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INTRODUCTION

The ability of plants to sense gravity and respbyp@rowth movements has been
studied for more than 150 years. Much attention hasn devoted to clarify the
mechanisms of gravity sensing which are not undedstully until now. Space flights
were an important factor for the expanded survayplant reactions to alterations of
gravitational force. In the process of evolutiontbe Earth, a complex gravity-sensing
system has been formed through which the plantssease and orientate their organs
with respect to the gravity vector direction (rQotsr in the opposite direction
(aboveground part of the plant). It has been shtvan during space flight where the
magnitude of gravity is reduced to microgravitydeplants can undergo a full cycle of
ontogenesis (Merkys, Lauringuis, Svegzdiety 1984; Musgrave et al., 2000). On the
other hand a small, but statistically significanbrphological and metabolic changes
have been recorded in many tests with plants ualiered gravity conditions in space
and on the ground (Soga et al., 1999; Hoson et2809; Wakabayashi et al., 2009;
Matia et al., 2010; Manzano et al., 2012). Thesdifigs display the existing
mechanisms of interactions between plant cells gnagtity. From this viewpoint, the
studies on the formation of specialized gravitysseg tissue cells under altered gravity
conditions are especially important, because thelp hus to understand how the
mechanisms of spatial orientation are functionind how these processes are integrated
into the overall program of plant growth and depehent.

Although gravity acts equally on all plant cellstagty sensing occurs in
specialized cells (statocytes), which are localizedroot tip columella and shoot
endodermis. Starch containing, mobile amyloplaste aharacteristic atribute of
gravisensing cells. Most studies to date supperisthrch-statolith hypothesis of gravity
perception associated with the movement of amykiplaacting as statoliths
(Laurinavtius et al., 2001; Kato et al., 2002; Driss-Ecolalet2003; Vitha et al., 2007;
Kumar et al.,, 2008). According to starch-statolittypothesis, gravity-induced
sedimentation of amyloplasts (statoliths) consgubne of the initial events in gravity
perception.lt is supposed that sedimentation of statoliths\@lthe gravity provides a
conversion of gravitational potential energy inensor-activating kinetic energy and

triggers subsequent intracellular signaling proeesshe question how the gravity-
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induced displacement of amyloplasts triggers thpsecesses remains open. The
cytoskeleton system is supposed to be implicategravity signal perception in roots
through the positioning of amyloplasts and modafaf their movement (Yoder et al.,
2001; Hou et al., 2003; Blancaflor, Masson, 2003p8l, 2009; Kumar et al., 2008).

In vertically growing root caps, the gravitatiorzeld opposite endocellular forces
(buoyant, drag, the elastic forces generated bgs&gleton elements, etc.) have been
suggested to determine the equilibrium positionsttoliths in the distal region of
statocytes (Bjorkman, 1988; Todd, 1994; Yoder gt24l01). There are some reports to
indicate that after reducing the magnitude of gyafrom 1g to microgravity in space or
simulated on Earth, the latter forces pull the aplsts towards the centre of
gravisensing cells of roots (Volkmann et al., 19B4urinavtius et al., 2001; Yoder et
al., 2001; Driss-Ecole et al., 2008). However]diits known how these forces interact
and regulate the statolith positioning and movenaeming alterations of the magnitude
and action direction of gravitational force.

In stem-like organs, the actual relationship betwawovable statoliths and
cytoskeleton is not clearly understood, and datexpkeriments with gravitropic mutants
(Kumar et al., 2008; Nakamura et al., 2011), actositysystem disrupting drags (Hou et
al., 2003; Palmieri et al., 2007) as well as vimaion of cytoskeleton elements and
their contacts with statoliths (Collings et al.,020Q Palmieri et al., 2007; Zhang et al.,
2011) are often contradictory. Comparison of amigsppositioning and movement in
root and shoot statocytes of the same seedlingsiponse to alterations of the magnitude
and action direction of gravitational force coul@lph to clarify the role of the
cytoskeleton in the early phases of gravipercepitionoots and above-ground organs.
Quantitative studies on statolith location and motin response to precisely controlled
stimulation procedures could help to reveal theoldgical properties of cytoplasm in
different statocyte regions as well as the directemmd magnitude of elastic forces
exerted by the cytoskeleton. Furthermore, both abuentioned attempts could provide
opportunities to ascertain the similarities andedlénces of gravity sensing in positively

and negatively gravitropic organs of the same plant

The aim of the researchwas to study the dependence between the locatidn a
movement of amyloplasts (statoliths) in gravisegsialls (statocytes) of axial organs of
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garden cress seedlings and the alterations of tgtenwial force, to compare the
peculiarities (features) of gravity sensing in peely and negatively gravitropic organ
of the same seedling.

Main tasks:

» to analyse and compare the formation of gravisgnsatis in roots and hypocotyls of
seedlings under real and simulated microgravityddams;

* to evaluate the dependence of amyloplast locationg statocytes of roots and
hypocotyls on the magnitude of permanently actirayigational force;

* to ascertain the dependence of amyloplast movenmestatocytes of roots and
hypocotyls on the short-term alterations of graiotzal force acting the seedlings in
longitudinal direction;

* to determine the peculiarities of amyloplast seditagon in root and hypocotyl
statocytes during the stimulation of seedlings by batural gravitational force in
transverse direction.

Scientific novelty of the research:

The induction of amyloplast movement by varying thagnitude of gravitational
signals modelled by an original device — a cengefglinostat ‘Neris-7" with special
equipment for the fixation of the seedlings under $ame gravitational conditions was
applied for the first time in research of plant\gtasensing processes on the Earth.

The effects of permanent and short-term gn@pic stimulation on the location
and movements of amyloplasts were compared forfitlsé time in statocytes of
hypocotyls and roots of the same seedling.

The original method for the formation of gravitrogignals (through changes in
the magnitude and action direction of gravitatiofwite) to provoke the movements of
amyloplasts, allowed us to evaluate the signifieaotCthe other intracellular structures
for the location and mobility of plastids in thellseof positively and negatively
gravitropic organs.

The analysis of seedlings, grown in space ceneiftgris-5’ during the flight of
unmanned biosatellite ‘Bion-10’, allowed to evaki&tr the first time the significance of
gravity on the structure and formation of gravisegdissue in the axial organs of the
same seedling under real microgravity conditions.

