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Evergreen species of temperate zone acclimate to seasonal climates by reorganizations of mesophyll
cell structure including chloroplast movement as a photoprotective reaction. However the exact factor
inducing structural changes is still unexplored. To reveal the specific pattern of chloroplast arrangement
during the annual cycle and the effect of temperature on their movement, the mesophyll cell structure in
Pinus sylvestris grown out- and indoors was studied. The serial block-face scanning electron microscopy
(SBF SEM) was used for the 3D imaging of mesophyll cells to show the spatial position and shape
modification of chloroplasts. It has been shown that during the growing season, chloroplasts have a
well-developed thylakoid system, are located along the cell wall and occupy predominantly the part of
the cell wall faced the intercellular airspace. Chloroplast movement starts in October-November, and
during the winter they aggregate in the cell lobes clumping together. At that time, the thylakoid system
is reorganised and consists mainly of long doubled thylakoids and small grana. The 3D reconstruction
shows that the chloroplasts are irregularly oriented, swollen, and develop multiple protrusions filled by
stroma that can be recognized as stromules. In indoor plants, seasonal reorganization of the mesophyll
ultrastructure does not occur suggesting low temperatures but not photoperiod and light quality induce
seasonal chloroplast movement in P. sylvestris mesophyll. Finally, we indicate 3D reconstruction is a
powerful tool in study of low-temperature-induced change of chloroplast positioning.
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Overwintering plants of temperate zone accli-
mate to low temperatures during transition period by
development of freezing tolerance. Cold acclimation
includes accumulation of cryoprotectors (Gusta,
Wisniewski, 2013) and antifreeze compounds (Du-
man, Wisniewski, 2014), membrane stabilization
(Steponkus, 1984; Uemura et al., 2006), modifications
of photosynthetic machinery (Demmig-Adams
et al., 2012; Ensminger et al., 2012), all associated
with change in gene expression (Thomashow, 1999;
Xin, Browse, 2000). Evergreen woody plants are
subject to seasonal changes and develop physiological

31

mechanisms that lead to a strict periodicity in the
development of freezing tolerance (Bigras et al., 2001).
Freezing tolerance in woody plants is mainly induced
by low temperatures, or may be a response to a short
photoperiod (Guy, 1990) or a combination thereof
(Li et al., 2004; Arora, Taulavuori, 2016; Chang et
al., 2021). It is closely but not necessarily associated
with dormancy development combined with growth
cessation (Bigras et al., 2001; Wisniewski et al., 2018)
for which photoperiod is an induction signal (Lloyd
et al., 1996; Howe et al., 1997; Jian et al., 1997; Jian et
al., 2000; Maurya, Bhalerao, 2017). This suggests that
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variable elements of cold acclimation may be induced
differently as a response to different ecological factors
or their combination (Chang et al., 2021).

Seasonal structural changes in woody evergreens
were studied in relation to winter freezing tolerance
in conifer needles (Chabot, Chabot, 1975; Jokela et
al., 1998; Miroslavov, Koteyeva, 2002; Tanaka, 2007;
Ovsyannikov, Koteyeva, 2020), stem cortical cells
(Wisniewski, Ashworth, 1986; Sagisaka, Kuroda, 1991),
ray parenchyma cells (Sauter et al., 1996), secondary
phloem parenchyma (Pomeroy, Siminovitch, 1971).
Most structural changes in differentiated cells are
related to decrease of subcellular ice crystallization
and subsequent dehydration; these include vacuole
and endomembrane system restructuralization
(Wisniewski, Ashworth, 1986). Photoprotective
strategies in evergreen conifers involve seasonal
chloroplast movement and thylakoid system
reorganization decreasing damage by photoinhibition
(Chabot, Chabot, 1975; Martin, Oquist, 1979;
Miroslavov, Koteyeva, 2002; Ovsyannikov, Koteyeva,
2020). Seasonal chloroplast relocation was shown
for Picea (Senser et al., 1975; Soikkeli, 1978), Pinus
(Martin, Oquist, 1979; Soikkeli, 1980; Koteyeva,
2002), Abies balsamea (Chabot, Chabot, 1975), and
Taxus (Miroslavov, Koteyeva, 2002; Tanaka, 2007).
Specific winter arrangement of organelles differs
significantly depending on species.

