the numer-
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ous winter vacuoles which in their view, replaced the summer main cell
vacuole. In this work, the observation of the tonoplast invaginating in-
to the cytoplasm in summer and the difficulty of resolving it from adja-
cent cytoplasmic vacuoles in winter may indicate that the cytoplasmic va-
cuoles observed in this work were also of tonoplast derivation or exten-
sion into the cytoplasm. |If this is the case, then the only differences
in the observations of Murmanis and others, and of the observations in
this wdfk is that on the conifer needles, the tannin material retains its
structural integrity while the tonoplast proliferates within the cytoplasm

as it does in cells without the tannin vacuole.

An alternate suggestion for which there is recent evidence in the
literature (Khristolyubova and Sanfonova, 1973) is that the winter pro-
liferation of vacuoles in wheatgrass hybrids originates from the ER.
'Mollenhauer“gz_él: (1960) observed the responses of plant tissue to me-
chanical injury; and immediately after the injury, the damaged cytoplasm
is characterized by rapid membrane proliferation and vacuolization of
the cytoplasm originating from the ER. The endoplasmic reticulum has
been observed to proliferate into vacuoles in the root tips of wheat when

cooled to near freezing temperatures in wheat (Petrovskaya-Boranova, 15972).

The winter cytoplasmic vacuoles by reason of their extent and seasonal
dependance, may play a kay role in the frost tolerance éf winter cells.
Siminovitch et al. (1975) have biochemically related the extensive augment-
ation of phospholipids in hardening trees during stage one to the prolifer-
ation of cytoplasmic membranes. This membrane proliferation appears to
be one of the few features in common between the cytological examinations

of different hardy plant species in winter.
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Another feature of the winter cytoplasm was the great numbers of os-
miophilic bodies found in the winter cytoplasm. These structures are
found in summer fixations but greatly reduced in size and quantities. The
osmiophilic bodies are characterized in both summer and winter by a close
association with cytoplasmic vacuoles. Usually the osmiophilic bodies
are found within a clearly definable membrane of the cytoplasmic vacuole
(figures 22, 23 and 25). However, in some photomicrographs (in summer
fixations), no bounding membranes could be observed about the osmiophilic
body (lower 0B, figure 23). Structurally, the osmiophilic bodies appear
to be closely associated with membrane systems. In sumﬁer, 'myelin-1like'
structures are occasionally observed (figure 24) while in winter, the os-
miophilic bodies frequently form coatings of varying thickness on the lu-

men side of cytoplasmic vacuoles (figure 49).

The osmiophilic bodies are randomly scattered in the summer cyto-
plasm, but in winter, they are found in very specific locations within
the cell. lnAwinter, the osmiophilic bodies often form a single layer
of osmiophilic bodies between the plasma membrane and organelles deeper
within the cytoplasm (figures 51 and 52). In regions where the chloro-
plasts and the nucleus are not found, they are intermixed with the masses

of cytoplasmic vacuoles found in these areas.

The osmiophilic bodies are characterized in this work by an intense
staining with osmium tetroxide. The osmiophilic bodies in osmium fixed
material are always the most electron dense material within the cytoplasm,

being even more osmiophilic than tannin material. In material fixed only
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with aldehydes, they stain weakly with Jead or uranium and are difficult

to distinquish.

Hfgh magnification light microscopy studies of fresh summer material
_stained with Sudan Black B indicated the presence of numerous very small
sudanophilic structues in the cytoplasm (figure 14). .This observation

may have been a positive indicatfon of - a lipid nature for the osmiophi-
lic bodies. However, this type of study was not extensively conducted,

and winter light microscopy studies at high magnification with sudan stains
were not conducted. In addition, the small size of the structures observed
made it difficult to distinquish between positive staining and a high re-
fractility. Harris (1971) and Chabot and Chabot "(1975) believed struct-
ures resembling osmiophilic bodies were tannin material. Tannin specific
stains used in'this.work gave no trace of any tanniniferous material be-
ing present within the cytoplasm (figure 34). In addition, in this work,
tannin materia].alwaYS had a fibrillar or granular fine sturcture wﬁile
osmiophilic bodies did not contain any resolvable fine structure. These
observations allow the tentative conclusion to be madé that the osmiophi-
lic bodies are not composed of tannin. They may be lipoidal in nature

and appear to have some function within the winter tissue. This last con-
clusion is based on their great increase in numbers during winter and

their specific distribution within the winter cell.

A possible function of the osmiophilic bodies that should be invest-
igated is that they may play a role in protecting .the winter photosynthe-

tic pigments from photo-oxidation. Chlorophyll is retained in the needles
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throughout the winter but the marked winter chlorosis in evergreen coni-
fers, particularly in Pinus species, has been a point of note in the lit-
erature. Mohl (1837) SuggeSted organic acids may destroy the green pig-
ments during winter. Haberlandt (1976) suggested high winter light in-
tensity may cause a reduction in chlorophyll content in Qinter conifers.
Holzer (1958) supported Haberlandt's view and reported the observations
that pfne boughs buried under the snow did not become chlorotic in wint-
er. Carotinoid pigments are yellow and have a role in protection against
photo-oxidation (Devlin, 1969). They are also highly unsaturated lipids,
and as a result, would stain intensely with osmium tetroxide. The osmio-
philic bodies were observed to often lye in tiers near the cell wall be-
tween the chloroplast clumps and the plasmamembrane. These observations
indicated that it may be worthwhile to investigate the unsaturated oil
content of seasonally chlorotic needles. A large winter build up of car-
otinoid-like pigments, possibly as the osmiophilic bodies, may mask the
chlorophyll content of the needle enough to account for the seasonal chan-

ges.

The last major difference 'observed in comparisons. between winter and
summer tissue observed in this work is the change in membrane properties.
This was observed on a structural basis and ona more subjective basis in terms

of the seasonal responses of pine chlorenchyma to fixation procedures.

In this work, primary and secondary fixation times could be greatly

reduced in winter material without affecting the observed ultrastructure.
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Similarly, the composition and material concentrations of fixative‘s§]u4
tions could be varied in winter to such extremes that they destroyed su-
mmer cellular ultrastructure with minimal or no effect on winter tissue.
Parker and Philpott (1963) commented on the comparative ease in achieving
good winter ultrastructural preservation, particularly when compared with
summer fixations. These fixation properties indicate that the membranes
of the winter protoplast may have lost to a considerable degree their
properties of semi-permeability.. The winter protoplast éppears remarka-
bly resistant to osmotic shock from fixatives that varied greatly in comp-
osition. Slight changes in fixative compostion in summer at least alter-
ed cell ultrasturcture (and usually disrupted it) and often plasmolized
cells (figure 12). However, in winter, none of the fixative'solutiohs
used in this work plasmolized cells. Plasmolysis would be expected in
highly osmotic fixative containing materials that are normally impermeable
if the celis had not lost some of the properties of membrane semi-permea-

bitity.

Structurally, there is also considerable evidence for membrane changes
in winter. Changes in the chloroplast envelope membranes have already
been discussed. Mitochondria envelope and cristae membranes were indist-
inct and amorphous, nuclear envelope membranes contained numerous nuclear
pores and the tonoplast was difficult to distinguish. Only the plasma
membrane remained structura]ly similar to the summer condition. These
membrane structural changes are probably related to the seasonal processes
in the chlorenchyma since the changes are reversible in summer. Specific

detailed studies would have to be undertaken in each of the seasonally
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varying membranes to determine how each observed membrane change may affect
frost hardiness. At this stage, one can only conclude that significant sea-
sonal membrane changes occur and that these changes are very organelle or
structure specific, i.e., the chloroplast envelope membranesare different
at least in. winter from thylakoid membranes, nuclear membranes and tonoplast

membranes.
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I11. Discussion of Possible Freezing Mechanisms’in the Chlorenchyma

The summer-winter transformation of each major organelle has been
discussed above. At this stage, some wholistic concepts can be discuss-

ed which may relate what has been observed cytologically in Pinus contorta

with the prevailing literature concepts of frost hardiness.

In the introduction, it was stated that there is a general agreement
in the recent literature (Burke et al., 1976) that extremely hardy plants
pass through two or more stages of frost hardiness development, with stage
one being generalized into a period in which the plant detects the approach-
ing frost season well before severe frost, ceases active division and en-
gages in the active biosynthesis of certain compounds and structures which
may have an active role in the frost resistance of the.cell; i.e. stage one

involves active physiological processes within the cell.

The cytological examination of extremely hardy tissue during the win-
ter months would reveal the materials synthesized during stage one of frost

hardiness development. Winter fixations of Pinus contorta chlorenchyma in-

dicated the following materials that were different from, or more numerous
than type Il summer cells: lipid bodies, osmiophilic bodies, the membranes
of cytoplasmic vacuoles, nuclear pores, chloroplast stroma and structural
and physiological changes in membranes. The lipid bodies as previously dis-
cussed are not believed to be involved with frost hardiness mechanisms.
However, the remaining material presumably was actively synfhesized in the

fall and was present in what appeared to be uniform quantities throughout
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the winter and subsequently became absent or greatly reduced in quantity
the following summer. It thus seems reasonable to assume that these mat-
erials had some role in the frost hardiness mechanism of the cell. The in-
creased numbers of nuclear pores and changes in the morphology of chloro-
plast and mitochondrial membranes may reflect the specific response of |
each type of organelle to the problem of releasing free water during freez-
ing. No explanation for the apparent increase in chloroplast stroma or

the increase and specific distribution of osmiophiiic bodies during winter
is possible based on the observations in this work. Suggested functions

during winter for the osmiophilic bodies has been discussed previously.

Some insight into what roles the observed cytoplasmic changes may play
in achieving frost hardiness may be obtained by considering what happens
in stage two of frost hardiness development. In this stage, it is believ-
ed that the cytoplasm physically accomodates itself to the increasing sever-
ity of frost or more specifically ice in the environ of the cell and the
corresponding loss of liquid water from the cell. The essential step in-
volved with phase two of hardiness aquisition is that over wintering tissue
must be exposed to specifc moderate frosts that are species or varietal spe-
cific before it can tolerate very heavy frosts up to its ultimate hardiness
level (Sakai, 1966.and 1973). What is generally believed to be happening
during phase two is that the cytoplasm is dehydrating and releasing watér
to extracellular ice nucleating sites (Weiser,.1970). This frost plasmo-
lysis phenomenon.is in equilibrium with whatever the tissue temperature is
at a given instant, and at moderate frost intensities, the bulk cell water

will be released to ice nucleating sites. But if this water is not allowed
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enough time to migrate out of the cell gradually to freeze externally, then
intracellular freezing will occur (Weiser, 1970). Intracellular freezing
in hardy mature plant tissue is considered fatal by most authors (Tumanov,
1967 and Weiser, 1970). Frost plasmolysis of frozen plant cells has been
well documented at the light microscopic level. Improtant early studies

on the subject are by I1jin (1934), Kessler and Rhuland (1938), and

more recently, Samygin (1966).

