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Cytological changes connected with the process of adaptation to
ow temperatures in the coleoptile epidermis of Agropyron glaucum

M. KWIATKOWSKA

The seasonal increase in resistance of plants to low temperatures appearing
in the autumn-winter period, and disappearing in spring and summer is the object
of interest of investigators in many biological branches. The explanation of this
phenomenon is sought for in studies on the specific biochemical, physiological
and cytological changes associated with the increase in hardiness as well as in in-
vestigations on the causes of death brought on by heavy frost. In spite of the ex-
tensive literature devoted to this problem, a number of questions remain unsolved,
and the results of observation reported by various authors, and their views on the
subject are often controversial. One of the causes of this seems to be the insufficient
number of complex cytological-physiological-biochemical investigations performed
on comparable objects subjected to identical experimental conditions, since even
slight methodical differences may yield completely inconsistent results (Aleksan-
drov 1964: Moroz 1966; Rottenburg 1968).

In investigations on the influence of lowered temperatures on the morphology
of mitochondria (Kwiatkowska 1970) the author also performed, among other
studies, observations on plants subjected to two-step adaptation according to the
method used in physiological and biochemical tests on the hardiness of cereals.
This method is based on Tumanov’s theory claiming that plants with a genetic
ability of adaptation to low temperature become hardened in two phases (Tumanov
1951, 1960). The first occurs in the period of autumn cool weather at temperatures
around 5° to 0°C, and begins by a strong inhibition of growth. In this phase accu-
mulation of protective substances occurs. These substances are mainly sugars de-
rived from photosynthesis in the cereal leaves (Andersson 1944) or from trans-
formation of starch to simple sugars when cereal seedlings are injured by cold (Tu-
manov 1951). The second phase of adaptation takes place at negative temperatures
(below —3°). In this period the permeability of the protoplast to water increases
and so does the ability of the plant to produce extracellular ice in the course of
freezing of the tissues. Owing to this, the cell structure remains intact. In both phases,
as surmised by Tumanov (1960), there presumably occur changes in the cell ultra-
structure, increasing the thermal resistance of the plant. So far morphological data
are not available concerning these transformations of the protoplast. This prompted
the author to confront other cytological changes (observed together with the changes
in the mitochondria) associated with the process of adaptation of Agropyron seedlings,
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Fig. 1. Morphological changes in mitochondria occurring during two-phase adaptation of Agropyron
glaucum seedlings

The observations concern epidermis of 25-mm coleoptiles at a distance of ca. 2 mm from apex A — In vivo observations
(shape and size of mitochondria); B — Changes in ultrastructure of mitochondria

and which she did not take into account in the above quoted publication Kwiat-
kowska 1970.

The observations were made in vivo on epidermal cells of the apical part of the
Agropyron coleoptile. The preparations were made from 25-mm coleoptiles culti-
vated in the dark at 25°C in Petri dishes lined with filter paper moistened with tap
water. They were then exposed in a refrigerator to 0°C for 5—7 days (I phase) and the
to —4°C also for 5—7 days (phase II). The in vivo observations were performed at
about 20—25°C in the controls or in a cold room ca. 0°C during and after phase I,
and at —4°C in phase I1 of adaptation. The epidermis sections of coleoptile fragments
from chilled plants were placed in silicon oil (Crossman 1967). The same coleoptile
sections were fixed in glutaric aldehyde at 1°C with postfixation in osmium tefroxide
without defreezing. Ultrathin sections for observation in the electron microscope
were stained in lead acetate.

I. CHANGES ASSOCIATED WITH PHASE I OF ADAPTATION

Mitochondria. From the results already described, it is seen in fig. 1 that
for phase I of adaptation, from the first to the last day of its duration, the occurrence
of mitochondria predominantly in the form of long rods is characteristic, in contrast
with the plants growing at 25°C which mostly exhibited spherical mitochondria. The
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Fig. 2. Shape and size of plastids observed in living coleoptile cells of A. glaucum in control con-
ditions (+25°C) and in plants subjected to chilling:

a) -+ during two-phase adaptation; b)-* in seedlings transferred directly from +25°C to —4°C
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Fig. 3. Lipids and spherosomes in apical cells of coleoptile of A. glaucum in control conditions
and during chilling:
a) —* submitted to two-phase adaptation, b) -* cels from seedlings transferred directly from +25°C to —4°C
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Fig. 4. Changes in ultrastructure of cytoplasm in coleoptile epidermis cells of A. glaucum during

adaptation of seedlings:

A — cytoplasm in control conditions, B — after phase 1 of adaptation, C — after phase 1l of adaptation

ultrastructure of the mitochondria at first (for the first 24 hrs.) does not undergo
changes. Only after several days, i.e. fowards the end of phase I can a clarification
of the mitochondrial matrix be noticed.