In this study, the dependence of amyloplast locatom the magnitude of
gravitational force was determined for the firshei in endodermal cells of positively
gravitropic organs — hypocotyls.

The new data on the gravity-sensing mechanisrttse oppositively gravitropic axial
organs of plants were obtained.

The statements for defence:

* Real and simulated microgravity affects the growtid structure of gravisensing
cells in roots and hypocotyls differently.



» Location of statoliths in statocytes of roots agdcotyls is not random and depends
on the magnitude of gravitational force during panent gravitropic stimulation in
root tip direction.

« Simulated microgravity and 180° inversion provokemediate lifting of statoliths in
gravisensing cells of roots and hypocotyls of &eedlings. The f@-gravity acting
longitudinaly the seedlings after growth in simathtmicrogravity provokes the
immediate sedimentation of statoliths from theitiah location towards its action
direction; however, the sedimentation proceeds nagtesely in hypocotyl than in
root statocytes.

« Gravitropic stimulation of Iy seedlings in transverse direction causes the
sedimentation and simultaneous longwise slidingroyloplasts in gravisensing cells
of both organs. The combined trajectories and wabscof statolith movements in
root and hypocotyl statocytes differ.

Approbation of the results. The main research data were presented in nine
publications, of these, three — in the journal$SdfWOS database, three — in the journals
included in the ISI database. The main results vpeesented and approved at seven
international conferences organized by COSPAR/Cdtaebn Space Research (2004);
ESA/European Space Agency and ELGRA/European LoaviGrResearch Association
(2005, 2008, 2010, 2011) and at two internationaferences in Lithuania.

Structure of the dissertation. The dissertation consists of the following chagiter
Introduction, Literature review, Research objecitenals and methods, Research
results, Discussion, Conclusions, References (86fcss), List of publications. The
dissertation is illustrated with 7 tables, 51 figsirVolume of the dissertation is 146
pages. The text of dissertation is written in Lahian with the abstract in English.

RESEARCH OBJECT, MATERIALS AND METHODS

Object of research. lvestigations were carried out with seedlings ofdga cress
(Lepidium sativum L.).

Equipment for producing of altered gravitational conditions

Experiments with garden cress seedlings were chote in unmanned space biosatellite
‘Bion-10’ and on the ground using original devides modelling of altered gravity and
gravitropic stimulation conditions.

Space centrifuge ‘Neris 5* an automatically operating device was usedHerstudy of
the effects of real microgravity on the germinateomd growth of seedlings during the
space flight and ground control conditions. It dstssof two parts: the stationary part for
the growth in real weightlessness (microgravityll antating one (centrifuge) — for
generating the centripetal force ofgl which acts permanently. Sixteen cylindrical
containers, which consist of three hermetic volurfwater reservoir — 0.3 ml, seed
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germination chamber — 4.5 ml and reservoir forftkation of solution — 2.2 ml), were
used for the growth and fixation of seedlings. A&kperimental procedures were
performed accordingly to in advance programmedrsehe

Centrifuge-clinostat ‘Neris-7Avas used for producing of altered gravity (fromsiated
microgravity to 1g) on the ground and the fixation of the seedlingend) the growth
under the same gravitational conditions. It is giesd as a device with two orthogonal
axes allowing independent or simultaneous rotatiosund four horizontal (clinostat)
and one vertical (centrifuge) axes. The rotatioie @ the clinostat and the speed of
centrifugation can be adjusted and controlled bfiwese commands. The rotation
stability of the low-vibration electric drives waw less than 2 %. To sustain an
appropriate orientation of growing seedlings durgxperimental manipulations, four
closed biocontainers with a special inside equigniglass funnels for seed planting;
fluoroplastic holders for glass funnels; cylindtideolders for centring of foregoing
equipment) were used.

Protocols of experiments and gravitropic stimulation of seedlings

Space experimerdnd ground control ones were performed using spacgifuge ‘Neris
5’ for the study of real microgravity effects oretformation of gravisensing tissues in
axial organs of seedlings. Both experiments werdethout in the darkness at 22 = 1
°C. Before the start of experiments, 16 cultivatimntainers were prepared through
filling the reservoirs with water and fixative {4 (v/v) glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.2). Three seeds were mouintebpropriate orientation on
circle-shaped filter paper for each container, whgnowing seedlings could orient their
axial organs freely. The experiments started autically by water spraying into
germination chambers both in space and on the grdAfiter 28 h of growth, the fixative
was spread out on the seedlings what allowed t@ kkem until the launch of the
biosatellite and delivering in to the laboratory.

Experiments on the centrifuge-clinostaere performed for the study of gravisensing
system functioning in axial organs of seedlingsarmaltered gravity conditions on the
ground. For the elimination of unidirectional acti@f natural gravitational force,
horizontal axes of centrifuge-clinostat rotated 5t rpm (simulated microgravity
conditions or clinorotation). Two sets of experitsewere performed. The first set was
devoted to reveal the effects of permanent stinaratby differently reduced
gravitational force, the other — to study the kiceebf amyloplasts in gravisensing cells
of seedlings during different short-term gravitopstimulation procedures. Both
experiment sets were carried out in the darkné23 & 1 T

Permanent stimulation by reduced gravity from 1 g up to simulated microgravity. The
seeds germinated and grew on the centrifuge-chhosbrking in clinorotation and
simultaneous centrifugation regime. Centrifugatimpnthe speed of 0, 3.63, 5.31, 7.72,
17.61, 23.72 or 47.85 rpm provided the simulatidngravitational environment of
simulated microgravity, 0.004, 0.008, 0.02, 0.5 Or 19, respectively. After 32 h of
growth under appropriate conditions, the seedlimgge chemically fixed without
spinning of the centrifuge-clinostat.

Short-term gravitropic stimulation was applied to the seedlings, which grew 32 h
vertically under the action of natural gravity ar simulated microgravity on the
centrifuge-clinostat. Simulation along the longitudinal axis of seedlings. For the
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evaluation of amyloplast movement properties alatafocytes, Iy seedlings were
exposed to simulated microgravity or after a 188%®rsion for 1, 2, 4, 6, 12 and 24 min.
In order to compare the features of statolith moiio the different regions of root and
hypocotyl statocytes, the seedlings grown in sitedlamicrogravity conditions were
stimulated by the gravitational force in root-tipettion orvice versa for analogous
periods.