Most studies of plant cells are based on two-
dimensional (2D) imaging, which provides in-
complete or sometimes misleading information
about the shape and position of organelles. This is
especially important for cells that have an irregular
shape. Pinus species have so-called lobed (also called
armed or plicate) mesophyll cells; the function of
lobes is thought to increase the surface area of the
mesophyll and therefore facilitate the conduction
of CO, to the chloroplasts (Wiebe, Al-Saadi, 1976).
Only three-dimensional (3D) imaging can provide
complete information on chloroplast distribution
throughout the volume of a cell with a complex shape.
This information is crucial for understanding of CO,
and H,O exchange that is limited by 3D network
of resistance within leaf (Earles et al., 2019). In
particular, spatial position of chloroplasts in relation
to airspaces affects the mesophyll conductance and
consequently CO, assimilation efficiency (Evans,
2021). Additionally, relocation of chloroplasts is
a known photoprotective strategy documented as
a reaction to high light (Kagawa, Wada, 1999) or
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cold acclimation (Ovsyannikov, Koteyeva, 2020).
The shape of chloroplasts is also subject to change
including stromule formation and divisions that
cannot be studied using 2D images (Yamane et
al., 2020). This led us to investigate and reconsider
dynamics of the pine chloroplast positioning, shape
and ultrastructure using 3D methodologies.

In current study, a comparison was made on
young Scotch pine plants grown out- and indoors
under natural light and photoperiod to exclude the
effect of low temperature. This allowed us to identify
a main factor that contributes to structural responses
of mesophyll cells during cold acclimation. The
serial block-face scanning electron microscopy (SBF
SEM) was applied to reveal the specific organelle
positioning and their shape change at the three-
dimensional level.

MATERIALS AND METHODS

8-year-old Pinus sylvestris L. plants were grown in
the arboretum and greenhouse of Komarov Botanical
Institute, St. Petersburg, Russia (59°94'51" N,
30°37'17" W, 1-5 m above sea level). For each
accession, 50 individual plants were grown in soil
outdoor and in 4 L pots with the same soil indoor.
Greenhouse plants were watered every 2—3 days.
Plants were grown during one year, with ~25/18°C
day/night temperatures and a maximum mid-day
PPFD of 1000 umol photosynthetic quanta m2 s
at sunny days. Material was collected monthly from
February 1996 to February 1998, additionally
samples were fixed during 2015—-2017, 2021-2022
growth cycles from outdoors plants.

For light microscopy (LM) and transmission
electron microscopy (TEM) middle parts of current-
and 1-year-old needles (6 samples from 5 different
plants per date) were fixed at 4°C in 2.5% (V/v)
glutaraldehyde and 2% (v/v) paraformaldehyde in
0.1 M potassium phosphate buffer (pH 7.2) and
post fixed in 2% (w/v) OsO, at 4°C overnight. After
dehydration in ethanol and acetone series samples
were gradually infiltrated by a mixture of Araldite-
Epon epoxy resins (Fluka, Buchs, Switzerland).
Cross-sections were made using a Leica EM UC7
(Germany) ultramicrotome. For LM, semi-thin leaf
sections (I um thick) were stained with 1% (w/v)
Toluidine blue O in 1% (w/v) Na,B,0;, and studied
under the light microscope AxioScop.Al (Zeiss,
Germany). For TEM, ultrathin sections (~70 nm)
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Fig. 1. General anatomy of Pinus sylvestris needles on cross (A) and longitudinal (B) sections, August. En — endodermis;
Ep — epidermis; H — hypodermis; IAS — intercellular airspace; M — mesophyll; St — stomata; VB — vascular bundle. Scales:

A, B, 150 um.

were stained with 2% (w/v) uranyl acetate followed
by 2% (w/v) lead citrate. Zeiss Libra 120 transmission
electron microscope (Oberkochen, Germany) was
used for observation and photography.