Plastids. In the control plants (kept at 25°C) plastids show in the course of
translocation in the cytoplasm a considerable plasticity, assuming various forms,
spherical, slightly elongated or sometimes club-like. Each of them contains starch
grains on its periphery (fig. 2). About four hours after transferring the seedlings
to 0°C, the plastids strefch, elongate and become narrower assuming various forms
and as in control conditions, incessantly change their shape. Starch is at first still
present, however, fowards the end of phase I if disappears completely.

Lipid droplets and spherosomes. In the lower and middle part of the co-
leoptile there are but few spherosomes in the epidermis (Plate I, photo 2). The nearer

minules
A

20
o 1090 (fgle | e

O
felicam, oo 8 @g

120

v. (utescens
B minules
0 5 20 45 120

Agropyron | OO O 00 000 | 0626 | 00 0
9¥au’:~zm 000 [ 0% | ©o | 2¢el :o...
Triticum | O O Qo 8 % 022 | 0206

il o o o oo | L0.0
asstium | O0° | @%0 | 00" | €0 e

Fig. 5. Changes in shape of mitochondria in seedlings defrosted from —4°C to room temperature:
A — plants adapted for 5 days at 0°C and 24 hrs. at —4°C; B — plants adapted for 5 days at 0°C and 7 days at —4°C



Plate I
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Lipid aggregations resembing elaioplasts in coleoptile epidermis of Agropyron glaucum adapted
to cold at 0°C and —4°C. Living cells.
Photos 1 and 2 — cells of control seedlings (at +25°C):1 — cells from coleptile apex, 2 — cells
from about 2 mm from apex.

Photos 3, 4, 5, 6 — cells of plants chilled 7 days at 0°C and 24 hrs. at—4°C:3 and 4 — epidermis
cells from coleoptile apex, 5 and 6 — cells 1 and 2 mm distant from apex.
Notations: s — spherosomes, / — lipid droplets, se — aggregations resembling elaioplasts, m —
mitochondria, p — plasids. > 1200.



Plate 1I

Changes in ultrastructure of epidermis cell cytoplasm in coleoptiles of Agropyron glaucum under
the influences of low temperatures. Material fixed in glutaric aldehyde and postfixed in osmium
tetroxide without previous defrosting.

Photo 1. cytoplasm of control coleoptiles (25°C)
Photo 2. coleoptiles subjected to phase I of adaptation (0°C for 7 days)
Photo 3. coleoptiles after one day of phase II adaptation (—4°C)
Photo 4. cytoplasm of epidermis of seedlings transferred directly from +-25°C to —4°C for 24 hrs,
+ 32000
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the coleoptile apex the greater the number of grains corresponding to spherosomes.
Apart from the latter lipid droplzts of various sizes occur on staining with Sudan 111
and IV (Plate I, photo 1). The number of these droplets varies from one individual
to another, both in control conditions and in the chilled plants. Nevertheless, it is
clearly seen that the plants which have passed through phase I of hardening contain
more lipid droplets than the controls (Fig. 3). -

Cytoplasm. In the preparations of plants injured at 0°C and inspzcted in silicon
oil, a lively moveiment of the cytoplasm could be seen. In thz election microphoto-
graphs the lattei has a structure resembling that of the cytoplasm of the control
plants: in it parallelly arrangad to the long axis of the cell there occur cisterns of the
endoplasmic reticulum with ribosomes on their surface, which arz even more con-
trasting than in the control calls (Plate 11, photos 1 and 2 and Fig. 4), particularly
towards the end of phase 1. The most significant difference as compared to the con-
trols is the distinct clarification of the basic cytoplasm. This clarification occurs
gradually reaching its maximum fowards the end of phase I.

II. CHANGES CONNECTED WITH PHASE II OF ADAPTATION (AT —4°C FOR 7 DAYS)

The lower thermal limit for phase I of cereal hardening experimentally determined
by Tumanova and Trunova (1963) is a temperature of —3°C. It is striking
that this is at the same time the lowest temperature at which part of the mitochondria
still has the shape of long rods (Kwiatkowska 1970). The passage to the second
phase of adaptation (below —3°C) is associated with marked transformations both
of mitochondria and other cellular structures.