Simulation across the longitudinal axis of seedlings. After 30 h of vertical growth under
natural 1g gravity, the seedlings were reoriented right-waatl®0° for 1, 2, 4 and 6
min. The seeds were germinated in glass funneletein and mark their respective
orientation during subsequent manipulations of waton, fixation and cutting of
samples.

Preparation of histological sections of roots andypocotyls

After stimulation procedures, the seedlings wepedi for 45 min in 4 % (v/v)
glutaraldehyde in 0.1 M sodium phosphate buffer (pR), preserving the same
gravitational conditions as in the period of stiatidn. Thereafter they were transferred
into a fresh portion of glutaraldehyde solution 1& h at 4 °C. Cut root apices and two
hypocotyls pieces after wash procedures in sodibosphate buffer were transferred
into a fresh portion of glutaraldehyde solution i h at 4 °C and post-fixed in 1 %
(w/v) OsQ. After dehydration, the samples were embedded ponEby standard
procedures (Luft, 1961). The semi-thin (1 um) longinal sections of root apices and
hypocotyls were prepared using [1I8800LKB (Swedeltpamicrotome and stained with
Toluidine-blue [1% (w/v) in 0.1% (w/v) NaB4O4].

Analysis of gravisensing tissues and amyloplast laton

Morphometrical analysis of gravisensing cells wasrfgemed employing light
microscopy on median longitudinal sections of hygigls and root apices. The sections
were photographed with a PENTAX*ist D and MOTICgdn) digital cameras attached
to an SMP 03 MICROSCOPE PHOTOMETER (Opton, Germaiifle images were
analysed using the SigmaScanPro 5 (Jandel ScenSbftware) and MOTIC
programmes. As a rule, 2—3 sections were analy®e8-# roots and hypocotyls of each
test variant.

For the study of gravisensing tissues formatiomettisions of cells of the 3rd to 5th
columella storeys in root caps, and dimensionsidbdermal cells along their profiles in
hypocotyls were determined.

Evaluation of statolith location during longwise gravitropic stimulation. The longwise
location of amyloplasts was evaluated by measutiegdistance of each plastid centre
from the morphological cell bottom (distal statecywvall in root or basal wall of
endodermal cell in hypocotyl) and expressed ingmdrof the length of tested statocyte.
Evaluation of statolith location during transverse gravitropic stimulation. The location
of each amyloplast was characterized by the hot@ofx-position) and vertical y-
position) coordinates in the statocyte as two-coordinastéesy. Thex-position represents
the distance of the plastid centre from the morpdichl cell bottom, which is expressed
in percent of the tested cell length. Tyaposition represents the distance of the plastid
centre from the right/lower longitudinal statocyteall in organs of horizontally
reoriented seedlings in percentof the tested aelihw
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Statistical analysis Data were analysed using the MS EXCEL 7 standackage
(Microsoft Corporation). The values are represergsech mean + standard error (SE).
Statistical significance was determined using Sttide¢est.

RESEARCH RESULTS AND DISCUSSION

Impact of different gravitational loads on the formation of gravisensing tissues in
garden cress seedlings and intracellular locationf@myloplasts

Effects of real microgravityvere evaluated by comparing the cytomorphologiudices
of gravisensing tissues in hypocotyls and rootsesdlings grown during spaceflight in
microgravity and under the action of simulated (space centrifuge) and/or naturagy 1
gravity (ground control). It was determined that tangth of statocytes in different cell
layers of columella did not depend significantlytbe action of gravitational force (Fig.
1). The effect of real microgravity conditions dwetradial growth of root statocytes was
negligible, too. The mean width of functioning stattes of six columella storeys was
similar under real microgravity and natural grawapnditions (15.2 + 0.gm and 14.8 +
0.2um, respectively), but smaller than in space cargef(16.1 £ 0.2um).
For the analysis of
60 100 gravisensing tissue in hypocotyls,
XGC XSC XMG they were divided into apical and
501 eGC eSC e MG 80 basal  sections.  Statistically
significant dependence of
endodermal cell size on the action
of gravity as well as on the cell
presence in the apical or the basal
section of hypocotyls was
determined (Table 1).
Comparison of both space and
ground control variants revealed
the essential difference between
the properties of endodermal cells
growth. Under the action of the
o 1 2 3 4 5 6 Earth's gravity, they were more
Columella storeys than 3.5-fold longer and 2-fold

Fig. 1.The length X) of statocytes and theW!der in basal than in apical
distance @) of statoliths from the distal statocyteS€ction of hypocotyls. The similar
wall (DW) in roots of garden cress seedlingc change in  endodermal  cell

_ ground control, SC — space centrifuge and Mt3éasurements along hypocotyls
— real microgravity was determined under 3 in

space centrifuge, though the cells
in the basal sections were smaller. Essential aiters were revealed in the linear
growth of endodermal cells in real microgravity. @@mpared with the measurements of
space centrifuge and ground control cells, theyevadout 1.5-fold longer in the apical
sections and 2-fold shorter in basal sections pbhytyls (Table 1).

40 -

30

Statocyte length,um

20

Statolith distance from DW, %

10 A
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Table 1.Effect of real microgravity on the size of endodatells in hypocotyls
of garden cress seedlings

Hypocotyl section

Grovx{t_h apical basal
conditions Cell Cell

N | length, um | width, um | N | length, um | width, um

Ground

control 110 [24.3+06 |16.8+0.4 |47 |86.4+7.0° |34.3+1.9
Space 80 |26.1+0.8" | 19.4+0.5"| 100| 79.9+ 1.7 | 28.3+ 1.5
centrifuge

Real

microgravity |53 |[40.1+3.3 |22.7+1.2 |79 |46.6x3.4 |27.9+1.9

U _ difference between apical and basal hypocostiaes statistically significant
at p< 0.01; " — difference between space centrifugeraatimicrogravity variants
Is significant at p< 0.01; N — number of tested cells

Microgravity affected considerably the location statoliths along statocytes of

both axial organs. In §-seedlings of space and ground experiments, anadtspl

< 60 concentrated near the morphological cell
= bottom, whereas in microgravity grown
% 50 seedlings they grouped in the central part
€ 10 of root and hypocotyl statocytes (Fig. 1 and
= 2).
§3o— Effects of simulated microgravitywere
8 evaluated by comparing the
S 201 cytomorphological indices of gravisensing
'g 10 | tissues in hypocotyls and roots of seedlings
% after growth on the centrifuge-clinostat
0 ‘ working in the regime of clinorotation
GC sc MG (HC) and in vertical orientation under the
Growth conditions action of natural I gravity. It was found

_ _ _ that the linear growth of root gravisensing
Fig. 2. The distance of statoliths frongells did not depend significantly on the
the basal cell wall (BW) in statocytesyrayitational force. Under 1g and
of hypocotyls of garden cressmicrogravity conditions, the linear
seedlings. GC — ground control, SC yelationship between the mean length of
space centrifuge and MG  —cells and their position in statenchima was
microgravity determined (Fig. 3).
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Fig. 3. The length of statocytes and distane®f statoliths from the distal
cell wall (DW) in roots of garden cress seedlingswn under 1g (A) and
simulated microgravity (B) conditions

The effect of simulated microgravity on the radjabwth of gravisensing cells in roots
was not significant, too.