For serial block-face scanning electron microscopy
(SBF SEM) middle parts of needles were fixed at 4°C
in 2.5% (v/v) glutaraldehyde in 150 mM Cacodylate
buffer (pH 7.2) and post fixed in 2% (w/v) OsO,
containing 1.5% potassium ferrocyanide (w/v) in
150 mM cacodylate buffer for 1 h on ice, followed by
1% thiocarbohydrazide solution in water for 20 min
at room temperature (RT), then in 2% OsO, for 30
min at RT, after it in 1% uranyl acetate overnight at
4°C, and Walton’s lead aspartate solution for 30 min
at 60°C. After each step, the samples were rinsed in
buffer or water 3 times for 5 min at RT. The samples
were then dehydrated with graded series of ethanol
and acetone, and were embedded in Epon epoxy
resin (hard modification). Embedded samples were
trimmed and mounted on aluminum specimen
pin stubs using carbon tape and silver conductive
epoxy resin H20E Epo-Tek, then, the samples
were sputtered with 20 nm thick layer of gold or
platinum. Samples were sectioned (100 nm thick)
and imaged under a scanning electron microscope
Volumescope?2 (ThermoFisher, the Netherlands) with
an accelerating voltage of 2.49 kV. Serial sections
and image arrays for subsequent 3D reconstruction
were acquired using Maps 3.9 and Amira 2020 3.1
software (ThermoFisher, The Netherlands). To
specify the details of the position and shape of
chloroplasts, each chloroplast was highlighted
BOTAHUYECKUN XYPHAJ
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with a different color during reconstruction. The
methodology required pick out the outline of each
chloroplast on each serial section using about
500 sections, each 100 nm thick. The curved lines
in the images represent the outline of one section,
giving them a stepped appearance.

RESULTS

General mesophyll anatomy

The mesophyll of P. sylvestris needles consist of
two to three layers of chlorenchymatous cells when
viewed in two-dimensional (2D) cross sections
(Fig. 1, A). Mesophyll cells are usually lobed at the
proximal and distal ends with deeper invaginations
at the distal end; lateral sides of the cells are less
invaginated. On longitudinal sections mesophyll
cells often have a palisade-like outline with rare lobes
(Fig. 1, B), suggesting that the lobes are oriented
preferentially in one direction, perpendicular to
the central axis of the needle (oriented radially
to epidermis). Intercellular airspaces are well
developed, but mesophyll cells are packed more
loosely on longitudinal section creating files of
cells (Fig. 1, A, B). The 3D reconstruction and
longitudinal sections show that the cells are more
irregularly shaped in the longitudinal plane than
would be expected from the cross sections. Some
single mesophyll cells extend from the hypodermis
to the endodermis, indicating that the mesophyll is
not strictly bilayered (Fig. 2). Such cells are bent in
a tangential plane so that in cross sections only a
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Fig. 2. Serial cross sections through mesophyll of Pinus sylvestris showing mesophyll cell extended from hypodermis to
endodermis (labelled by red asterisk). The total number of sections is 351. The serial number of individual section is in
the right corner of the image. En — endodermis; H — hypodermis; IAS — intercellular airspace; M — mesophyll cell; St —

stomata. Scale: 50 um.

part of the cell is visible. This is especially true for
mesophyll cells around the substomatal cavity.

Mesophyll cell structure during growing season

In St. Petersburg, growing season lasts from April
to November. At that time, 2D and 3D images show
that mesophyll cells contain a large central vacuole
with cytoplasm located parietally and nucleus
located in central part of the cell inside of cytosolic
strand (Fig. 3, 4). Vacuole contains lipid droplets

and globular deposits (tannins). Chloroplasts are
positioned along the cell walls covering the inner
wall areas faced to airspaces more densely than those
adjacent to other neighboring cells or folds of the cell
wall. 3D images visualize chloroplasts as arranged
tightly and having classical flatten-lens shape without
protrusions (Fig. 4, B—D). Chloroplasts have well
developed thylakoid system consisting of big grana
and stromal thylakoids (Fig. 3, C). Mitochondria
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Fig. 3. Transmission electron microscopy of mesophyll cells in outdoor- (A—C, F) and indoor-grown (D, E) Pinus sylvestris.
A, B, D. Cross sections in the midplane of a mesophyll cell in July (A) and February (B, D). C, E, F. Cross sections of
chloroplasts in July (C) and February (E, F). Ch — chloroplasts; CW — cell wall; DT — doubled thylakoids; G — grana; N —
nucleus; T — tannins; V — vacuole. Scales: A, B, D, 10 um; C, E, 1 um; F, 0.5 um.

usually but not necessarily are associated with
chloroplasts. Mesophyll cell ultrastructure is similar
in plants grown out- and indoors.

Mesophyll cell structure during winter

Outdoors, the transition period of structural
changes begins in October-November with a change
2024
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in the orientation of chloroplasts and their movement
towards the distal and proximal ends of cells along
the cell walls.