Mitochondria undergo swelling in the conditions of phase I, assuming
a spherical shape. Frequently, aggregations of mitochondria may be observed moving
in the cytoplasm in large groups. In electron microscope photographs a distinct
change in their ultrastructure is visible. Their cristae are more or less reduced, and
they are almost deprived of the electron-dense matrix so characteristic for the mito-
chondria of unchilled plants. In the ultrastructure of mitochondria at the beginning
of phase IT and after its end, no differences were seen. On the other hand, in living
cells, after defrosting of the seedlings, the seemingly similar mitochondria behave
differently. In the plants kept for only one day in phase II conditions, the rapid trans-
formation of the mitochondria into the elongated form, characteristic of phase 1
(Fig. 5A) was observed. A similar process was to be followed in the leaves of plants
hardened in field conditions, transferred in winter to room temperature and defrosted
in melting snow. In the epidermis cells at first spherical mitochondria could be seen
which after aout 2 hrs. assumed the shape of very long filaments (up to 7 p). Contrary
to expectation, in seedlings subjected to the full process of adaptation in phase I
and 11, no such elongation was noted after their defrosting. Only their diameter
diminished to the dimension characteristic of the control plants (Fig. 5 B). The
swollen mitochondria of nonhardened planfs subjected immediately to —4°C for
24 hrs. transformed in an identical way. The difference in the behaviour of mito-
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chondria of adapted coleoptiles and of leaves of the hibernating tillering nodes
could be associated with the specific properties of the coleoptile which has a short
life span, rapidly ages and dies. In view of this specific feature of the material some
caution is necessary in the generalization of the observations presented here to cells
of other organs.

Plastids. In phase IT of adaptation they exhibit, like mitochondria, a spherical
shape and are swollen. At the same time they become less plastic — while shifting
in the cells they do not change their shape so often. Swelling of plastids at —4°C
occurs both in plants inured previously at 0°C and those transferred directly from
room temperature (Fig. 2).

Lipiddroplets and spherosomes.In the plants subjected to phase I treatment,
alteady in the first day of exposure to —4°C a characteristic phenomenon is ob-
served. The lipid droplets uniformly dispersed in the previous phase and sphero-
somes form here clusters of various shapes and sizes (Plate I, photos 3—6). These
aggregations appeared in some of the plants only in the short apical cells of the
coleoptile (Plate 1, photos 3 and 4), whereas in other cells they were also present
in the more elongated cells at a 1—2 mm distance from the apex (photo 6). The
appearance of the aggregations 1esembles elaioplasts of nonplastid origin occurring
periodically in the development cycle of some plants (Watek-Czernecka, Kwiat-
kowska 1961; Kwiatkowska 1961, 1966). These aggregations stain like elaio-
plasts with Sudan IIT and 1V. Their durability is, however, limited and associated
with the temperature. After transferring the plants to room temperature, these
aggregations disperse again into single droplets after a lapse of a dozen or so hours.
In plants transferred from 25°C directly to —4°C no clusters resembling elaioplasts
formed after 24 hrs. (Fig. 3).

Cytoplasm. At —4°C the cell cytoplasm, inspected in silicon oil, shows further
flow, both in plants kept at this temperature for only 24 hrs. and in those hardened
for 7—14 days. In the cytoplasm ultrastructure significant changes occur. The
endoplasmic reticulum membranes, which both in the control seedlings and in
those subjected to phase I of adaptation, formed long parallel cisterns, undergo
fragmentation and transform into numerous vacuoles and vesicles of various sizes
(Plate II photo 1 and Fig. 4).

DISCUSSION

The cytological changes associated with phase 1 of adaptation to cold of Agro-
pyron seedlings are diametrally different from those occurring in phase 11 in all
the cell structures. Phase I is characterized by a strong fendency to elongation of
the cell organelles. The transition to phase II causes the mitochondria plastids and
the endoplasmic reticulum to assume a spherical form. This change of shape is
accompanied by a swelling of all these structures, perhaps owing to the increased
ability of binding water by the protoplast colloids, observed by various authors
(Biebl 1962).
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The appearance of the cytoplasm and mitochondria in phase I seems to confirm
the results of investigations which demonstrated that a temperature close to (b
does not completely inhibit the processes of synthesis (i.a. Olszewska and Rod-
kiewicz 1963; Grif 1966; Siminovitch etal. 1967). According to the latter
authors, the continuation in the periods of autumn cold weather of RNA, DNA
and protein synthesis with simultaneous, almost complete, inhibition of mitosis
and elongation growth of cells leads to an increase in the weight of the nucleus
and of the whole protoplast. These authors attribute a particularly important role
to RNA, the high accumulation of which in the cells of tree bark precedes and cata-
lyses all other changes connected with an increase in hardiness of plants having
a genetic ability of adaptation to low temperatures. In the first place, these changes
involve the high molecular weight proteins which easily undergo denaturation,
and which are replaced by molecules of soluble proteins which are not preci-
pitated by cold. The increased content of soluble proteins in plants in the
period of increased resistance to cold is also reported by Yoschida and Sakai
(1967) and Morton (1969). There is reason to believe that the clarification of the
basic cytoplasm and mitochondrial matrix so characteristic for phase I of Agropyron
adaptation may also be the effect of the exchange of the high molecular weight
proteins which in the control plants give, after fixation sediments, visible in
the electron microscope, for soluble proteins which can be washed out in the fixation
process.