Endodermal cells in hypocotyls of clinorotated dimgd grew more slowly,
because they survived for a longer period of timeneristem zone, whereas undeg 1-
conditions they shifted faster to the elongatiod differentiation phases (Fig. 4). As in
the case of longitudinal growth, similar changegadial growth were identified. The
endodermal cells enlarged rapidly undeg tonditions, but their growth in width was
slower in simulated microgravity.

A B
14C 10C 140 100

Statocyte length X X
E 120 - € 1201 «x Statocyte length -
= » Statolith distance 80z = X yie 'end -80 =
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Cell number in endodermis profile Cell number in endodermis profile

Fig. 4. The length of statocytes and the distancef statoliths from the basal cell wall
(BW) in hypocotyls of garden cress seedlings undleg (A) and simulated
microgravity (B) conditions

Simulated microgravity effected the positioning ashyloplasts in gravisensing
cells of both axial organs. In d+oot and hypocotyl statocytes, the statoliths were
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concentrated near the morphological cell bottong.(RBA, 4A). In the horizontal
clinostat, the amyloplasts in root statocytes wesacentrated around the cell centre
(Fig. 3B), whereas in hypocotyl statocytes theoditas were grouped in the central part
of the cell or scattered throughout the cell pezighi{Fig. 4B).

Gravitational loads had no effect on statolith gitgnin root and hypocotyl
statocytes (I roots — 4.7 + 0.6, HC — 4.6 + 0.9glhypocotyls = 5.9+ 0.4, HC - 54 +
0.2 per statocyte).

Positioning of amyloplasts in gravisensing cells ofjarden cress seedlings under
differently reduced gravity

Under permanent gravitropic stimulation, the sewdi grew in simulated
microgravity (horizontal clinostat) or were simuigously exposed to 0.004, 0.008, 0.02,
0.1, 0.5 and Iy mass acceleration in the root-tip direction. Cybopmological analysis
of gravisensing cells revealed the dependence gfagast intracellular location on the
magnitude of mass acceleration (Fig. 5, 6).

root tip

Fig. 5. Light micrographs of root statocytes after growmthsimulated
microgravity (A) and under the action of 0.084B), 0.02g (C), 0.1g
(D) and 1g (E) mass acceleration. Am — amyloplasts. Arrowkead
indicate the direction of gravity. Bars — 10um

s
hypocotyl bast
Fig. 6. Light micrographs of hypocotyl endodermal cellseafgrowth in
simulated microgravity (HC, A) and under the actadr0.008g (B), 0.02

g (C), 0.1g (D) and 1g mass acceleration (E). Am — amyloplasts, En —
endodermis. Arrowheads indicate the directionrakiy. Bars —10um
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It was determined that the mean location of amysisl in root statocytes under
0.004 g and in endodermal cells of hypocotyls under 0.g0&avitational loads was
comparable to that which was under simulated mmenaty (Fig. 7). Under the
permanent action of 0.0 mass acceleration, most statoliths shifted siggaifily
downwards from the initial position in the stateeybf both organs.
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Fig. 7. Dependence of statolith location in grangeg cells of roots (A) and
hypocotyls (B) on the magnitude of mass accelemafV — distal cell wall, BW
— basal cell wall, HC — simulated microgravity

A statistically significant lifting of amyloplastérom the morphological cell
bottom was determined after the decrease of masdemation from Ig to 0.1g in root
statocytes and after the decrease t@0G-5n hypocotyl endodermal cells

Movement of amyloplasts in gravisensing cells durgp short-term gravitropic
stimulation along longitudinal axis of garden cresseedlings

Kinetics of amyloplasts in statocytes ofjlseedlings during the exposition to simulated
microgravity and after reorientation 18(inversion).The statolith location was tested
after 1, 2, 4, 6, 12 and 24 min. Before gravistatioh, the amyloplasts grouped in the
distal part of statocytes of the third to fifth goiella storeys (Fig. 8A) and in the basal
part of endodermal cells of hypocotyls (Fig. 9AhuUE, the statoliths located near the
morphological bottom of both types of gravisensoajjs. Following elimination of the
unidirectional gravity action or the inversion, theyloplasts moved towards the cell
centre in the statocytes of both organs (Fig. 8, 9)
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root tip root base

Fig. 8. Light micrographs of root statocytes of) $eedlings (A) exposed
to simulated microgravity for 2 min (B) and 6 mi@)(or reoriented 180°
for 2 min (D) and 6 min (E). Am — amyloplasts. Amufoeads indicate the

direction of gravity. Bars — 10um

hypocotyl bast

Fig. 9. Light micrographs of hypocotyl endodermallis of seedlings
grown at 1g (A) and then exposed to simulated microgravity@anin (B)
and 24 min (C) or reoriented 180° for 6 min (D) &wl min (E). En —
endodermis, Am — amyloplasts. Arrowheads indicdte direction of

gravity. Bars — 12 um

However, the displacement and the velocities ofstjla motion differed
significantly. In root statocytes, a statisticalbpnfirmed longwise displacement of
amyloplasts was determined as soon as after steafid second minutes of clinorotation

and inversion (Fig. 10A).
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Fig. 10. Movements of amyloplasts along statocytia®ots (A) and hypocotyls (B) of

1-g seedlings exposed to simulated microgravitgC) or inverted (1g-INV). DW —
distal cell wall, BW — basal cell wall