A key step for the frost hardy cell would thus be to get the freeza-
ble free water out of the cytoplasm to external ice nucleation sites. This
could be achieved.by the cell loosing its memBrane semi-permeability. With-
out the loss of semi-permeability, there would be an osmotic gradient for
water opposite to the direction in which it must flow to freeze externally.
The observation in this work of the resistance of the winter cytoplasm to
extreme changes in fixative osmotic concentration whether electrolytic (sea-
water) or non-electrolytic (sucrose) supports this concept. The fact that
the winter chlorenchyma cells were also never plasmolyzed also ‘indicates a
loss of semi-permeability since the plasmolysis that may occur during free-
zing, '"frost plasmolysis'', will involve the collapse of the protoplast due
to loss of liquid water and may have little to do with the semi-permeabili-
ty of membranes as in osmotically induced plasmolysis. |If this concept
is correct, it will explain studies such as those conducted by Scarth and
Simiovitch (cited by Siminovitch et al., 1968) which indicated that nearly
twice the concentration of plasmolyzing fluid was required to achieve the
same degree of plasmoljsis-in hardy cells as in non-hardy cells. If the

protoplast had partially lost the property of semi-permeability, then in-
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creased osmotic solutions would be necessary to achieve the same degree

of osmotic plasmolysis.

The fact that at least some hardy tissues become more permeable in
winter has been known for some time (Scarth and Levitt, 1937) and more re-
cently, supported by McKenzie et al. (1974). Studies have also indicated
increase frost resistance in non-hardy tissue treated with cempounds that

increase membrane permeability (Kuiper, 1967).

In this discussion, the loss of membrane semi-permeability has been
discussed with regard to the protoplast as a whole. [In reality, the var-
ious membrane systems within the protoplast may not uniformly gain the
same degree of permeability. In this work, there is evidence that the
chloroplasts at least retain some degree of osmotic responsiveness to
differing fixative solutions (particularly the seawater electrolyte fixat-
ive solution, figure 60). The retention of some degree of turgidity by
specific organelles could affect the distribution of organelles in the win-
ter cytoplasm by the orangelles acting as structural units in the plasm-
olyzing protoplast during freezing. |If plasmolysis is not uniferm through-
out the cell, then these organelles could be pushed or squeezed into spec-

ific locations by the collapsing cytoplasm.

When considering an hypothesis to explain what may occur when the win-
ter pine chlorenchymal cell freezes, the assymetry of cytoplasmic struct-
ures observed in this work should be considered. !t was noted that the

clumped chloroplasts, nucleus and most summer=-1like ground cytoplasm was
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found in specific parts of the cell that were defined by the presence of
trabiculae invaginating from the cell walls. In the regions where the long
trabiculae invaginate from cell wall face C, it was observed that the plas-
modesmata also occured. The plasmodesmata represent sites of plasma mem-
brane bondage to the cell wall. Thus if the cytoplasm plasmolyzed and re-:
treated from the cell wall, plasmolysis would have to occur with the cyto-

plasm still attached to the plasmodesmatal regions of the cell wall.

In winter, the collapsed portions of the cytoplasm in the pine chlo-
renchyma would be the areas of extensive cytoplasmic vacuolization while
the chloropiast clumps tend to occur in the areas near the plasmodesmata.
This hypothesis also would offer a mechanical explanation of how the summer
organelle distributfon is disrupted. In this concept, the plasmolysis of
the cytoplasm occurs in the region of extensive vacuolization. The va-
cuolization may be a protective device to allow for the expansion and col-
lapse of the cytoplasm via highly permeable plasma and vacuolar membranes.
The freeze-thaw cycles that must occur on warm days and sub-freezing night
temperatures may squeeze the chlorop]asts.and the nucleus into the parts
of the cell where the cytoplasm cannot collapse due to the attachment to

plasmodesmata.

In this mechanical explanation to account for the winter chloroplast
and nuclear distribution, plasmodesmata alone cannot be the only sites
where complete plasmolysis of the cytoplasm does not occur because small

clumps of chloroplasts and occasionally the nucleus are also found in the
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cytoplasm near where the small trabiculae invaginate. The trabiculae them-
selves may provide increased areas of attachment between the plasma memb-
rane and the cell wall, thus making plasmolysis more difficult in the cyto-

plasm adjacent to trabicular areas.

One feature of plasmolysis caused by freezing'that has long been ob-
served in cases where ice forms outside the cell wall in primary and thin
walled tissue is the fact that the cell tends to partially collapse as cell
turgarpressure is lost (see works cited in Levitt, 1972). If this is the
case, the most likely site for extracellular ice formation in the pine me-
sophyll is in the transverée chlorenchyma air spaces betweén the transeverse
files of mesophyll ce]Is. Inthis case, icewould form opposite cell face A
in figure 2. The central parts of this cell face would also be the weakest
cell facet structurally because the trabiculaewould offer a bracing effect
to tﬁe cell walls about the perimeter of the cei] (in the transverse plane
of the needle). The supportgiven to the specific.areasof the cell wall by
the trabiculae may thus offer protection from cell wall collapse in the tra-
bicular areas. Chloroplasts and other organelles would accumulate near the
trabicular areas by the squeezing effect of wall collapse in other partsof
the cell. In this concept, the trabicular walls are assumed to function
as structural supports for the chlorenchymal cell wall. The structural ar-
rangement of the mesophyll can be described as radially extending (from en-
dodermis to hypodermis) single sheets of cells in the transverse plane of
fhe needle. This cell sheet fs partichlarly thin due to the minor axis of
the chlorenchyma cells being in the longitudinal plane of the needleﬁ Thus

the chlorenchyma cells may require additional strength and bracing to counteract
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forces normal to the transverse plane of the needle, since this would be
the weakest plane of the chlorenchyma cell sheet. The trabiculae (arrang-
ed about all cell walls not lying in the transverse plane) are ideally po-
sitioned to give maximal bracing support to the cell sheet in this direct-
ion. They are also positioned to prevent the transverse faces of the chlor-
enchymal cells (face A) from ballooning out under excess turgor pressure

»

and thus occluding the transverse air spaces within the needle.

The above discussion is based on the premise that the winter cytoplasm-
ic arrangement provides clues to the distortion and physical rearrangements
which may occur in the cytoplasm as a result of the freezing process.. The
retention of plasma membrane-cell wall connections and the possible dist-
ortion ofAspecific parts of the cell wall due to extracellular ice format-
ion and/or a loss of turgor pressure are proposed mechanisms which may ac-
count for the observed arrangement of the winter Pinus cytoplasm. This is
only a proposal suggested as a basis for further investigation. It should
be noted that the Russian authors (Genkel and Kurkova, 1971) believe that
plasmodesmatal strand. breaks or separate from‘primary pit fields during
ice induced plasmolysis. These observations if correct would invalidate
the concept presented above,which is based on the plasma membrahe remain-
ing attached to the cell wall in primary pft field areas. Levitt (1972)

i's skeptical of the Russian concept of plasma membrane attachment to pri-
mary pit fields breaking during winter. ‘He cites several early microscopy
studies which clearly showed cytoplasmic strands from ice induced,plasmol-

yzed cells remaining attached to the cell wall.
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Bold (1957) suggested that the trabiculae serve in the leaves of Pinus
to increase the gas exchange surface of the chlorenchyma cells. This con-
cept is based on the frgquent observation .of chloroplasts lining the tra-
bicular walls deep within the cell interior. Haris (1971) extended this
concept by observing the splitting of the middie lamella at the ends of
trabiculae forms an extracellular air space or tube extending through the
chlorenchymal cell linking the two cell faces labelled A in figure 2. This
air space was also observed in this work and the air spaces are thus illus-
trated at the tips of the trabiculae in figure 3. The observations in this
work also support the above concepts but it is suggested that the struct-

ural role of the trabiculae may be the wall structures' primary function.

Trabiculae are not found in the chlorenchyma of otherAconifer needles
(see Esau, 1965, for references) even though at least some needle bearing
conifers -have a mesophyllic arrangement similar to that observed in Eiﬂgg.
contorta (Gambles et al., 1974). A possible explanation for this is the
shape of pallisade chlorenchyma cells in other conifers is usually a cy—
lindrical’ shape which would be a stronger basic structure to lateral for-
ces to the cylinder's major axis than to the thin rectangular box or oval

shape of the pine mesophyll chlorenchyma.

‘On the basis of the above discussion, it would be expected that due
to frost plasmolysis, the most likely place for the cell wall to partié]ly

collapse in Tsuga mertensiana would be the cell wall area with the least

mechanical strength and the wall area bounded by extracellular air spaces

where ice crystal growth can occur. In the cylindrical cells of T. mert-
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ensiana, the air spaces border the cylindrical walls of thg cell which could
be expected to be the weakest part of the cell wall. The dome shaped ends
of the cell firmly attached to adjacent cells would be the stfongest part

of the cell. It is interesting to note that chloroplést clumps and nuclei
are found at the ends of the T. mertensiana cell in winter and the cytoplasm
along the cylindrical walls is predominently filled by cytoplasmic vacuoles

(figure 18).

The concept of ice plasmolysis of the cytoplasm, particularly in the
areas of the central parts of the cell wall face. A with the resultant
squeezing of some organelles into the cytoplasm near the trabicular regions
becomes a more logical suggestion if the observations of Parker (1960),
which indicate the gellation of the tannin vacuole duriné winter are.corr-

ect.

The concept of protoplast gellation 'during winter in frost hardy cells
has long been a matter of debate. Scarth and Levitt (1937) believed that
the cytoplasm remained fluid while other authors- (Lewis et al., 1920 and
Kessler et al., 1938) maintained that the protoplast became more yiscous
or gellated. An explanation of at leas; part of this controversy may be
the failure of some of the early authors to distinguish between what is
occuring in the main vacuole verus the cytopalsm, and also the use of plés-
molyzing fluids to measure cytoplasmic viscosity or gelling. The later
precedure would give incorrect results if protoplast permeability was in-
creased to a wide range of substanceé and.the«ﬁff@entjar permeability of
the protoplast membranes decreasd as is indicated by the observations in

this work.
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It is difficult to conceive of how all parts of the cytoplasm as ob-
served in the winter pine chlorenchyma could exist in a gell state. For
example, there is no evidence for any electron density within the cytoplasm-
ic vacuoles other than the osmiophilic bodies that often coat the inner
surface of the vacuole membrane. From this observation;, the cytoplasmic
vacuoles may only contain material that exhibits no staining properties or
electron density when prepared by ultrastructural techniques. Such mater-
ials could only be cell water and Tow molecular weight organic compounds
such as amino acids, sugars etc. Such materials would not be able to gel-

late.