Characteristic for phase 1 is also the disappearance of starch grains in the plastids.
It is probable, according to the opinion of Tumanov (1960), that they undergo
hydrolysis to simple sugars with antidenaturation properties (Ullrich and Heber
1957, 1958; Heber 1964 et al.).

The increase in the amount of lipids is a typical finding described for a long
time in literature in various organisms and tissues exposed to cold (Barskaya 1967,
and others). In the case of coleoptile epidermis, however, the lipids appear only
in the cells nearest the apex. This fact indicates that the specifity of the adaptation
reaction not only concerns various organisms, but also the same tissue and organ
depending on the situation of the investigated cells in it, and on their physiological
function.

In phase II of adaptation the author observed the appearance of lipid accumu-
lations ressembling elaioplasts. The aggregation of various structures at temperatures
below 0°C is rather common. As alteady mentioned, in the coleoptiles at this tem-
perature the mitochondria also aggregate. Tkaczuk (1966) also observed agglo-
merations of mitochondria in hibernating pea leaves. Still more frequent reports
concern the clustering of chloroplasts in evergreen plants in the winter months
(i.a. Mikulska 1957; Barskaya 1967). This phenomenon might be referred to
the changes in the physical properties of the cytoplasm, and particularly its viscosity.
In the pertinent literature, however, there is no univocal opinion as to whether the
increased resistance to frost due to adaptation is associated with an increase (Le vit
1956; Jeremias 1956: Krisai-Knyrim Dietlinde 1960), or, on the contrary,
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with a decrease of viscosity of the cytoplasm (Hofler 1958; Thimann and Kauf-
mann 1958).

The general picture of the cells, both at the beginning and at the end of phase 11,
indicates a transition of all the structures to a state of inactivity. This concerns, in
the first place, mitochondria which exhibit an ultrastructure characteristic for mito-
chondria incapable of phosphorylation: they are poor in matrix, have reduced
cristae and are swollen (Lehninger 1964; Maszanckij et al., 1965; Ivanova
and Semikhatova 1966 and others). The endoplasmic reticulum has also an
appearance typical for aging or inactive tissue — it is vesicular and almost deprived
of ribosomes. Similar changes in the reticulum have been observed, for instance,
in the process of fruit ripening, dying cotyledons of Pisum sativum (Baine and
Mercer 1964, 1966), in the differentiation of the metaxylem vessels (Buvat 1964;
Cronshaw, Wardrop 1964 and others) and in older tapetum cells of Larix decidua
(Mikulska et al. 1969). This specific appearance of the reticulum and mitochondria
in phase II of adaptation should be connected with the hardening process, and not
the influence of lower temperatures, since mitochondria of plants transferred for
24 hrs. to —4°C without previous adaptation at 0°C do not differ in their ultra-
structure from those of control plants (Plate 1I, photos | and 3), whereas plants
adapted in phase 1, and exposed to —4°C for the same length of time have mitochon-
dria with a greatly changed ultrastructure (Fig. 1).

The observations regarding the endoplasmic reticulum are similar. Plants suddenly
chilled from 25°C to —4°C do not exhibit the vesicular reticulum characteristic
of phase 11, neither is their basic cytoplasm permeable (Plate 11, photo 3). On the
other hand, there occur in the latter, light streaks alternating with very dense basic
cytoplasm, which may be traces left by minute ice crystals. Similar pictures are
described by Pease (1967) in the case of sudden exposure of cells to rapid freezing.

The results of physiological investigations on the properties of cytoplasm prove
that in cells adapted to cold, the permeability of the cytoplasm to water and die-
lectrolytes increase proportionally to the increase in hardiness (Hofler 1949, 1958;
Sakai 1955; Biebl 1962). This phenomenon is considered of great importance
since, owing to it, the water contained in the protoplasm can pass quickly to the
intercellular spaces, and ice crystals which could injure the cell structure do not
form within it. On the other hand, Jackman and Steveninck (1967) demonstrated
that the shape of the reticulum and the velocity of ion migration from cells washed
with distilled water are closely related. The washing out of K and Na ions is most
infensive in the first period when in the cytoplasm the tubular reticulum is disin-
tegrating to a vesicular form. As the elongated cisterns of the reticulum are recon-
structed, the intensity of ion migration decreases. The phenomena described lead
to the conclusion that the change in the configuration of the endoplasmic reticulum
membranes occurring in Agropyron in phase 11 of adaptation, i.e. the vesiculari-
zation, may be connected with the increase in the permeability of the cytoplasm
to water, and thus, with the increased resistance of the cells to frost.