The typical “winter” cellular structure is observed
in November-December and continues until March-
April, depending on weather conditions. At this time,
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Fig. 4. 3D reconstruction of mesophyll cells of Pinus sylvestris during vegetation (May—October) period. A. Cross section in
the midplane of the cell. B—D. 3D reconstruction of chloroplasts located along the cell wall showing “summer” positioning
(cell wall is not presented on the reconstruction), view from the lateral side of the cell (B) and view from the hypodermis (C)
showing absence of chloroplasts along the adjacent cell walls (arrows) (D). Ch — chloroplasts; CW — cell wall; N — nucleus;

V — vacuole. Scales: A—D, 10 um.

the central vacuole decreases in size with increase
of cytoplasm volume (Fig. 3, B, 5, A). The cisterns
of rough endoplasmic reticulum disappear, but
tubular elements of smooth endoplasmic reticulum
appear. The number and size of lipid droplets
located in the cytosol along the plasma membrane
and in the vacuole increase (not shown). The general
topography of organelles in the cell changes; they
are randomly grouped in folds formed by cell wall
invaginations (lobes) (Fig. 3, B, 5, A). Chloroplasts

are usually clumped close to each other contacting
by envelopes. The volume of chloroplasts increase
due to the increase of stroma. The thylakoid system
maintains its integrity while it is reorganized
with drastic reduction in the size of grana up to
2—3 thylakoids per grana (Fig. 3, F). Analysis of
serial sections showed that doubled thylakoids have
a large diameter (often extending through the entire
chloroplast) and can be recognized as a round plates
lying parallel to each other. Starch disappears.
BOTAHUYECKUWH XYPHAJ
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On 2D sections, the chloroplasts are swollen with
slightly undulated envelope. Some chloroplasts
have thylakoid-free protrusions filled with stroma
containing plastoglobuli. Roundish bodies, com-
parable in size to mitochondria and surrounded by
a double-membrane envelope, are cross sections of
these protrusions. 3D reconstructions confirm that
most chloroplasts have extremely irregular shape
with short (up to 3 um) protrusions measuring
0.3—0.6 um in diameter (Fig. 5, B—D). Outgrowths
have similar diameter and usually tightly contacts
with neighboring chloroplasts. Additionally, 3D view
shows that mitochondria are not associated with
individual chloroplasts and grouped together near
the chloroplast conglomerates or in chloroplasts-free
areas of cells (often near the nucleus).

In April, the restoration of the summer structure
of mesophyll cells begins and the cells acquire a
structure characteristic to the growing season to the
end of May.

Indoors, no reorganization of mesophyll cell
ultrastructure is detected. The general topography
of the organelles in the cell remains unchanged:
chloroplasts do not move into the folds formed
by the outgrowths of the cell wall (Fig. 3, D). The
endoplasmic reticulum is of a granular type. In
contrast to natural conditions, the granal structure
of chloroplasts remains practically unchanged, and
starch grains do not disappear completely (Fig. 3, E).

DISCUSSION

Induction of seasonal structural changes

A comparative analysis of mesophyll cell structure
in pine trees growing out- and indoors showed that
low temperatures stimulate structural reorganization
during autumn cold acclimation. It is low tem-
perature that triggers a decrease in the volume of
central vacuole, the development of tubular smooth
endoplasmic reticulum, the reorganization of
chloroplast thylakoid system, and the relocation of
chloroplasts into the cell lobes. All changes in the
structure are reversible and the summer structure
is restored by the next growing season together
with the increase of outdoor temperature. Using
different experimental models, the contribution of
temperatures to structural reorganization was shown
for Taxus cuspidata mesophyll cells (Miroslavov,
Koteyeva, 2002; Tanaka, 2007).

BOTAHUYECKHM XYPHAJT Ttom 109 Nel 2024
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Low temperatures and short photoperiod with
light quality shift are the main environmental
signals that induce cold acclimation and cold
hardiness including a range of physiological,
structural and molecular responses (Oquist, Huner,
2003; Welling, Palva, 2006; Chang et al., 2021).
However, cold acclimation events vary in timing,
suggesting different contributions of climatic factors.
It is believed that the short day characteristic to
early autumn leads to cessation of growth and
induces an initial dormancy, which is controlled by
internal factors (Lloyd et al., 1996; Lee et al., 2017).
The annual regularity in the day length change
makes photoperiod the most reliable for initiating
dormancy among the abiotic factors. In contrast,
downregulation of photosynthesis, characteristic of
evergreen trees, occurs later in autumn and is caused
primarily by low temperatures. It was shown that
onset of low temperatures triggers the decrease of
the fluidity of the thylakoid membrane, inactivation
of PSII reaction centers, reorganization of light
harvesting complexes, inhibition of the regeneration
of ribulose bisphosphate and decreasing the
efficiency of Rubisco carboxylation (Ottander et al.,
1995; Vogg et al., 1998; Savitch et al., 2002; Crosatti
et al., 2013; Brunkard et al., 2015; Fréchette et al.,
2016). Here, we show that low temperatures induce
structural reorganization of chloroplasts that are
closely associated with decrease of photosynthetic
activity and photoprotection.