The tannin material of the tannin vacuole however could possibly gel-
late.. It meets many of the characteristics required of a gell outlined by
Levitt (1956) and Tumanov (1967). Some of these characteristics of tannins
are a three dimensional macromolecular ' polymeric configuration of very
large and indeterminable molecular weight compounds and containing hydro-
philic moieties to interact with the gell solvent (water) (Swain, 1965).
The gell polyer must also be very evenly and uniformly dispersed within
the solvent in order to gell (Levitt, 1956). Ultrastructural observations
on the tannins is Pinus in this work, and elsewhere (e.g., Ledbetter and
Porter, 1970 and Haris, 1971) consistently indicate that the tannin is ev-

enly dispersed and remarkably homogeneous within the tannin vacuole.

The above observations in themselves would not be sufficient arguments
for the gellation of the tannin vacuole were it not for the duplication in

this work of the experimental observation on a cryotome stage of Parker
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(1960) that the tannin vacuole of Pinus needles in winter can be physical-
ly dislodged from the protoplast as an intact unit. This observation in-
dicates that at least at sub-freezing temperatures. the tannin vacuole is
in a form that can maintain its structure independent of external support.
If the tannin is in a gelled state during winter, it is probably not in a
gelled state during summer. Evidence for this is the observed.lysis of
summer cells when allowed to thaw on a cryomicroscope stage and also the
observation of tannin material becoming dispersed throughout the cytoplasm
in summer chlorenchyma that had been fixed after freezing (figure 72).

Parker (1960) also did not believe the tannin vacuole gelled in summer.

There are also theoretical arguments in favor of the gelling concept
for at least parts of winter cells. For example, the cell must maintain
some form of structural integrity after the loss of freezable water (Tuma-
nov, 1967) . Experiments with artificial organic gells indicate that at
slow freeéing rates, they tend to :release free water to external icenucle-
étion sites rather than allowing ice nucleation to occur within the gell (Per-
sidsky and Luyet, 1975). Gelling of tannin would reduce the risk of it en-

tering the cytoplasm during the physical stresses of winter.

If the tannin vacuole does gell in winter, then the concept of ice
plasmolysis of the cytoplasm which leads to the squeezing of the chloro-
plast and the nucleus into specific areas of the cell where the wall may
not be able to collapse is considerably more attractive. With a semi-sol-
id tannin deposit on the inside of the cell and a collapsing cell wall on
the exterior of the cytoplasm, there would now be two solid entities bet-

ween which the cytoplasm would be crushed during ice plasmolysis.
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The above discussion of what may occur to cause some of the charact-
eristic features of the winter cytoplasm can only be considered a prelimin-
ary theory. Considerably more extensive study most be conducted before

s
these concepts .could be verified.

The above discussion is based on the concept that the winter cytoplas-
mic arrangement in Pinus and T. mertensiana:is largely induced by physical
deformations within the cytoplasm. There is the possibility that some or
all of the organelle arrangements that were observed invwinter may be due
to physiologically based movements of organelles for protective or other
reasons. For example Haberlant (1876) has suggested that chloroplast clum-
ping may be a physiologically induced mechanism for chloroplasts to gain
added protection from the photo-oxidizing effects_of light during the long
dormant state of winter. Presumably, within the chloroplast clumps, the
masking effects of the organelles all being densely clustered in one area
could be an advantage. The principle of chloroplast movements in rela-
tion to external stimuli (usually varying light intensities) iswell known,
(e.g., Inoue and Shibéta, 1973). Such physio]bgically'~ based possibilities
have not been discussed in this work but should be seriously considered
as alternatives to the concepts presented in this work. Studies of the
chlorenchyma during the fall while the cells are becoming frgst hardy but
are still physiologfcal]y active should illﬁcidate whether organelle move-
ments are based on physiological rather tHan physical, ice related factors.
Similarly, the study of frost hardy cells immediately before and after the
first severe seasonal frost may indicate whether physical forces related

to the frost have altered the organelle arrangement within cells.
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Further study of the cytology of frost resistant processes in very
hardy plants should be conducted. Such studies would illucidate the cy-
tological basis of the first phase of frost hardening during the late sum-
mer and early fall (a period of the seasonal cycle not covered in this
work) and could, with presently available techniques, clarify the physi-
cal processes occuring wihtin the cell as the frost hardy tissue is fro-
zen. A cryomicroscope with mechanisms to precisely control stage temp-
erature such as the one developed by Diller _E_;l. (1971) would allow
the study of ice formation and melting within specific temperature ranges.
The use of the freeze substitution fixation and embedding techniques such
as those used by Rapatz et al. (1963) would allow direct electron micro-
scopic observation of the cytoplasm in the state of ice plasmolysis. The
production of freeze-etched platinum-carbon replicasofunaterial frozen
to pre-arranged temperatures at controlled rates before submersion into
liquid nitrogen may offer the greatest potential of all present technfﬁues
in the study of frozen tissue since the presence of ice crytals themselves
can be seen at the resolution level of the electron microscope (Nei,1976).
In this work, the freeze;etch technique had been attempted, but the ma-

jor difficulty encountered was the failure to successfully remove replicas

from tissue pieces.
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V. Discussion of Experiments in Controlled Environment Chambers

The experiments on pine seedlings in controlled environments were de-
signed to study cytologically the frost hardening process between the non-
hardy growth state and stage two. |t has been noted that stage one is be-
lievea (Weiser, 1970 and Tumanov, 1967) to be a frost season detection and
synthesis of cryoprotective materials stage. Thus it was hoped that a fix-
ation of needles from seedlings that had been exposed to two weeks of short
photo periods and progressively lower temperatures méy reveal the following:
any component or components of the winter cytological state due to prior
specific chemical sythesis and preparation by chlorenchyma cells; and any
component or components due to the mechanical deformation of the cytoplasm

by deep freezing (stage 2 of frost hardiness acquisition).

Unfortunately, the fixation of ﬁontrol trees and the fixation of trees
‘fixed at various times during the artificial frost acclimatization period
in stage one were not successful. Attempts to repeat the experiment were
prevented by repeated failures of the growth chambers until the supply of

seedling trees ran out.

The fixation conducted after the acclimatized trees were placed in the
o . .

freezer at -18 C for eight hours was successful. However, the observations
recorded on this material are not identical with those described for the

winter condition in the field.

The separation of chloroplasts from the cell wall, their adherence in
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small clusters, the formation of cytoplasmic vacuoles and the contraction
of the tannin vacuole imply that some of the features of the winter ultra-
structure were obtained. The fact that the trees were severely damaged
after freezer exposure indicates that artificial hardening was at most only
a partial success. However, that the control trees were killed immidiate-
ly during or after freezer exposure indicates that some degree of artifi-

cially induced hardening was achieved.

Two very interesting observations were made on trees artificially hard-
ened and exposed to the freezer temperatures. The first is that the needles
failed to yellow until after the frost exposure, and the degree of yellowing
was very slight. The second is that very few osmiophilic bodies were ob- |
served in the needles. This may be indirect evidence that the chloro-
plast clumping and/or the osmiophilic bodies may be responsible for the win-

ter chlorosis of Pinus contorta ssp. latifolia needles. This type of cont-

rolled environment study would be a most interesting area for further work.

Pinus contorta can be described as a moderate xerophyte (Mirov, 1967).

Tumanov (1967),and Alden and Hermann (1971) cite literature which discusses
the possible corre]ation between drought resistance and forst hardiness.
Li and Weiser (1970) succeeded in slightly increasing the frost hardiness
of stem tissue pieces by partial dehydratién before frost'exposure. A
drought exposure experiment was conducted on trees with the object of:
a. Determining if drought exposed trees were more frost resistant.
b. - Determining if the ultrastructure of drought exposed needles

had any resemblance to winter frost hardy needles.
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Neither part of this experiment indicated an obvious cytological cor-
relation between drought conditions and frost hardiness. The ultrastruct-
ure of drqught exposed needles did indicate some separation of chloroplasts
from the cell wall. However, this was occasionally noted in summer fixat-

ions and may be fixation artifact.



SUMMARY

This work has identified two seasonally dependent, cytoplasm-

ic states in the mesophyll chlorenchyma of Pinus contofta*spp. lat-

ifolia. In one state, the cytoplasmic constituents of most mature
chlorenchyma cells  (in needles varying in age from just after the
completion of needle elongation to needles five years of‘age)"app-
ear very similar to the structural and positional organization of
cell organelles and constituents described in the literature for the
assimilatory tissue of other higher plants. The chlorenchymal cells
found in the state described above were all observed during the grow-
ing season (June through August). This state is referred to here

as the summer state.

Fixations on chlorenchymal cells collected during the winter
monthg(Décembertthugh March), revealed a consistent but unusual
cytoplasmic state, (termed the winter state), which was remarkably
different from the structural and positional appearance of almost
all.cytoplasmic structures and organelles observed in the summer .
state. The winter cytoplasm can be described and compared to the
summer state on the basis of specific individual organelles or struc-

tures.

Chloroplasts:

In summer, the chloroplasts were discoidal in shape, ly-

127
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ing near the cell wall with their long axes (in sectional profile)
parallel to the cell wall. The distribution of chloroplasts was

uniform about the cell wall and trabiculae.

In winter, the chloroplasts were aggregated into either large
clumps of at least ten , or small clumps of less-than ten. Gener-
ally, the large clumps were iﬁ the parts of the cell where the
long trabiculae are found and the smaller clumps, in the areas near
the small trabiculae. No chléroplasts were found in the cytoplasm
adjacent to the cell wall areas without trabiculae.

The winter chloroplasts were approximately circular in sect-
ional profile and slightly larger in volume than summer chloroplasts.
The increase in volume appears to be due to a transformation of:the
chloropliast's shape from discoidal in summer to the’spherica] shape.
The added volume is due to an .increase in stroma.The WInterﬁthyiakoﬁd
system of the chloroplast usually retained the discoidal appearance.
Winter chloroplasts were also characterized by their near complete
absence of starch. The envelope membranes of winter chloroplasts
were not as distinct in winter as in summer, they appeared amorph-
ous at high magnification. Thylakoid membranes appeared to be

sharp and distinct in both summer and winter fixations.