The typical property of all cell structures of plants adapted to cold of assuming
a spherical form suggests that it is this shape that protects them from the noxious
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effects of further falls in temperature. The mitochondria and plastids swell and be-
come rounded at temperatures below —3°C, both in plants adapted and not adapted
to cold, whereas the cytoplasm acquires the ability of vesicularization only if the
plant is submitted to an adaptation process.

SUMMARY

The epidermis of Agropyron glaucum L. seedling coleoptiles cultivated in darkness at --25°C
and subjected to two-step adaptation to cold was investigated. In vivo observations were performed
in a light microscope, and the material fixed in glutaric aldehyde and postfixed in osmium tetroxide
was studied in the electron microscope.

For phase I of adaptation of seedlings (0°C for about 7 days) the following is characteristic
a) the appearance of mitochondria in the shape of long rods, and a gradual clarification of their
matrix; b) elongation of plastids and disappearance of starch in them; c) clarification of basic
cytoplasm without any change in the endoplasmic reticulum configuration; d) an increase in the
number of lipid droplets in the most apically situated cells of the epidermis.

Phase II (—4*C for about 7 days) is characterized by: a) swelling of the mitochondria and
further clarification of their matrix and reduction of cristae; b) swelling of plastids; ¢) disintegration
of reticulum cisterns to vaculoes and vesicles with a reduction in the number of the adjacent ribo-
somes: d) aggregation of lipid droplets into structures resembling elaioplasts.

The appearance of phase I cells seems to indicate that processes of synthesis occur in them.
The cytoplasm and mitochondria in phase II exhibit characteristics of inactive or degenerating
tissues.

The author wishes to express her thanks to the Management of the Institute of Cytology and
Genetics, Siberian Division, Academy of Sciences of USRR in Novosybirsk for enabling her to
perform the experiments and take photographs in the electron microscope.

Department of Plant Anatomy and Cytology
The University of Lodz
Ldd?, ul. Nowopoludniowa 12 (Entered: December 23, 1969)
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Cytologiczne zmiany w epidermie koleoptyli Agropyron glaucum zwiqzane z procesem
adaptacji do niskich temperatur

Streszczenie

Badano epiderme koleoptyli siewek Aropyron glaucum L. wyhodowanych w ciemnosci przy
t.-+25°C i poddanych dwufazowej adaptacji do zimna. Prowadzono przyzyciowe obserwacje w mikro-
skopie $wictlnym i badania w mikroskopie elektronowym po utrwaleniu materialu w aldehydzie
glutarowym z postfiksacja czterotlenkiem osmu.

Dla I fazy hartowania kietkow (t. 0°C przez ok.7 dni) charakterystyczne jest: a) pojawianie sig
mitochondriow o ksztalcie dlugich paleczek oraz stopniowe rozja$nianie matrix mitochondriéw;
b) wydluzanie si¢ plastydow i zanikanie w nich skrobi; ¢) rozjasnienie cytoplazmy podstawowej
bez zmiany konfiguracji retikulum endoplazmatycznego; d) zwigkszanie liczby kul lipidowych w naj-
bardziej szczytowych komorkach epidermy.

Il faza (—4°C przez ok. 7 dni) charakteryzuje si¢: a) pecznieniem mitochondriow i dalszym
rozjasnieniem ich matrix oraz redukcja kristae; b) pecznieniem plastydow; c) rozpadem cystern
retikulum na wakuole i pecherzyki z redukcja liczby rybosomoéw do niego przylegajacych; d) sku-
pianie si¢ kul lipidowych w struktury przypominajace elajoplasty.

Wyglad komorek I fazy hartowania pozwala sadzi¢, ze moga si¢ w nich odbywac procesy syn-
tezy. Cytoplazma i mitochondria w okresie II fazy maja cechy charakterystyczne dla tkanek nie-
aktywnych lub degenerujacych.

Kierownictwu Instytutu Cytologii i Genetyki SOAN ZSRR w Nowosybirsku skfadam serdeczne
podzigkowanie za umozliwienie wykonania eksperymentéw i zdje¢ w mikroskopie elektronowym.
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