Later on, this statolith movement became signifiljasiower under clinorotation;
however, it proceeded at a constant velocity dumvgrsion. In hypocotyl statocytes, a
significant shift of amyloplasts in longitudinalréction was found only after the 6-min
period of clinorotation and as soon as after th& fninute of inversion (Fig. 10B). A
comparatively slow sliding of plastids continuediuthe 24th minute of clinorotation,
and the mean distance of plastids from the bottbimypocotyl statocytes increased up
to 18.0 £+ 0.9 % of the whole cell length. Under arsion, plastid sedimentation
increased even more — 58.6 £ 1.7 % of the totajtlenf endodermal cells.
Gravity-induced statolith sedimentation along stgtes of clinorotated seedlingfn
order to compare the features of statolith dispteer® along the different regions of root
and hypocotyl statocytes, seedlings grown in miaedy simulated by clinorotation
were stimulated by the gravitational force in r@pt-or root-base directions and fixed
after 1, 2, 4, 6, 12 and 24 min. Before the stimoiia amyloplasts grouped in the central
region of root statocytes (Fig. 11A), but disperseuktly throughout the entire periphery
of endodermal cells (Fig. 12A). The direction of ydoplasts movement along the
statocytes of roots and hypocotyls of garden ceesllings after growth on a fast
clinostat depended on the direction of stimulaingvitational force (Fig. 11, 12).
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root tip

Fig. 11. Light micrographs of root statocytes ofdga cress seedlings grown
under simulated microgravity (A) and stimulated Qyavity in root-tip
direction for 1min (B), 6 min (C) or in root-baseettion for 1 min (D) and 6

min (E). Am — amyloplasts. Arrowheads indicate #hetion direction of
gravity. Bars — 10 um

hypocotyl tip

Fig. 12. Light micrographs of hypocotyl statocytdsyarden cress seedlings
grown under simulated microgravity (A) and stimathtoy gravity in root-
tip direction for 1min (B) and 24 min (C) or in elbase direction for 1 min
(D) and 24 min (E). En — endodermis, Am — amylojglag\rrowheads
indicate the action direction of gravity. Bars —|i&

The maximal longitudinal shift of amyloplasts fraheir initial location in root
and hypocotyl statocytes was determined withinfite minute of stimulation both in

root-tip and root-base directions. (Fig. 13A, But the average velocity of statolith
movement was different.
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Fig. 13. Displacement of amyloplasts along staegyh roots (A) and hypocotyls (B)

during 1g stimulation in root-tip (HC-1g) and root-base (HC-INV) directions. DW —
distal cell wall, BW- basal cell wall

In root statocytes, amyloplasts sedimented intehgiin the direction of gravity
to a comparable extent even during the first mswgktreatments. However, after the
fourth minute, plastid displacement became moravactowards the cell top as
compared with that towards the cell bottom. In hogigl statocytes, during the first
minute of stimulation, the longitudinal sliding aimyloplasts was more pronounced
downwards under the action of gravity in root-tipedtion. Later on, the plastid
displacement slowed down in both directions. Finalyer the 24-min period, the mean
distance of amyloplasts from the bottom of hypokststocytes reduced to 13.0 + 0.6 %
of the total cell length under the action of grawit root-tip direction and increased up to
82.8 £ 1.2 % under its action in root-base direttio

Movement of amyloplasts in gravisensing cells durgp short-term transverse
gravitropic stimulation of garden cress seedlings

Amyloplast motion was studied during a subsequemiré period of gravitropic
stimulation at 90° by the analysis of plastid gosihg in root and hypocotyl statocytes
of garden cress seedlings grown vertically a. Before stimulation, the amyloplasts
grouped near the morphological bottom of both tgles. The reorientation of seedlings
had a considerable effect on the location of amgkip in transverse as well as
longitudinal direction in statocytes of both orgéRgy. 14B, C and 15B, C).
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root tip

Fig. 14. Micrographs of root statocytes in seedliggown vertically (A),
after 90° reorientation for 2 min (B), and 6 min)(@m — amyloplasts.
Arrowhead indicates the direction of gravity. BatG-um

hpocotyl base
Fig. 15. Micrographs of endodermal cells in hypgtotof seedlings
grown vertically (A) and after 90° reorientatiorr fb min (B), 6 min (C).
En — endodermis, Am — amyloplasts. Arrowhead ineég#he direction of
gravity. Bar — 20 um

The statistical analysis of this motion allowed retderizing the statolith
sedimentation kinetics (Fig. 16A, B). A more rapichyloplasts displacement towards
the gravity from the initialy-position of 48.5 % to 37.2 % (g 0.01) of the total cell
width and simultaneous sliding along the cells fnmmial x-position of 15.2 % to 20.4
% (p < 0,05) were determined within the first minute ofgtropic stimulation in
hypocotyl endodermal cells (Fig. 16B) as compardith woot statocytes, where the
position decreased from 49.7 % to 43.1 %<(p.01), thex-position from 27.7 % to 32.3
% (Fig.16A). During the second minute, the amylefdalocation remained almost
unchanged in endodermal cells, while they contindedslide intensively along
columella cells slightly downwards.
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Fig. 16. Movement of amyloplasts in root (A) andobgotyl (B) statocytes during
the 6-min period of gravitropic stimulation at 96P garden cress seedlings after
growth under natural gravity conditions

Later, the movement of statolith changed considgratbthe statocytes of both
axial organs. In root statocytes, a significantftsbf statoliths was observed in the
direction of distal cell wall and simultaneouslywdovards sedimentation within a 2—6
min interval of gravitropic stimulation. In hypogts, only after 4 min a marked
displacement of amyloplasts was visible in the ltwdgnal direction of the cell.

The aim of the study was to compare the pecuksritf root and hypocotyl
gravisensing of the same seedling under differeavigtimulation conditions. Indirect
experimental method, i.e. quantitative analysishef dependence of amyloplast statics
and kinetics on the direction and magnitude of gaéienal force, was applied to assess
the cytoskeleton role in the maintenance of podarizoot and hypocotyl statocyte
structure and amyloplast movements during seedjmgistimulation. The experiments
were performed with garden credsgidium sativum L.) seedlings in space biosatellite
‘Bion-10’ (in-flight centrifuge ‘Neris-5’) and unddaboratory conditions in the dark by
changing the magnitude of the gravitational foraarf microgravity (real in space or
simulated by horizontal clinostat) togl(simulated by centrifugation in space or natural
Earth's gravity) and its action direction at 90° X80° inversion with respect to the
longitudinal axis of the seedlings.