Of course, the photosynthetic apparatus responds
to seasonal changes in light intensity and decrease in
day length (Fréchette et al., 2016). In particular, the
pigment system is reorganized under short day (Vogg
et al., 1998). However, retained chlorophyll captures
light throughout the winter due to the structural
rearrangements that increase the assimilative
capacity of each photosynthetic unit (Vogg et al.,
1998; Ensminger et al., 2006). The photosynthetic
capacity is maintained even under low temperatures
(Vogg et al., 1998). Maintaining the functioning of
the energy donor tissues and continue photosynthesis
to maximize the carbon gain over the longer period
(as long as the temperature is favorable) seems to be
beneficial for evergreen species in temperate zone.

Spatial structural organization of mesophyll cells
and cold acclimation

Significant inaccuracy in 2D studies causes mis-
understanding of organelle arrangement, especially
when irregularly shaped chloroplasts overlap during
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Fig. 5. 3D reconstruction of chloroplasts in mesophyll cells of Pinus sylvestris during winter (November—April). A. Cross
section in the midplane of the cell. B, C. 3D reconstruction of chloroplasts grouped in one of the mesophyll cell lobe (cell
wall is not presented on the reconstruction), view from the lateral side of the cell (B) and view from the hypodermis (C).
D. 3D reconstruction of a single chloroplast viewed from different sides showing irregular shape and several protrusions.
Ch — chloroplasts; CW — cell wall; N — nucleus; V — vacuole. Scales: A—C, 10 um; D, 5 um.

aggregations (Yamakawa et al., 2023) or there is special
selective pattern of cellular organization (Ovsyannikov,
Koteyeva, 2020). For example, in mesophyll cells
of Picea species chloroplasts are located along two
opposite radial cell walls facing the airspaces and are
almost absent on the lateral sides. This mesophyll
architecture results in the visual appearance of only a
few chloroplasts in 2D cross section. Study of seasonal
changes in mesophyll on 2D plane showed that
chloroplasts are grouped together during winter (Senser

etal., 1975; Soikkeli, 1978). However, 3D reconstruction
using light microscopic (LM) serial sections revealed
more complex pattern of mesophyll winter structure
in Picea species (Ovsyannikov, Koteyeva, 2020). The
chloroplasts during cold acclimation moved towards
the newly formed cytoplasmic strand that penetrated
through the central vacuole in P. pungens or was
attached to the radial cell wall in P. obovata, connecting
two opposite sides of the cell. 3D view allowed also to
reveal multiple vesicles involved in strand construction.

BOTAHUYECKHWM JKYPHAJT Tom 109 Nel 2024
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However, the cellular machinery of targeted chloroplast
movement is still unknown.

To overcome the limitations of 2D TEM imaging,
we applied SBF SEM techniques for 3D reconstruction
of the pine mesophyll cell. In contrast to serial LM
sections, SBF SEM allows to reveal intracellular
organization at the ultrastructural level. Compared to
basic TEM, sample preparation protocol for the SBF
SEM includes additional heavy metal impregnation
to increase the contrast of cell components. Conifers
are considered difficult for sample preparation, even
for TEM, due to high levels of tannins and thick cell
walls (Soikkeli, 1980; Ebel et al., 1990). Protocol for
the SBF SEM used in current study showed excellent
conservation of the intracellular structure of pine
mesophyll.