In winter, the outer membranes of the chloroplast envelopes of
adjacent chloroplasts within clumps may fuse to form regions .of

close. membrane association as the result of fusion between

neighboring chloroplasts. Many winter chloroplasts contained two
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or more thylakoid systems within one membrane envelope.

Mitochondria:

RER,

In summer, Mitochondria were polymorphic in cross section and were

usually distributed uniformly between chloroplasts or oil bodies.

In winter, mitochondria were considerably smaller in sectional
profile, and usually spherical in shape. They are usually loosely as-
sociated with chloroplast clumps and the remainder are randomly scatter-
ed in the cytoplasm. No mitochondrial membrane fusion was observed be-
tween mitochondria or between mitochondria and other organelles. The
cristae were reduced in number and the mitochondrial membranes were

not as distinct as observed in the organélles'in summer.
SER and Dictyosomes:
These structures were rare in both winter and summer cytoplasm.

RER and SER were usually found near the nucleus in both summér and win-

ter fixations.

Nucleus:

In summer, the nucleus is spherical and is usually found in a cen-
tral location within the cell. The tonoplast usually nearly encircles
the nucleus except for broad cytoplasmic strands connecting the pe-
rinuclear cytoplasm to the peripheral cytoplasm. The nuclear enve-
lope is distinct but with few nuclear pores. The nucTéqplasm contains

very dense regions of heterochromatin interspersed with relatively
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clear " regions of nucleoplasm containing some granular material and

fine fibrillar material,

n winter, theznucleus is found in ‘the peripheral cytop]asm,
usually in the ends of the cell where the long trabiculae are found.
It is usually ovoid in shape with the long axis parallel to the ad-
jacent cell wall. The nuclear envelope is characterized by a very
high density of nuclear pores. The nucleoplasm appears finely gran-
ularwith the dense heterochromatin areasbeingmore dispersed in wint-

er. The nucleolus appears similar in the winter and summer nucleus.

The tannin, main vacuole and tonoplast:

The bulk of the cell volume in both summer and winter is oc-
cupied by the main cell vacuole. However, in the pine chlorenchyma,
this vacuole is filled with a homogeneous, highly osmiophilic matrix
which was identified through specific staining as being tannin mat-

erial. The main vacuole was thus referred to as the tannin vacuole.

In summer, the tonoplast was very prominent due to a slight
- shrinkage of the tannin matrix during most fixations. The - Summer
tonoplast was particular]y sensitive to changes in fixative osmo-
larities. The volume of the tannin vacuole was greater and the cy-
toplasm was confined to::a thin peripheral sheet about the inner
surface of the cell wall, in slender strands through the main_vacu-

ole to the nucleus, and a thin region of perinuclear cytoplasm.
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In winter, the tonoplast was obscured:i by tannin material and
changes in the osmolarity of fixative failed to affect the tonoplast
or the tannin material. The tannin vacuole was reduced in volume -
and had retracted to the central area of the cell. The vacuole was
more spherical (not following the contours of the inher surface of
the wall as closely) and no cytoplasmic strands were observed trans-
versing it. The contraction of the tannin vacuole greatly increased
the volume of the peripheral cytoplasm about the inner surface of the -
cell wall. This increase in cytoplasmic volume was greatest near the
ends of the cell where the long trabiculae are found. The shape of
the tannin vacuole in winter was confirmed by observations on cryo-

sections of chemically untreated tissue.

Cytoplasmic vacuoles and osmiophilic bodies:
in summer, small intensely osmiophilic bodies were observed with-
in the cytoplasm. ‘They were not found in large numbers and were ran-

domly distributed.

In winter, the osmiophilic bodies were present in great number
and were a very prominent feature. They were.localized in two gen-
eral areas within the cell: near the plasma membrane about the en-
tire cell as a single uniform layer, and]rgndomly"distributed deep

in the cytoplasm about the cytoplasmic vacuoles, particularly in

areas not occupied by the chloroplast clumps or the nucleus.

In summer, small cytoplasmic vacuoles are found scattered
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throughout the cytoplasm. They usually contain osmiophilic bodies.

In"winter, the osmiophilic bodies remained associated with
massés of cytoplasmic vacuoles, mainly in areas of cytoplasm not
occupied by the chloroplast cluhps.or the nucleus.w The dense masses
of vacuoles can be described as being ''foamy'" or "spong-like' in

appearance.

0i] bodies:
In summer, there are some oil bodies observed within the cy-
toﬁ]asm, usually near 'the nucleus. In winter, these oil bodies are
~greatly increased in size and number and are a prominent feature of

the winter cytoplasm.

Plasma membrane:

The plasma membrane appeared as a clearty defined membrane
closely appressed to the cell wall in most summer and all winter
fixations. In some summer fixations, the plasma membrane was oc-
casionally slightly separated from the cell wall due to some deg-

ree of cell plasmolysis.

Experiments with differing fixative and preparative procedures result-
ed in improved methods of preparing pine needle chlorenchyma for electron
microscopy. These experiments also revealed that the winter cytoplasm is
remarkably insensitive to radical changes in the osmotic and ionic nature

of fixative solutions when compared to summer tissue. Chemical preparative
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procedures for electron microscopy couldbe substantially reduced in durat-
ion for winter tissue without any detectable deterioration of ultrastruct-
ural preservation. These differences in response to chemical treatments

are interpreted as being indicative of a fundémental change in the permea-

bility of cytoplasmic membrane systems in winter.

It is concluded that the dramatic transformation in chlorenchyma ult-
rastructure between the summer and winter states represents the cytologi-
cal response to the physiological and physical changes within the pine
needle mesophyll. The physiologically induced ultrastructural changes in-
clude the changes in cytoplasmic membrane permeability and structure in
winter, thus allowing the rapid penetration of fixative solutions and pre-
venting any extensive osmotic:response by the protoplast or its organelles
to significant changes in fixative concentration of composition. The in-
creases observed in cytoplasmic vacuolation, osmiophilic bodies, oil bo-
dies, chloroplast stroma and nuclear envelope pores must also be the result
of physiological and biochemica]phoaesseﬁﬁWﬁehmust have occurred while the
chlorenchyma was still in an active state.some time in eariy fall. Simi-
larly, the reduction in mitochondrial volume'and the assumption of simpli-
fied spherical shapes, and the hydrelysis of chloroplast starch grains
must also have occurredwhen the tissue was still active metabolically; It
is concluded in this work that the above cytoplasmic changes between summer
and winter states may be the cytological response of the stage one phase

of frost hardiness preparation.



134

Some of the structural differences between summer and winter chloren-
chyma ultrastructure may be related to physical rather than physiological
or biochemical changes in the chlorenchyma. The physical changes are be-
lieved to be due to the distortions induced.within the protoplast due to
ice plasmolysis. These physical distortions may represent the cytologic-
al response of stage two of frost hardiness development, in which the pro-
toplast is believed to physically adapt and accomodate ice plasmolysis and
the presence of ice crystals. <Cytological. manifestations of ice plasmoly-
sis would lead to:the{aggregationz6ﬁychlorop1astsgin certain specific cy-
toplasmic areas and .finally the fusion of these organelles. The translo-
cation and change in shape of the winter nucleus and the distribution of
cytoplasmic vacuoles are also believed to be the result of ice induced

plasmolytic forces.

An hypothesis based on physical forces due to the freezing of the win-
ter dhlorenchyma is presented to explain some of'the winter ultrastructur-
al changes observed. This hypothesis is based on the concept of differen-
tial plasmolysis in-which the winter cell plasmolyzes in regions of exten-
sive cytoplasmic vacuolization, but does not plasmolyie as extensively in
cell regions where the chloroplast clumps and the winter nucleus are found.
A possible explanation for this differential plasmolysis is based on the
concept that the plasma membrane may adhere to the cell wall more extensive-
ly where the primary pit fields are located , while the protoplast collapses
readily in the presence of ice dehydration in the regions of extensive va-
cuolization. Another important aspect -of this hypothesis is that the tan-

nin vacuole enters a gel-like 'state with subsequent structural integrity'
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at low temperatures and/or in a dehydrated state due to the removal of cell
free water by ice nucleation sites external to the protoplast. Nuclear
and chloroplast migrations from summer locations would occur by the squeez-
ing of these organelles from summer locations.as the cytoplasm collapses

against the tannin material.

The fundamental transformation of the summer pine chlorenchyma cell
ultrastructure to the winter state is completely reversible. The summer
state of needles after winter is very similar to the summer before expo=
sure to fall and winter. What may be an intermediate.or spring transit=

ional state has been described in this work for chlorenchyma fixed in April.

Pine chlorenchyma from needles that had been kept in a frozen state
from winter collection were observed in the frozen state without any chem-
ical additives. These observations indicated that tEe tannin.vacuole was
in the same position as observed in chemical fixations of winter cells.

The position of oil bodies and the nucleus were also similar to that ob-
servediﬁchemjca1ryfixed material. No other cytoplasmic details could be
observed in frozen sections. It is concluded that the observations on fro-
zen material indicates that the appearance of chemically fixed winter tis-

sue may be very close to the true physical state of the winter frozen cell.

“Studies in this work indicated that a minority of chlorenchymal cells
in needles of all ages were senescent or dead. The numbers of cells in
these two conditions were proportional to needle age, but were independent

of season.
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The chlorenchyma of :Pinus albicaulis and Tsuga mertensiana were also

examined at the light microscopy level in summer and winter. These obser-
vations indicated a seasenal cycle between summer and winter cytoplasmic

states which is very similar to that studied in P. contorta.

The structure of the mesophyll chlorenchymal cells were studied in
detail by serial sectioning and scanning electron microscopy. The shape
of the mesophyll cell was observed to be related to the distribution of

certain cellular components ‘in the winter state.

Experiments were conducted to artificially induce frost hardiness in

laboratory grown Pinus contorta seedlings, but these experiments were only

partially successful and no definitive conclusions can be based on them.
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APPENDIX |

Specific Stain Solution

Modified Johansen (1940) Stain and Fixation for Tannins

A dark brown staining of vacuoles will occur with longitudinally

cut needles fixed for 12 hours in the following solution:

Ferrous sulphate 0.5 gm
1.5% freshly made formalin, made up in
Sodium cacodylate buffer

Reeve Stain for Polyphenols (1951)

To fresh sections, the following solutions are added in success-

ion..