Growth and development of gravisensing tissuesrenthe ability of plants to

sense and accept gravitational signals. Root aprathima and hypocotyl endodermis
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are compact tissues, but their sources, growttctitie and structural organization of
cells differ substantially. Therefore, it was pbésito expect different growth reactions
of these tissues to alterations of gravitationatéofrom 1g to weightlessness. The 28-
hour-old seedlings of garden cress were used imces@ad 32-hour-old in ground
experiments. The effect of real (Fig.1) and simedafFig. 3) microgravity on the linear
growth of root gravisensing cells was minimal. Thus can be stated that the
gravitational 1g force is not necessary for the formation of romvisensing tissues.
The obtained data are in compliance with the notii@t the gravity is not essential for
growth and development of root statenchima (Memyal., 1981; Perbal, Driss-Ecole,
1989; Laurinaviius et al., 1996; Sievers, 2000; Kiss, 2000; Laawitius, Svegzdiefy
2000; Driss-Ecole, 2000; Driss-Ecole et al., 2003).

In hypocotyls, gravisensing-endodermal tissue osumding the stele’, formed and
differentiated into functioning statocytes undethbmicrogravity and Iy conditions, but
in different ways. The presence of significantlyatler endodermal cells in apical and
larger ones — in basal hypocotyl sections sugdest under simulated or naturalgl-
gravity, a certain number of these cells were m phases of division, elongation and
differentiation (Table 1). In real microgravity,elgrowth of hypocotyl endodermal cells
was significantly slower than under dlL conditions because of the inhibition of cell
division process. A similar dependence of endodeel growth on the gravity was
observed in 32-hour-old seedlings (Fig. 4). Undsural gravity as compared with the
simulated microgravity, the endodermal cells tran$fom the division phase to that of
elongation significantly faster and much more isteely. Similar positive impact of
natural gravity was obtained for radial growth nfledermal cells, too.

The obtained data on the formation of gravisendiggues imply that altered
gravity may affect the growth and functioning omls at different structural levels. The
gravisensing is not an exception, either. The rodtentil and garden cress seedlings
after growth in microgravity are known to be sigeaihtly more sensitive and react faster
than the roots of seedlings which grow under sitedl@and natural gravity of d.(Driss-
Ecole et al., 2000, 2008; Laurin&nis et al., 2001). Laurinasius and co-authors
assumed that intracellular distribution of amylagacould be the reason for the change

in the sensitivity of roots to gravitropic stimutat.

22



Under the action of simulated or natural gravityggwisensors — amyloplasts in
root and hypocotyl gravisensing cells of cress lsegsl were grouped close to the
morphological cell "bottom" (Fig. 1, 2, 3A, 4A). &tefore, the longitudinal polarization
of cell structure is obvious. Thus, the locationaohyloplasts in both negatively and
positively gravitropic organs is largely impacteg bg-magnitude gravitational force,
which balance the intracellular forces (buoyanagdrthe elastic forces generated by
cytoskeleton elements, etc.) as a whole (Bjorkni&88; Todd, 1994; Yoder et al.,
2001). Under real or simulated microgravity, amydgps in root statocytes were
grouped in the central part of the cells, whereasypocotyl endodermal cells they were
scattered throughout the cytoplasm. However, theiean distance from the
morphological cell bottom in relative units was abd8 % of the cell length (Fig. 1, 2,
3B and 4B) both in root and hypocotyl statocytelsug; it can be assumed that when
cress seedlings grow without gravity, amyloplastsation, although different, depends
upon the activity of the above-mentioned intradaldorce.

In recent years, extensive analyses have beeredastit on actin filaments and
motor protein — myosin structural state, their pgass contacts with amyloplasts
(Palmieri et al., 2007; Kiss, 2009; Morita, 201Bpwever, it is not known whether the
significance of these cytoskeleton elements on ahwgloplast location in root and
hypocotyl statocytes is the same under reduced itgrasonditions. Our data
demonstrated, although indirectly, the effect dbskeleton network on the longitudinal
distribution of statoliths in root statocytes aryhbcotyl endodermal cells.

The studies on relationship between intracellulatrithution of statoliths upon
gravitational force of 0.004, 0.008, 0.02, 0.015 @r 1 g, continuously acting the
seedlings in the normal direction, revealed thas thependence is satisfactorily
described by the logarithmic function both in teetrand hypocotyl statocytes (Fig. 7).
As mentioned above, d-gravitational force keeps the statoliths at therphological
statocyte bottom in both axial organs of cress Isegdl (Fig. 5E and 6E). What
magnitude of gravitational force will keep positiog of amyloplasts, i.e. will not
compensate the opposite-direction intracellularcds? According to our data,
statistically significant lifting of plastids frohe morphological bottom of cells in root
statocytes proceeded under the action of ten tlesssthan Ig force (Fig. 5D, 7A). A

similar shift of amyloplasts in hypocotyl endodetroells proceeded under the action of
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half less than Ly force, i.e. 0.59 (Fig. 7B). These facts suggest that in the staéscyf
oppositively gravitropic organs the magnitude ofranellular forces, affecting the
location of amyloplasts, is different. In root siagtes, the statoliths are transported up
by the force, the magnitude of which is reducednfré g to 0.1 g, in hypocotyl
endodermal cells it is up to five times strongex, ieduced from g to 0.5g.

There is no doubt that discussed-above locatiostaibliths depends not only on
the gravitational loads, but also on the structarghnization of gravisensing cells. Most
part of endodermal cells in hypocotyls or footstalk ocupped by central vacuoles
(Volkmann et al., 1993; Kiss, 2000; Kato et al.020Morita, Tasaka, 2004), where
active cytoplasmic streaming associated with thaviac of actin-myosin system
proceeds (Groling, Pierson, 2000). If in the fumcing root statocytes many small
vacuoles are distributed throughout the cytoplashg.(5), most of the hypocotyl
endodermal cells are occupied by central vacuelesch push the cytoplasm and the
organelles, including the amyloplasts as well asdlements of cytoskeleton, to the cell
periphery or to transvacuolar strands penetratexguoles (Fig. 6). For this reason, the
interaction of statoliths and cytoskeleton elemémttatocytes of roots and aboveground
organs can also differ under directional changaga¥ity.