In general chloroplasts have a conservative lens-
shaped shape, which is the most effective for light
absorption, and this is exactly the shape that is
characteristic of pine mesophyll in summer. 3D
reconstructions of chloroplasts using SBF-SEM
revealed for the first time the complex shape
with outgrowths of chloroplast envelope during
winter time. Irregular plastid shape was described
previously for the leucoplasts and was related to the
synthesis and transport of secondary metabolites
(Muravnik, 2021). It was suggested that the increase
of surface area facilitates transmembrane exchange
through the plastid envelope. For chloroplasts, as
for most other types of plastids, dynamic stroma-
filled tubular protrusions have been described
(Hanson, Conklin, 2020). Chloroplast protrusions
called stromules vary in length (up to 20 um) and
width (0.3—0.8 um), and change their frequency
in response to internal (Brunkard et al., 2015) and
external signals including temperature (Holzinger
et al., 2007). The exact function of stromules is
unclear but it is suggested that they may be involved
in transmitting signals from the chloroplast to other
subcellular compartments (Brunkard et al., 2015).
Since stromules were defined as stroma-filled tubes
less than 0.8 um in diameter to distinguish them
from irregularly shaped plastids (Kohler, Hanson,
2000), chloroplast protrusions in P. sylvestris during
the winter can be identified as stromules.

There are several reports of stromule involvement
in chloroplast clustering around the nucleus, where
chloroplast movement is directed by stromule/
microtubule interactions (Hanson, Conklin, 2020).
In the present study, chloroplast movement is

BOTAHUYECKHM XYPHAJT Ttom 109 Nel 2024
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accompanied by a change in shape, but multiple
protrusions develop only after chloroplast
aggregation is complete, and they have close contacts
with neighboring chloroplasts, anchoring them to
each other. It has also been shown in tobacco that
stromules do not affect plastid motility (Kwok,
Hanson, 2003). Although our results suggest the
involvement of stromules in chloroplast interactions
but not in chloroplast movement, further research
is needed on the function of stromules in cold
acclimation.

The architecture of thylakoid membranes is a
highly dynamic system that quickly responds to
changes in the environment, especially the light
intensity (Kirchhoff, 2019). The combination
of low temperature and high irradiation causes
photoinhibition leading to the damage of
photosynthetic machinery in winter (Oquist,
Huner, 2003). Reorganization of thylakoid system
with drastic decrease of the number of appressed
membranes in grana found in pine chloroplasts
during winter is related to the photoprotective
strategy. Unstacking of granal thylakoids reduces
photosystem II (PSII) that is located in grana,
is more sensitive to photodamage (Andersson,
Anderson, 1980) and facilitates protein turnover
and photoprotective thermal dissipation (Oquist,
Huner, 2003; Demmig-Adams et al., 2015). However,
remaining PSIIs are photochemically active during
the winter (Ottander et al., 1995) and can also
dissipate absorbed energy, which may be important
during unexpected winter thawing (Oquist,
Huner, 2003). Thus, reorganization of chloroplast
ultrastructure contributes to the protection and
to the maintenance of the functional integrity of
photosynthetic machinery during winter.

Chloroplast movement is a well known light-
dependent reaction that provides more effective
light absorption or protection from photodamage
(Wada et al., 2003). Temperature-dependent
chloroplast movement differs by the intracellular
pattern of organelle arrangement during movement
and after aggregation, as well as by reduction of leaf
photosynthetic capacity (Ovsyannikov, Koteyeva,
2020). Seasonal change of chloroplast position has
been reported for evergreen conifers suggesting
similar photoprotective strategy of winter survival
(Chabot, Chabot, 1975; Senser et al., 1975; Soikkeli,
1978; Martin, Oquist, 1979; Soikkeli, 1980; Koteyeva,
2002; Miroslavov, Koteyeva, 2002; Tanaka, 2007).
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Using chloroplast unusual positioning 1 (chupl)
mutant of Arabidopsis thaliana it was shown that
chloroplast positioning is crucial for photosynthetic
and metabolic acclimation to low temperature
during cold acclimation (Kitashova et al., 2021). It
was suggested that chloroplast grouping minimizes
photooxidation by limiting light energy absorption
(Tanaka, 2007). However, the precise physiological
role of chloroplast aggregation in winter remains
unclear and requires further experimental studies.