10% sodium nitrite
20% urea stabilizer
10% acetic acid’

After 3 to 5 minutes, add 2 N sodium hydroxide.
Slow in developing light pink areas were interpreted to indicate
the presence of tannins. The bright cherry-red staining of tannins
described by Reeve was never observed. Only a light pink coloration

of the tannin vacuoles was observed.

Sudan Black B Solution

Stain was made up in absoelute alcohol and a clearing solution of
90% alcohol - 10% distilled water was used. Staining was done for
five minutes followed by 1 minute in clearing solution, followed by
two washes in distilled water. Dark spherical desposits in the pro-

toplasts were interpreted as positive tests for lipids.
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APPENDIX 11

Cryosectioning and 'Light Microscopy of Frozen Tissue

In order to view tissue in the frozen state and unthawed state,
(field collection was at below zero temperatures), a .Richert cryomi-
crotome and Nikon biocular microscope with camera attachment were mod-
ified for this purpose. The procedure and apparatus uséd is describ-

ed as follows with reference to figures 78, 79 and 80.

A. Cryosectioning

Needles stored in a commercial freezer at -18OC, were subdivided
transversely within the freezer into approkimately 0.5 cm long seg-
ments. They were then placed in a sealed vial which was immersed in
a brine-ice bath (A, figure 78), and transferred in this bath to the
apparatus illustrated in figure 78. The apparétus consists of a stand-

ard Richert C0, expansion cryotome, ( (B), CO, bottle; (C), cutting

2 2
arm; (D), cooling stage). A large razor blade with a well made of
plasticine attached to its upper surface was used as the sectioning
knife. Liquid nitrogen wés transferred from the Dewar liquid nitro-
~gen reservoir (K) to the plasticine well by an aluminum foil ladlé (E).
When vigorous bioling of the liquid nitrogen in the well stopped, the
knife was ready for sectioning. Several drops of gum arabica support

media was cooled on the cryotome stage (D) until ice began to form.

Tissue was then removed from the brine-ice bath with insulated forceps
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(G), the tips of which had been cooled in liquid nitrogen. The speci-
men was dipped into liquid nitrogen and thrust into the support media.
The extreme low temperature of the specimen froze the support media
immediately. The specimen and support media were maintained in the

frozen state by expanding C0, gas.

2
Sections could now be cut since both specimen and knife were at
very low temperatures. Approximately 20 um sections were obtained.
Plastic coverslips (H) were cut into 6 mm squares (arrows). Some of
the coverslip piecesvwere then coated about the edges with a thin band
of si]icone‘vécuum grease. A cold sink was used to maintain the co-
verslips at low temperature and it consistea of a 650 gm. block of
iron (J) which had previously been immersed in liquid nitrogen until
_boiling stopped. The manipulation, storage, and transport of cover-
slips and sections were conducted on the surface of this sink which
could be used for up to twenty minutes before re-cooling became nece-
ssary. Sections were transferred from the knife to the greased cover-
slip and a non-greased coverslip plaéed oﬁ'top. This formed a sealed
wafer consisting of the two coverslips, the sections in between, and

the edges sealed with vacuum grease.



B. Cryomicroscopy

The apparatus used to observe thg frozen sections is illustrat-
ed in figure 79. A Nikon binocularwith a camera attachment (P) was
used. The stage controls were removed and replaced with a handmade
cooling apparatus (M). This apparatus will be déscribed with refer-
ence to the cross-sectional diagram shown in figure 80. The stage
was covered with aluminum foil (not shown) and then coated with a
layer of plasticine (stippled areas). A heavy gauge 4 X 10 cm strip
of copper wfth a 2 mm aperture drilled near one end was placed in the
plasticine with the aperture over the optical axis of the microscope.
The other end of the copper sheet was bent upwards into a liquid ni-
trogen reservoir and.coated with vacuum grease to prevent leaking.
The heavy guage copper sheet acted as the conducting medium to lower
the stage temperature by conducting heat from the stage to the liquid
nitrogen reservoir. A 1 cm area on the upper surface of the copper
sheet above the apeftufe was not covered with plasticine. The appar-
atus was deemed ready for use when a drop of 50% ethylene glycol sol-
ution frozed quickly when placed on thé exposed copper above the aper-
ture. Only the 20X and the 40X objectives were used and the conden-
ser lense was turped down to prevent it from coming too close to the

cooling system.

Freon gas (N) was cooled to liquid in a liquid nitrogen bath (0).
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The exposed copper on the stage was brushed with liquid freon and the
specimen wafer quickly dipped into the freon jusf before observation.in-
order to quench the material and remove water vapour frost from the sys-
tem. The sepcimen wafer was manipulated on the stage with cooled in-

sulated forceps (G).
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PLATES 'AND EXPLANTIONS

LEGEND

Cuticle

-Chloroplast clump

Chloroplast envelope
Chloroplast

Cristae

Cytoﬁlasmic Vaéuole

Cytoplasm

Dictyosomé

Epidermis

Endoplasmic Reticulum (used when distinction between RER and
SER cannot be determined). .
Endodermis |

Extracellular Space

Fiber Cells

Fiberous Hypodermal Cells
Grannum

Guard Cells

Ground Cytoplasm
Heterochromatin

Mesophyl1

Mitochondria

Main Vacuole

Nucleus



NE

Nu

0B

Pd
Pg
PM
RD

RER

Sc
SER

St

™
To

TP.

T

TV

VB

WL

Nuclear Envelope

‘Nucleolus

0il body
Osmiophilic Body
Polysomes

Plasmodesmata

’Plastogldbuli

Plasma Membrane

Resin Duct

Rough Endoplasmic Reticulum
Stroma

Starch Center

Smooth Endoplasmic Reticulum
Starch Grain

Trabiculum

Tannin Material

Tonoplast

Transfusion Parenchyma
Transfu;ion Tracheids
Tannin Vacuoje,

Vascular Bundle

Cell Wall

"Water Layer'' of the Hypodermis

143



1k

Figure 1

PLATE 1

Needle Cells and Tissues

One half of the transverse area of fresh mature needle
material from an approximately 20um cyrosection section is
shown by dark field illumination. Cells and tissues from
outer surface to needle interior are: thick cuticle (C, ar-
row), the outer dermal layers; single tier of epidermal
cells (E) without visible cell lumina; a single tier of
thin-walled hypodermal cells (the 'water layer', WL) and a

‘one or two cell layer of fibrous hypodermal cells (FH). The

mesophyll (M) consists of crenulated walled chlorenchyma,
e.g. cell labelled (A). Note medially (to the left of the
plate), there are two tiers of rectangular chlorenchyma cells
and laterally (to the right) along the needle edges, there
are more than two cell layers. Cells in this area are us-
ually ovoid in transection. In the lateral mesophyll, a
resin duct (RD), with duct lumen bordered by a thin walled
secretory epithelium (SE) and a fiber cell layer (FC) is
found. Note the boxed area in the upper medial mesophyll
represents the area where most sections studied in this work
were taken. The endodermis (En) of one cell layer encloses
transfusion tissue of two cell types: transfusion tracheids
(TT) and transfusion parenchymal cells (TP). One of the two
vascular bundles (VB) is shown.

A 100 um scale is shown: 175x.
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PLATE 11

The Shape and Sectional Interpretations of

a Generalized Pine Mesophyll Cell

Figures 2 to 6 show the three dimensional shape of a generalized
medial chlorenchymal cell and the interpretation of various sectioning
planes through it.

Figure 2 Diagram of the surface of a generalized chlorenchymal
cell. Three cell faces are shown with respect to the nee-
dle:transverse face (A), radial face (B) and one of the ends
of the cell (tangential face, C). Dark surface grooves are
trabicularwall invaginations.

Figures 3 to 6 all have the same key to the cellular components : -
shown. Nucleus, (circle and N), light stippling (cyteplasm), dark stip-
pling (tannin material of the ‘tannin vacuole), dark lines (cell walls and
the trabicular |nvag|nat|ons) All section. profn]es are of sectlons
which could be cut from figure 2.

Figure 3 The generalized appearance of a transverse needle sect-
ion, in a plane parallel to face A figure 2.

Figure &4 "<+ A tangential needle section near the end of the cell
(face C). Note that the end wall trabiculae cause the sec-
tion to appear as three, cell-wall-bounded compartments.

Figure 5 A tangential needle section cutting the mid-region of
the cell below the region of trabicular penetration.

Figure 6 A radial needle section of the narrow side of the cell
in a plane parallel to face B and close enough to cut the
trabiculum.. Note the trabiculum which invaginates in from
face B divides this section into two compartments.
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Figure 7

Figure 8

Figure 9

PLATE |11

A transverse view of the lateral mesophyll. .(FH) = fib-
rous hypodermal cells. Note the chlorenchyma cells are ovoid
in outline, trabiculae of uniform length. invaginate about
each cell. Cell wall debris from a cell in the sheet of cells
that was above -the cells shown can be seen .still attached (sol-
id arrow). Open arrow shows where the cell wall has broken off
the cell surface.

Approx. 600x.

Two cells (A" and A) are viewed obliquely in the trans-
verse plane of the needle. These cells are more angular in
outline being from the more medial mesophyll areas. The cell
faces labelled A and A'*~ correspond to face A in figure 2.
Similarly, face C corresponds to face C in figure 2. Note
the long trabiculum (arrow) and the hollow to the left where
the cytoplasm which has-been dislodged. Arrowhead indicates
cytoplasmic. areas where the cell wall has broken off.

Approx. 850x.

Higher magnification of two adjacent cells. The arrow-
head shows the invagination of a short trabiculae. Note how
the trabicular folds completely back on itself leaving what
appears to be a pit into cell interior. Arrows point to tra-
biculae whose walls have not folded back 6n themselves com-
pletely but have formed ''U'" shaped cleavages in the cell walls.
Note near the top arrow, a patch of cell wall has broken off
exposing the cytoplasm.

Approx. 1,000x.
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Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

PLATE IV

Light ‘Microscopy - Summer Chlorenchyma

The section was prepared and observed by the procedure in
appendix Il. An entire chlorenchymal cell is visible, a '"'U-
shaped'' extracellular space extends into the cell. The guard
cells (Gd) of a stomata can be seen. A nucleus (N) and chloro-
plasts tightly appressed to the cell wall (arrow). can be seen.