The above-discussed data tme dependence o&myloplast statics upon the
magnitude of gravitational force confirm the inveiwent of intracellular forces,
particularly elastic forces generated by cytoskelein the maintenance of amyloplast
location along the statocytes in both positivelyg aegatively gravitropic organs of cress
seedlings. Do these forces effect amyloplast mowmenmethe statocytes of both organs
during early phases of gravity sensing and, if thdey how? Are the conditions for
statolith movements in different areas of stataeyikeboth organs similar? Responses to
these questions were sought by comparing the kmeif statolith in statocytes of
seedlings, which grew naturally under gravity otheut it, after change of gravitational
force direction at 180° or 90° inversion, and itsagnitude — from simulated
microgravity to 1g and vice versa. The first technique of gravitynstiation made it
possible to assess the peculiarities of longitudinavements, the second — transverse
movements of amyloplast in the statocytes.

When 1g seedlings were transferred in simulateitrogravity or 180° inverted,

the statoliths lifted up from their initial locatidooth in hypocotyls and in roots (Fig. 8
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and 9). It is shown that in root statocytes thignky of statoliths is provoked by the
action of intracellular, cytoskeleton generatectésif reducing the magnitude of gravity
from 1 g to microgravity in the space or on the Earth (Vedon et al.,, 1991,
Laurinaviius et al., 1997, 2001; Driss-Ecole et al., 2008jn@ et al., 2003; Perbal et
al., 2004). Our data allow applying the above-nwred hypothesis to endodermal cells
of 1-g hypocotyls as well, because the direction anddpéastatolith movement, like in
root statocytes, depended on the changes in ghanigh force (Fig. 9 and 8,
respectively).

On the other hand, a few key differences betwestiolghs movements along root
and hypocotyl statocytes are also observed. Irsy@dter above-mentioned stimulations,
the amyloplasts moved away from the distal celliaego the comparable location
within 2 min period (Fig. 10A). It can be expectbdt the displacement of amyloplasts
would be more intense at 180° inversion than cbtetron, because in the former case to
the proximally directed intracellular forces thegty force is added. On the other hand,
the velocity of statolith movements along statosydepends not only on the magnitude
of acting force, but also on the rheological prtipsrof the cytoplasm, which can
change near the moving statolith within a shortqaeof time (Bjorkman, 1988; Leitz et
al., 2008). Therefore, it can be assumed that eecase of total intracellular forces
acting proximally had a limited impact on the sli#tomovement within 1-2 min of
inversion.

In endodermal cellsf 1g seedling hypocotyls within the first two minuteseaf
inversion the amyloplasts lifted up from cell bottsignificantly faster than after the
transfer into simulated microgravity (Fig.10B). Gdwsly, in the statocytes of
hypocotyls, gravitational force affected the movatnef statoliths much stronger than
intracellular forces and contrary to the root stgtes, enhanced their impact. It may be
supposed that the rheological properties of cywplan morphologically "lower"
regions of root and hypocotyl statocytes vary. Thhe effect of gravitational force on
amyloplast movement is not similar. On the othendhadifferences in the structural
organization of these cells are obvious. In roatagtytes, small vacuoles are distributed
throughout the whole volume of cells (Fig.a@)d the statoliths can move along the cells
evenly. In hypocotyl statocytes, the amyloplastgardless of the gravity situation, were

distributed and moved mostly through the periphang trasvacuolar strands of cells
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(Fig. 9). It is, therefore, likely that the centralcuoles dislocate amyloplast movement
in hypocotyl statocytes driven by intracellulardes.

According to the data obtained by the other authdierkys et al., 1981;
Laurinaviius et al., 1996, 2001; Driss-Ecole et al., 200003 and our results (Fig.
11A), the amyloplasts in statocytes of cress rapt®swvn both in real or simulated
microgravityare grouped in the central cell region. In hypotetgtocytes under these
conditions, the amyloplasts, differently from r@thtocytes, are scattered throughout the
cell and most of them, supposedly due to pressdrghe central vacuole, are
concentrated on the periphery of the cell (Fig. 124nder longitudinal stimulation of
such seedlings by the d gravity, the statoliths showed remarkable shiftsts action
direction within the first minute in the statocytesboth organs (Fig.11B, D, 12B, D,
13A, B). Thus, plastids can move easily from thaiial location towards any of the cell
poles and, possibly, of actin flaments. This figlsuggests the cytoplasm of the central
statocyte parts in both organs to be almost hommgenLater on, in hypocotyl
endodermis, the sedimentation of statoliths slodedn towards the cell bottom, but
proceeded at the comparable velocity until th® a@nute towards the cell top. In root
statocytes, similar change in plastid sedimentapooceeded later, i. e. from th&' 4
minute. Consequently, the conditions for the movetneé statoliths along statocytes are
different closer to the opposite cell poles in soahd hypocotyls. In our opinion, the
statolith sedimentation slowed down in both orgahsgravisensing cells under the
action of gravitational force in root-tip directialue to the opposite-directed intracellular
forces, i.e. elastic forces generated by the cyiesén, which transport plastids towards
the cell centre, and the drag effect provoked leyithieraction of moving amyloplasts
with the surrounding cytoplasm.

Considering that the length of statocytes in rosts approximately fivefold
smaller than in hypocotyls, we suppose that thstieldorces of the cytoskeleton affect
the amyloplast motion induced by gravity in thet@tgtes of hypocotyls in a similar
manner.

In order to detail the above-discussed propertiggavity sensing, the motion of
statoliths in root and hypocotyl statocytes dutiramsverse gravistimulation of seedlings
was studied. There is no doubt that gravity is eesfble for amyloplast sedimentation.