In summary, we provide the first 3D reconstruc-
tion of conifer mesophyll cell to show chloroplast
shape and relocation during change of seasons
using SBF SEM. We have shown that aggregation
of chloroplasts is accompanied by the formation
of protrusions of envelopes (stromules) involved in
chloroplast interactions and anchoring them to each
other. We definitely confirm that low temperature,
rather than short photoperiod, is the trigger for
chloroplast relocation and shape modification in
mesophyll cells of P. sylvestris.
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BeuHo3eneHble BUIbl YMEPEHHOI 30HbI MPUCITOCA0JUBAIOTCS K CE30HHOMY KJIMMAaTY 3a CUET peop-
raHu3alUU CTPYKTYPbI KJIETOK Me30(duJia, BKJIouas nepeaBuXXeHue XJIOpOoIaacToB Kak (poTo3a-
IIUTHY10 peakiuto. OqHako ¢akTop, BbI3bIBAIOIINI CTPYKTYPHbIE U3BMEHEHU S, 10 CUX MOP OCTAeTCs
HenuzyuyeHHbIM. C 1LeJIblo BbISIBJIEHUSI OCOOEHHOCTE! pacIoIoKeHU S XJI0POIIacTOB B T€YEHUE TOI0-
BOTO LIMKJIA U BJIMSTHUS TeMIIepaTypbl Ha UX JBUXKEHUE ObLJIO M3YYEHO CTPOEHHE KJIETOK Me3oduiia
Pinus sylvestris, BblpalliliBaeMbIX B OTKPBITOM U 3aKpbITOM I'pyHTe. CepuiiHas 610uHasi CKaHUpYlolas
asieKTpoHHast Mukpockonus (SBF SEM) ucnosib3oBaack Ajsi TpPeXMEPHOI peKOHCTPYKIIUU KJIETOK
Me3oduIa, YTOObI MoKa3aTh NPOCTPAHCTBEHHOE MOJOXEHNWE U U3MeHEeHUe (hOPMbI XJIOPOIMJIACTOB.
BbisiBJIeHO, UTO B T€UEHUE BEreTAllMOHHOIO MepHrojia XJIOPOMJIACThl UMEIOT XOPOLIO Pa3BUTYIO TUJIA-
KOMJHYIO CUCTEMY, pacrojararoTcs BAOAb KJIETOYHOM CTEHKU U 3aHUMAIOT NPEUMYIIECTBEHHO TY
4acTb KJETOYHOI CTEHKM, KOTopasl obpallieHa K MeXKJIeTHUKaM. JIBUKeHMEe XJI0POIlJIacTOB HaY M-
HaeTcsl B OKTsI0pe-HOosI0pe, a 3MMOI OHU TPYIMITMPYIOTCS B CKJIaAKax KJaeToK Me3oduiia. B aTto Bpe-
Msl TUJIAKOWTHASI CUCTEMA MEPECTPanuBaAETCsl U COCTOUT MPEUMYIIECTBEHHO 13 IJIMHHBIX YIBOEHHBIX
TUJIAKOUJOB U MEJKUX rpaH. 3D-peKOHCTPYKIMS MOKa3bIBAET, YTO XJIOPOMJIACThl OPUEHTUPOBAHBI
B CJIy4aiiHOM TOpsIIKe, YBEJINYHUBAIOT 00bEM CTPOMBI U 00pa3yl0T MHOXKECTBEHHbIE BBIMSIUMBAHU S,
3ar0JHEHHbIE CTPOMOI, KOTOPbIE MOXHO pacro3HaTh KaK CTPOMYJIbL. Y pacTeHUIi, BbIpallleHHbIX B
YCJI0BUSIX OpaHKepeu, Ce30HHasl peopraHu3alus yabTpacTpyKTypbl Me30(hujia He TTIPOUCXOAUT, YTO
MO3BOJISIET MPEATIOI0XKUTD, YTO UMEHHO HU3KUE TeMIlepaTypbl, HO He (hOTOIEpUO/ U KaueCTBO CBeTa
WHAYLUUPYIOT CE30HHOE IBUXEHUE XJIOPOIJIACTOB B Me3oduiiie P. sylvestris. Mbl moaTBepXaaeM, 4TO
3D-peKOHCTPYKIUS SIBJISIETCSI MOLUIHBIM MHCTPYMEHTOM B M3YUY€HUU U3MEHEHUI MOoJIoKeHUs U ¢op-
MBI XJIOPOIJIACTOB, BbI3BAHHBIX HU3KOI TeEMIIEpaTypoii.

KuatoueBsie caoBa: Pinus sylvestris, Me30(UILIT, IBUXKEHHUE XJTOPOMJIACTOB, CE30HHBIC U3BMEHEHMSI, HU3-
Kue TeMIiepaTypbl, 3D-peKoHCTpYKIIUS
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