A 10 um scale is shown? 1,h00x;

Formalin fixed material. The cell walls of two cells (W),
a trabiculum (T) and nucleus (N) are visible. Individual chlo-
roplasts (arrowheads) uniformly line the wall and the trabiculum.

A 10 um scale is shown: 1,700x.

Tissue stained in the formalin fixative and tannin speci-
fic stain solution given in appendix I. Two types of trabicu-
lae are shown: the long end wall trabiculum (T) and the shorter -
lateral wall trabiculae (T'). The cytoplasm can be seen as a
thin clear parietal band (between arrowheads). Note the heavily
stained tannin vacuole (TV) and a nucleus (N) at the tip of the
long trabiculum,

A 25 uim scale is shown: 850x.

Two large chlorenchymal and several endodermal cells (En)
are shown in unfixed material stained with Sudan Black B.

Small sudanophilic bodies are found in the cytoplasm (open ar-

rows) and larger bodies are found in the endodermis (En, arrow).
A 25 um scale is shown: 750x.
High magnification of the type of material in figure 13.
Note the sudanophilic bodies (0)-are close to the cell wall.
Some dark staining material is near the resolution of the mi-

croscope (White:arrows).

A 10 um scale is shown: 2,000x.
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PLATE V

The Summer - Winter Light Microscopy

Cytology of Tusga mertensiana

Summer fixations.

ngure 15

Figure 16

Transverse section of‘mountain hemlock needle. Note tan-
nin (TV), circular nuclei (N) and chloroplasts lining the cell
wall (arrowheads). Part of the endodermis (En) is also visi-
ble.

. 700x.

A portion of a mesophyll cell. Individual chloroplasts
(Ch) are clearly seen with ovate profiles, a cytoplasmic va-
coule is shown {(CV).. Starch grains (St) are present in the
chloroplasts and what may be osmiophilic bodies (arrowheads)
are seen along the cell wall.. TV = tannin vacuole.

1,600x.

Winter fixations.

Figure 17

Figure 18

Chloroplasts clumps (CC) are visible in all cells shown.
Note the position of the ovate nucleus (N) in the cytoplasm
with the two prominent nucleoli (arrows). Cytoplasmic vac-
uoles (CV) and osmiophilic bodies can be observed (arrowheads).
Open arrow points to a primary pit field between two cells.
TV = tannin vacuole.

1,600x.

Chloroplast clumps (CC) in two adjacent cells, note the
vacuolated cytoplasm between the clumps, the tannin vacuole
(TV) and.the cell wall. The vacuoles along the cell wall, in
particular, contain numerous osmiophilic bodies (arrowheads) .

1,500x.



148- a




149

PLATE VI

Electron Microscopy. of Summer Chlorenchyma.

Figures 19 to 32 are electronphotoniicrographs of summer tissue fixed
at dawn and fixed in the standard fixative solution.

Fiqure 19 Parts of four cells sectioned in the region illustrated
in figure 5. This is a three month old needle (August fixat-
jion). The cells are dominated by the homogeneous osmiophilic
tannin vacuoles (TV). In the parietal cytoplasm is found:
chloroplasts (Ch) ‘with starch grains (St), polymorphic mito-
chondria (Mt), homogeneous and largely non-vacuolated ground
cytoplasm, a few cytoplasmic vacuoles (CV) associated with the
osmiophilic bodies (0B), and small (usually 2 microns or less)
oil bodies (0).

A 5 um scale is shown: 5,000x.

Figure 20 A 2 mm needle. Tannin has only just begun te be formed
' and none is visible in the main vacuole (MV). The chloroplast
has fully developed with small grana (G, white arrow). Plasto-
globuli (dark arrows) are very small and few in number. The
cell wall (W) ‘and part of the extracellular space (ES) is shown.

A 1 um scale is shown: 17,000x.

Figure 21 A chloroplast and mitochondria (Mt) from a two year old
needle. The membranes shown are distinct. The plasma mem-
brane (PM), double membraned chloroplast envelope (CE, arr-
ow) and mitochondrial envelope membranes (open arrowhead) can
be seen. Grana.contain few thylakoids but partition regions
are extensive (open arrow). Plastoglobuli (Pg) are large, num-
erous, and usually associated with the thylakoid membranes. The

~ground cytoplasm-(GC) is relatively empty of identifiable stru-
ctures. except for fine granular and:fibrilar material. A
starch grain (St) is shown within the chloroplast.

A 1 um scale is shown: 29,000x.
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Figure 22

Figure 23

Figure 24

Figure 25

PLATE VII

Electron Microscopy of Summer Chlorenchyma: Continued

The organelle rich cytoplasm near the nuelcus (N) is -
shown in this section from a two month old needle. A chlor-
oplast (Ch) containing a starch grain (St) and with some of
its thylakoids slightly swollen is shown along the cell wall
(W), the plasma membrane. (PM), several cytoplasmic vacuoles
(CV) containing osmiophilic bodies (0B) and membranous and
fibrillar material, rough endoplasmic (RER), a dictyosomes
(P, arrowheads) are shown.

A 0.5 um scale is shown: 38,000x.

Two osmiophilic bodies (0B) are shown in three month old
needle tissue.  The upper is enclosed within a cytoplasmic
vacuole (CV) which also contains some membranous material
(solid arrowhead). The lower osmiophilic body appears not to
be membrane bound. Note the tonoplast (To; open arrows) ap-
pears separated from the tannin material of the tannin vac-
uole (TV). Fibrillar material appears to stretch between the
tannin and the tonoplast (open arrows). W = cell wall.

A 0.5 um scale is shown: 40,000x.

An osmiophilic body (0B) from fourteen month old needle

tissue is shown associated with several concentric membranes

(arrowheads). Also shown are the tannin vacuole (TV), and
the cell wall (W).

A 0.5 um scale is shown: 33,000x.

A small areaof cytoplasm.is shown from three menth old
needle tissue. Cytoplasmic vacuoles (CV) are shown contain-
ing osmiophilic material (solid arrohead). Two dictyosomes
(D) are shown surrounded by numerous small veﬁlcles (open ar-
rowhead). TV = tannin vacuole.

A 0.5 um scale is shown: 35,000x.
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Figure 26

Figure 27

‘Figure 28

Figure 29

PLATE V111

Electron Microscopy of Summer Chlorenchyma: continued

A small area of cytoplasm is shown from two month old nee-
dle tissue. Several dictyosomes (D) are visible and surrounded
by vesicles. From what may be part ‘of a dictyosome (in the up-
per center), a series of cytoplasmic vacuoles (solid arrows)
can be seen. The largest is closest to and appears to have fus-
ed with the tonoplast (open arrowhead). Note the fibrils (ar-
rows) which appear to connect the tannin material with the ton-
oplast (To). TV = tannin vacuole.

A 0.5 um scale is shown: 28,000x.

An area of cytoplasm from a young needle .(one month old)
is shown. A dictyosome (D) with a series of cytoplasmic vesi-
cles between it and the cell wall (W) is shown. An unusual
section of a mitochondrion (Mt) and part of the tannin vacuole
(TV) is also shown. : ‘

A 0.5 um scale is shown: 35,000x.

This section is parallel to,. and just under the cell wall
in a young (two month old) needle showing a multilobed mito-
chondria (Mt). MNote that the matrix is filled with extensive
tubular cristae (Cr, arrowheads). Part of the surface of a
chloroplast (Ch) is also shown. ‘

A 0.5 um scale is shown: 34,000x.

An oil body (0) is shown with the mitochondria (Mt) near-
by in one year old needle tissue. Two osmiophilic bodies (0B)

* are also shown along with part of a chloroplast (Ch) and the

cell wall (W).

A 0.5 um scale is shown: 38,000x. .



151-a




152

PLATE 1IX

Electron Microscopy of Summer Chlorenchyma: Continued

Figure 30 A nucleolus is shown from a two month old needle contain-
ing largely pars granulosum. It is separated from the adja-
cent heterochromatin by a ring of clear nucleoplasm containing
only fine fibrillar material.

A 0.5 um scale is shown: 30,000x.

Figure 31 A region between two cells is shown with the nucleus (N)
of one cell near the cell wall of a three month old needle.
This is a 1 um plastic section stained with osmium, toluidine
blue and Saffranin and viewed with phase contrast optics.
Three nucleoli (Nu, arrowheads) are visible, each with a clear
ring of nucleoplasm about them. The dense and irregular heter-
ochromatin is visible (Hc). Starch grains (St) are seen in
chloroplasts (Ch) spaced evenly along ‘the cell wall. The tan-
nin vacuoles (TV), extracellular space (ES), and a trabiculum
(T) are also shown.

A 5 um scale is shown: 3,100x.

Figure 32 Most of a section of a nucleus frem a three month old nee-
dle is shown. ‘A clearly defined nuclear envelope (NE) consist-
ing of two distincts. membranes in which few nuclear pore pro-
files can be seen (arrows). The nucleoplasm contains two nu-
cleoli (Nu) and irregular dense aggregates of’'granular hetero-
chromatin (Hc, arrowheads). In the cytoplasm near the nucleus
rough endoplasmic reticulum.(RER), an oil body (0), chloroplasts
(Ch), and the tannin vacuole (TV) are shown.

A 1 um scale is shown: 12,000x.
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Figure 33

Figure 34

Figure 35

Figure 36

PLATE X

Light Microscopy of Winter Tissue

An unstained, non-fixed, frozen section of several cells
is shown prepared by the procedure outlined in appendix I1.
Note the wide band (between arrowheads) of granular cytoplasm
along the cell wall. In most areas the cytoplasm is as wide as
the distance the trabiculae (T) penetrate into the cell. The
only other recognizable features are the tannin vacuoles (TV)
and a nucleus (N) in one cell. Nothing resembling chloroplasts
can be seen. Material from eight month old needle.

A 25 um scale is shown: 800x. Section about 20 um thick.

A cryosection of cells stained and fixed in the specific
formalin fixative for tannin given in appendix |. Note that
there isanuniform and dramatic positive tannin staining for
the tannin vacuoles (TV), but none in ‘the cytoplasm, endoder-
mis (En) or transfusion tracheid (TT). The several nuclei  (N)
visible are located along the cell wall.” No substructure can
be seen within the cytoplasm except for numerous large, highly
refractile spheres (arrowheads). These stain positively with
Sudan Black B.

A 50 um scale is shown: 380x.

A 1 um plastic section of two cells with osmium, toludine
blue and Safranin staining is shown. The irregular nature of
the tannin vacuole (TV) is an artifact due to tearing as a re-
sult of sectioning. Note the extensive regions of vacuolated
cytoplasm (CV). Some osmiophilic bodies (arrowheads) are
large enough to be seen amongst the cytoplasmic vacuoles. Note
the large number of chloroplasts which are found in the chlo-
roplast clumps (CC). Note that the dark thylakoid system of
each chloroplast is contrasted against a surrounding lightly
stained region of stroma. FH = part of a fibrous hypodermal
cell. :

A 10 um scale is shown: 1,700x.

One cell and parts of several others are shown in this fig-
ure of an unfixed and approximately 20 um cryosectioned mater-
ial stained with Sudan Black B. Note the several very large
oil droplets (0) found within the cell. T = long trabiculae of
the cell. : '

A 10 um scale is shown: 1,400x.
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Figure 37

PLATE XI

Electron Microscopy of Winter Chlorenchyma

A needle tangential section showing several cells in the
plane of figure 5. Note how the tannin vacuoles (TV) are
rounded and do not follow.the contours of the cell wall (W)
with the resultant irregular sectional width of the cytoplasm.
Small chloroplast clumps (CC) are found along the walls cor-
responding to face B (figure 2) while few organelles are found
along the walls corresponding to face A (figure 2), asterisk.
Circular mitochondria are found about the chloroplast clumps
(Mt, arrowheads). The open arrow points to blebs of tannin
along the edge of the tannin vacuole. OB = osmiophilic bodies,
ES = extracellular space, n = nucleus, seen in the lower left
hand corner. Needle, twenty months old.

A 5 um scale is shown: 4,400x.
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PLATE X1l

Electron Microscopy of Winter Chlorenchyma: Continued

Figure 38 Cell section in the plane of figure 6 showing nearly an

entire cell from a nine month old needle. Note that the lar-

~gest chloroplast clumps are in the ends of the cell (left and
right parts of the figure). Cytoplasmic vacuoles tend to be
orientated normal to the tannin vacuole (TV) surface (double
ended arrows). The cytoplasmic vacuolés are also associated
wi‘th the osmiophilic bodies. An oblique section of a short
trabiculum (T) is also shown.

A 5 um scale is shown: 4,L400x.

Figure 39 Cell section 'in a plane similar to figure 3 showing part
of a eight month old needle. The chloroplast clumps (CC) are
located in the ends of the cell (to the left of the figure)
and along the wall corresponding to face B, figure 2 (clumps
in the center and to the right, near the short trabiculae (T)).
A large oil body is seen (0). Note how close the tannin va-
cuole (TV) comes to the ends of the trabiculae. The edge of
the tannin vacuole has fragmented into some smaller pieces of
‘tannin material (arrowhead). 0B = osmiophilic bodies. ES =
extracellular space filled with what appears to be cellular
debris.

A 5 um scale is shown: 46,000x..
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Figure 40

Figure 41

Figure 42

PLATE XIII

Electron Microscopy of Winter Chlorenchyma: Continued

A tangential section of an eight month old needle (appro-
ximately the plane of figure 4). Note the large chloroplast
clumps (CC) consistently fiound near ‘the ‘end cell walls of: these
cells.. This section has just cut into the surface of a tannin
vacuole (TV). Note the irregular surface and what appears to
be tannin blebs (solid arrowheads) in the immediately adjacent
cytoplasm. Plasmodesmata (Pd) are seen between adjacent chlo-
renchymal cells. Note that the plasma membrane is consistent-
ly appressed to the cell wall (open arrowhead).

A 5 um scale is shown: 5,000x.

One of the regions of extensively vacuolated cytoplasm des-
cribed as ''foamy' or'spongy' is shown by the asterisk, separat-
ing two chloroplast clumps (CC) in an nine moenth old needle.
Note the very small amounts of ground cytoplasm (arrowheads)
found in the regions of the most extensive vacuolation.

A 2.5 um scale is shown: 75,000x.

Part of a chloroplast clump of an eight month old needle
is shown. Note how the chloroplasts are interlocking with each
other -with no open spaces between adjacent plastids. The junct-
ional regions between the chloroplasts appear to consist of se-
veral parallel membranes (solid arrowheads). Between the chlo-
roplasts and the motochondria, there is a uniform gap of cyto-
plasm (open arrowheads). Most of the irregular shaped portions
of the chloroplasts consist of stromal regions (S) containing
no thylakoids. Note two thylakoid systems (each labelled with
an asterisk) lie at right angles to each other within one chlo-
roplast envelope.

A 1 um scale is shown: 13,000x.
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Figure 43

Figure 4k

Figure 45

Figure L6

Figure 47

PLATE X1V

Electron Microscopy of Winter Chlorenchyma: Continued

Two chloroplasts from an eight month old needle are shown.

"The oblique section of the chloroplast envelope (CE, solid arr-

owhead) appears as a uniform granular area. Cross sections of
the envelope at low magnlflcatlon appear as single lines (open
arrows). Note the two internal thylakoid systems -(asterisks)
lie within one chloroplast envelope, separated by a large area
of stroma (S).’

A 2 um scale is shown: 15,000x.

A clump of chloroplasts from a fifty-:sfive month old needle
is shown. The chloroplasts have little exclusively stromal re-

~gions, ]ong granal areas of no more than two or three thylakoids

and numerous larger plastoglobuli (Pg, solid arrowheads) are
shown. The chloroplasts occasionally have contrictions or nar-
row isthmusés between them (open arrow). Also shown is the

~ground cytoplasm (GC) containing little except scattered fibil-

lar material and a very large oil body (0). W = cell wall.
A 1 um scale is shown: 10,000x.

Part of the areas of contact between three chloroplasts in
an eight month old needle. The chloroplasts envelope (CE, arrow-
head) is very difficult to resolve into its two membrane compo-
nents, and appears as a series of vesicles approximately 25 nm to
Lo nm in diameter. In the regions of chloroplast contact, parts
of three membranes can sometimes be seen (white arrows).

A 2 um scale is shown: 27,000x.

An optical magnification of the boxed region of figure 45.
The tripartite nature of the membranes in the region between

‘adjacent chloroplasts is visible (between arrowheads). Two thin

outer:mémbranes:and-a thickef central membrane can be.seen.
A 0.5 um scale is shown: 54,000x.

A chloroplast and mitochondrion (Mt) of an eight month old
needle are shown. Note the indistinct chloroplast envelope (CE,
arrowhead). In contrast, the thylakoid membranes in the unusually
large grannal area (G) are very distinct. Plastoglobuli (Pg,
arrow) are evenly distributed throughout the plastid, even in the
large stromal (S) areas. The clear region (sc) may be the starch
formation center. Mt = mitochondria.

A 1 um scale is shown: 27,000x.
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Figure 48

PLATE XV

Electron Microscopy of Winter chlerenchyma: continued

The appearance of parts of two cells from ten month old
(March) needle tissue. The single asterisk (upper right) in-
dicates a region of extensive cytoplasmic vacuolation asso-
ciated with the osmiophilic bodies (0B). In the double ast-
erisk area (center right), little osmiophilic material is seen
with the cytoplasmic vacuoles. Mitochondria (Mt, arrowheads)
are found in the single asterisk region but not in the double
asterisk region. Mitochondria are also localized in the non-
vacuolated cytoplasmic regions about -the nucleus (N) and the
chloroplast clumps (CC). The homogeneity in texture and stain-
ing of the tannin vacuoles (TV) can be seen from the large
area shown. Trabiculae (T), cell walls (W), and extracellular
space (ES) are also shown.

A 5 um scale is shown: 6,000x.
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Figure 49

Figure 50

Figure 51

Figure 52

PLATE XVI

Electron Microscopy of Winter Chlorenchyma: Continued

A cytoplasmic vacuole (CV) is shown, lined with the mat-
erial (arrowheads) from the osmiophilic bodies, which in turn
line the cytoplasm adjacent t&" the cell wall (W) in an eight
month old needle. Part of a characteristic winter nucleus (N)
and chloroplasts are also shown. '

A 1 um scale is shown: 10,500x.

A series of cytoplasmic vacuoles starting from the cell
wall (W) and extending to the ‘tannin vacuole (TV) and separa-
ting two chloroplasts clumps (CC) in an eight month old needle
are shown. Note the vacuoles are associated with an osmiophi-
lic body (0B, arrowhead). There is dense ground cytoplasm (GC)
immediately about the chloroplasts.

A 1 um scale is shown: 12,000x.

A section of a six month old needle at right angles to the
cell wall. Note the osmiophilic bodies (0B, arrowhead) predom-
inently distributed in a tier in the cytoplasm-.adjacent to the
cell wall (W). The cytoplasmic vacuoles between the chloro-
plast clumps (CC) and the tannin vacuole (just out of the low-
er left of the figure) appear stretched in the direction of
the double ended arrow.

A 2.5 um scale is shown: 6,000x.

A section tangential to the dome-shaped end wall (face C,
figure 2) of an tén month old cell. It can be seen that the
osmiophilic bodies (0B, and arrowheads) are found predominently
near the cell wall (W). Cytoplasmic vacuoles (CV) are associat-
ed with the osmiophilic bodies and also deeper in the cell
where there is extensive cytoplasmic membranes, many of which
appear like smooth endoplasmic reticulum (SER, arrowhead). Two
chloroplasts (Ch) are also shown.

A 2.5 um scale is shown: 6,000x.
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Figure 53

Figure 54

Figure 55

Figure 56

Figure 57

PLATE XVI1

Electron Microscopy of the Winter Chlorenchyma: Continued

A mitochondrion (Mt) of an eight month needle is shown.
The mitochondrial envelope (arrowhead) appears as a single irr-

egular dark line. Tubular cristae (Cr, arrow) are indistinct

and not as numerous as in summer.

A 0.5 um scale is shewn: 38,000x.

A dictyosome (D) frem a nine month old needle is shown.
Note that the budding viscles are all attached to the organel-
le andrtheré 'are: few dictyosome associated vesicles in the surs -
rounding cytoplasm

A 1 um scale is shown: 12,500x.

This is a 1 um plastic section stained with osmium, tolu-
dine blue and Safranin, and photographed with phase contrast
optics. A winter nucleus (N) is shown with an oil body (0)
and the tannin vacuole (TV) nearby, in an eight month old nee-
dle. Note the evenly dispersed granularity of the darkly stain-
ed heterochromatin and also a single nucleolus (Nu) is shown.

A 5 um scale is shown: 5,500x.

The nucleolus (Nu) and part of the nuclear envelope (NE;
arrowhead), containing numerous dense nuclear pores are shown.
Tissue is from an eight month old needle. The heterochromatin
(HC) appears to have a granular substructure.

A 1 um scale is shown: 28,000x.

An entire winter nucleus (N) ‘is shown between two chloro-
plast clumps (CC) in an eight month old needle. A small nucle-
olus (Nu, arrowhead) appears in this section and- the small
clumps of granular heterochromatic (HC) appear evenly distribut-
ed in the nucleoplasm. Several cytoplasmic vacuoles (CV) are
shown. ‘

A 2.5 um scale is shown: 9,000x.
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Figure 58

Figure 59

PLATE XVIll

Electron Microscopy of the Winter Chlorenchyma: Continued

and Winter Variations in Preparative Procedures

A large oil body (0) is .shown next to the nucleus (N) in
a. nine month old needle. -Several mitochondria (Mt) are usual-
ly found near the oil bodies in spring. But in winter, this
observation is unusual. Note the more extensive tubular cris-
tae than usual. TV = tannin vacuole.

A 2 um scale is shown: 12,500x.

The variations in winter fixations between cells are shown
in this electronmicrograph of a thirty -two month old needle.
Cell A shows a clump of chloroplasts in the normal winter fix-
ation. In cells B and C (they may be the same cell), the cyto-
plasm is filled with tannin material possible due to lysis of
the tonoplast. In cell D, all protoplast structures are brok-
en down. Cells B, C and D may be the winter correlates of
type Il'l cells.

A 5 um scale is shown: 4,000x.

Figure 60 to 62 are from material stored within a freezer for several months
at temperature =18C after collection at below freezing temperatures in mid-

winter.

Figure 60

Figure 61

Figure 62

A clump of chloroplasts (CC) from a nine month old needle fixed
in sea water buffer is shown. Note the consistently elongated
form of the chloroplasts and the reduced areas of close cont-
act (arrowhead) between adjacent chloroplasts. The tannin
vacuole (TV) and two cell walls (W) are also shown.

A 2.5 um scale is shown: 7,000x.

Part of a cell fixed in the sea water buffer from a nine
month old needle showing .the change in the shape of osmiophilic
bodies (0B, arrowhead) to a stellate form. Two chloroplasts
(Ch) are shown, one with a small starch grain (St) which is
unusual in winter material . W = cell wall.

A 1 um scale is shown: 12,000x.

The appearance of substructure in the form of darker cores
(arrowheads) in the osmiophilic bodies (0B) after this nine
month old winter tissue had been immersed into liquid nitrogen.
Some cytoplasmic vacuoles (CV) are associated with the osmio-
philic bodies and dictyosomes (D), a chloroplast” (Ch) and a
trabiculum (T) are also shown.

A 2 um scale is shown: 15,000x.
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Figure

Figure

Figure

Figure

Figure

63

64

65

66

67

PLATE XIX

Electron Microscopy of the April 27th.1973 Fixation

Several chloroplasts (Ch) are shown along the cell wall
(W). One chloroplast (with the starch grain (St)) is not near
the wall. Note occasional dilations of the thylakoids and the
even distribution of stroma about the thylakeids. A 25 to 50
nm gap is always observed in this tissue (solid arrowheads) be-
tween chloroplasts. Note the lobed mitochondria (Mt, arrow-
head) and the cytoplasmic vacuole (CV) without any associated
osmiophilic material in the dense ground cytoplasm (GC). (open
arrowhead). PM = plasma membrane. TV = tannin vacuole.

A 1 um scale is shown: 10,000x

This electron micrograph is of the boxed area in figure 63.
Note the consistent gap of cytoplasm (Cy, and between arrow-
heads), between the two chloroplasts. Grana in these chloro-
plasts consists of only two or three thylakoids (arrows).

A 0.5 um scale is shown: 30,000x.

When the spring chloroplasts (Ch) are sectioned in the
plane of the thylakoids, large numbers of plastoglobuli (Pg)
are occasionally seen to be associated with the thylakoids.
Note the irregular shape of the chloroplasts and the consist-
ent gap between adjacent plastids (open arrowheads).

A 5 um scale is shown: 20,000x.

A nucleus (N) in spring tissue is shown. The heterochrom-
atin (Hc) is in an-irregular dense formation typical of the sum-
mer condition. The tannin vacuole (TV), an oil body (0) and a
trabiculum (T) with chloroplasts (Ch) along it are also shown.

A 5 um scale is shown: 6,000x.

A low magnification of part of a cell showing the extensive
areas ground cytoplasm (GC) and occasional cytoplasmic vacuoles
(CV). Note that the tannin vacuole (TV) barely enters this
section. The cytoplasm contains. large amounts of osmiophilic
material ranging in size from less than 0.5 um bodies (usually
found along the cell wall, open arrowheads) to larger irregular
bodies (solid arrowheads) to still larger oil-like bodies great-
er than 2 um in diameter. Chloroplasts (Ch) are often irregular
in shape but do not have large stromal areas. They are general-
ly found clese to the cell walls:zand many have starch.grains (St).
Mitochondria (Mt) frequently have lobed and irregular sectional
profiles.

A 5 um scale is shown: 4,000x.
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Figure

Figure

Figure

Figure

Figure

68

69

70

71

72

PLATE XX

Electron Microscopy of Chlorenchyma: Spring Fixation

and Material Prepared by Various Procedures

Two types of osmiophilic cytoplasmic inclusions seen in the
April 17th, 1973 fixation are shown. At the right, a large oil-
like inclusion (0), and cluster of even more osmiophilic mater-
ial to the left (0). The latter material has an appearance sim-
ilar to the winter osmiophilic bodies. Cytoplasmic vacuoles
(arrowhead) were occasionally seen associated with the latter
structures. W = cell wall.

A 5 um scale is shown: 6,000x.

“The nucleus (N), chloroplast (Ch), and tannin vacuole (TV)
are shown in a three year old summer needle. The nuclei in old-
er needles are characterized by the rarity of nucleoli in sect-
ions, and extensive, dense heterochromatin (HC). Acrolein fixa-
tion.,

A5 um scale is shwon: 4,500x.

Part of a chlorenchyma cell from a five year old needle
fixed in the acrolein fixative solution. The tannin vacuole (TV)
and a large osmiophilic oil-like body (0) are shown. The cyto-
plasm is poorly stained but chleroplasts (Ch), containing numer-
ous plastoglobuli and starch grains (St) can be seen. W = cell
wall.

A 5 um scale is shown: 5,700x.

Part of a chloroplast (Ch), and mitochondria (Mt) are shown
from an acrolein fixed three year old summer needle. The chlo-
roplast is unusual in having a few plasteglobuli and some gra-
na (G, arrowhead) containing more than three thylakoids. The
cytoplasm above the organelles contains extensive osmiophilic
material. W = cell wall.

A 1 um scale is shown: 22,800x.

Mature summer needle tissue is shown after severe freezing
(- 18° C). A1l protoplast structural organization is lost in this
tissue. Tannin material (TM) is found right up to the cell wall
(W). The material shown may have been a chloroplast since struc-
tures resembling a starch grain (St) and possible plastoblobuli
(Pg?) are shown.

A=1 um scale i$ shown 13,800x.
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PLATE XXI

Studies on Pinus contorta Seedlings Subjected to

Various Treatments in Controlled Environment Chambers

Figures 73 and 74 are both of summer needles from a tree in which

frost hardiness was partially induced. This tissue was fixed by the winter
procedure at -4°C.

Figure 73

Figure 74

Figure 75

Part of the cytoplasm is shown. Cytoplasmic vacuoles (CV)
are very numerous, and are associated with the osmiophilic bodies
(0B, and arrowheads). Tannin material (TM) of the same density
and texture as the tannin vacuole material is often scattered in
the cytoplasm in small vacuoles. Mt = mitochondria.

A 1 um scale is shown: 26,000x.

Two chloroplasts (Ch, A and B) are shown which may be fused
along the outer envelope membranes. Note the absence of starch
in this material. The cytoplasm contains many vacuoles with no
discernable contents (asterisk) Mt = mitochondria. W = cell
wall. '

A 1 um scale is shown: 18,000x.

Two of the trees (pot A) in which frost hardiness was art-
ificially induced are shown in pots one week after exposure to
-187C. Visible damage to the trees consisted of the yellowing
of the youngest needles (open arrowhead, shows lighter shaded
needles), most of which eventually died. Second year needles .
(solid arrowhead) remained green and were used as the tissue
shown in figures 73 and 74. Pot B contains a control tree which
had no hardiness inducement treatments. The tree is dead and
the needles are dried out and falling off. This tree was expo-
sed to the -18°C frost at the same time as pot A.

A 10 cm scale is shown: trees are one fifth natural size.

"Figure 76 and 77 are of summer trees which have been exposed to warm temp-
eratures and no water for. 30.days.

Figure 76

Figure 77

Note that the chloroplasts (Ch) have detached from the cell
wall (W). The plasma membrane (PM, arrowhead) is still along
the cell wall. Osmiophilic bodies (0B, arrowheads) are more
numerous than in normal summer tissue.

A l;um scale is-shown: 10,000x.

The perinuclear cytoplasm contains endoplasmic reticulum
(ER), circular mitochondria (Mt), an unusual constricted (open
arrowhead) chloroplast (Ch) containing a small starch grain (St).
The nucleus (N) contains the same type of chromatin arrangement
seen in spring and summer. A small oil body (0) is also seen.
W= cell wall. '

A 1 um scale is shown: 11,000x.
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PLATE XXI1I .

" Apparatus for Frozen Section Observation

Figure 78 The apparatus for the sectioning of material kept contin-

ously frozen. Labelled items are: (A)- brine-ice cooling bath;
(B) - COzlbottle; (C) - sectioning arm of cryotome with liquid
nitrogen“reservoir on the knife; (D) - foil ladel;

ing media (gum arabica); (G) - insulated forcepts; (H) - plast-
ic coverslips cut into small squares; (I) - vacuum grease; (J)
- steel cold sink; (K) - Dewar for liquid nitrogen storage.

(F) - mount-

A 10 cm scale is shown, apparatus ‘is one fifth actual size.

Figure 79 The appartus for the observation of frozen sections. O0Ob-

jects not described above are: (L) - the cryomicroscope stage
(which is diagrammatically shown in figure 80); (M) - liquid
nitrogen reservoir; (N) - freon bottle; (0) - Dewar of liquid
nitrogen to liquify freon gas; (P) - microscope camera.

A 15 cm scale is shown: apparatus is shown at one sixth
actual size.
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Figure 80 : Diagram of the cryomicroscope stage apparatus. A cross-
section is shown.
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