However, numerous studies on root gravisensingrgére Larsen, 1971; Volkmann et

26



al., 1991; Laurinavius et al., 2001; Driss-Ecole et al., 2003; GaRk@03; Perbal, 2004;
Svegzdien et al., 2005; Leitz et al., 2009) show that sttitslmove not directly towards
gravity. As discussed previously, it is supposedt the gravity-dependent transport of
amyloplasts along root statocytes of garden cresdlisgs is modulated by elastic forces
of the cytoskeleton. The obtained data on kineticamyloplast sedimentation during
transverse gravistimulation ofdlseedlings also suggest that the gravitational facte
together with cytoskeleton-dependent elastic foradmsch actively transport the plastids
in longitudinal direction in statocytes of both alxorgans (Fig. 14, 15). On the other
hand, the 6-min period of transverse stimulatioveaded the differences of statolith
movement trajectory and velocity in hypocotyl andtrstatocytes (Fig. 16A, B). Within
the first minute, the amyloplast movement in gnawiector direction and at the same
time sliding towards the cell centre was signifitardaster in hypocotyl endodermal
cells (Fig. 16B). However, over the next minutes positioning of amyloplasts almost
did not change in endodermal cells, while they icr@d to slide intensively along the
root statocytes (Fig. 16A). These and the aboverde=sd data confirm our hypothesis
that structure, rheological properties of the cldsp near the morphological bottom of
the endodermal cell are different than in rootcstgies and the action of intracellular
forces in these cells may be modulated by the akwéicuole.

In summary, the obtained results confirm the hypsith that gravity-dependent
positioning and movement of amyloplasts are moeddldiy the cytoskeleton both in
hypocotyl and root gravisensing cells of cress lsegsl despite the differences in the
structure of statocytes and organization of grangsey tissues. The data of research
provide a basis for further investigations on gsamsing processes in oppositively

gravitropic organs of plants.
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CONCLUSIONS

1. The action of gravitational force is not an ess¢ factor for the formation of
gravisensing tissues in hypocotyls and roots oflgrarcress seedlings; however, under
real and simulated microgravity, the growth of eshelonal cells in hypocotyls is slower,
the location of amyloplasts changes significantlighwespect to the morphological

bottom of statocytes in roots and hypocotyls.

2. The logarithmic dependence between the posigpof amyloplasts along statocytes
of roots and hypocotyls and the magnitude of gatéiaibal force (from 0,004 to 19),
which acted permanently on seedlings in root-tigation, was determined. Unimodal
regularity is characteristic of amyloplast disttibn in root statocytes under tested
gravitational loads. In hypocotyl statocytes, unila regularity of amyloplast

distribution changes in-to bimodal if the graviteial force is reduced to 0.02

3. The magnitude of intracellular forces, whicht lifp the amyloplasts from the
morphological cell bottom is in the range from @1to 1 g in root statocytesin
hypocotyl endodermal cells, it is in the range frOmd g to 1 g. The magnitude of
intracellular forces maintaining the positioning amyloplasts under microgravity
conditions is in the range from 0.0640 0.02g in roots and in the range from 0.0§80

0.02g in hypocotyls.

4. Short-term exposition to simulated micrograwatyl80° inversion of seedlings grown
vertically under natural gravitational force proeothe lifting of amyloplasts from the
morphological bottom of gravisensing cells. In ratatocytes, within the first two
minutes the plastids move at comparable rate tasvire cell centre, but later on their
motion slows down under microgravity and proceedsdeun inversion.In hypocotyl

statocytes, the amyloplasts lift up slowly durirge tentire period of exposition to

microgravity, but much more rapidly during the firwo minutes of inversion.

5. Short-term longwise stimulation of seedlingsvgndn simulated microgravity by the

gravitational force in root-tip or opposite diresti provokes the movement of
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amyloplasts in gravisensing cells parallel to @8am. In root statocytes, the amyloplasts
sediment intensively by a comparable extent dutimg first four minutes of both
stimulations. In hypocotyl statocytes, the sediragoh of amyloplasts proceeds about
two times faster towards the morphological celltot than in opposite direction

already during the first minute.

6. Short-term transverse stimulation of seedlingewg vertically under natural
gravitational conditions by the gravity ofdlinduces the sedimentation of amyloplasts
with simultaneous longwise sliding towards the cerdf gravisensing cells. In root
statocytes, during the first minute, the amylogasbve by the comparable rate in both
directions, during the second- faster longwise thannwards. In hypocotyl statocytes,
within the first minute of stimulation the movemeoft statoliths occurrs more quickly
downwards than longwise, and it proceeds by thepeoable rate in both directions

during the second minute.

7. The impact of interaction between the gravitaloforce and intracellular forces on
the kinetics of amyloplasts depends on the strattpeculiarities and real size of

statocytes in roots and hypocotyls of a seedling.

8. The obtained data on the statics and kineticaneyloplasts confirm that gravity-
dependent positioning and movement of amyloplast in hypocotyl endodermal cells
and root statocytes of garden cress seedlingsmadulated by intracellular forces,

firstly generated by the cytoskeleton.
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Séjamosios pipirnés gravitacijos jutimo tyrimas

Santrauka

Pirmg kartg buvo palyginti to paties daigo Saknies ir hipoketgravitacijos jutimo
savitumai skirtingomis gravitacinio dirginimalggomis. Netiesioginiu eksperimentiniu
metodu, t.y. kiekybiSkai analizuojant amiloplastatikos ir kinetikos priklausomygnuo
gravitacires jegos veikimo krypties ir dydzio, buvgvertinta citoskeleto reikSén
poliarizuotos Sakip ir hipokotiliy statocity struktiros palaikymui ir vidusteliniams
amiloplast; judesiams daig gravitacinio dirginimo metu. Eksperimentai atliku
séjamosios pipirdas (Lepidium sativum L.) daigais tamsoje, gravitacijos paky
generavimui naudojant originalius prietaisus — tocentrifug ,Neris-5“ kosminio
skrydzio glygomis (biopalydovas ,Bion-10%) ir dvigj ortogonah} asiy centrifug-
klinostat. Gravitacires j¢gos dydis buvo kéiamas nuo mikrogravitacijos lygmens
(reali kosmose arba imituota horizontaliu klinoatamu) iki 1 g (imituota
centrifugavimu arba natali Zemgs gravitacija), o jos veikimo kryptis buvo kgima
90° arba 180° kampu daigo iSilgsasies atzvilgiu.

Nustatyta, kad gravitacis j¢gos buvimas éra hitina glyga s£jamosios pipiras
daigy Sakny ir hipokotiliy gravisensorinio audinio formavimuisi, bet jai ndvant (reali
ir imituota mikrogravitacija) sétéja hipokotiliy endodermio gsteliy augimas, pakinta
gravisensorinj lgsteliy poliSkumas @ esminio amiloplast pakilimo Bsteliy centro
Kryptimi.

Nuolatinio gravitropinio dirginimo metu, kuomegjamosios pipirdas daigus
Saknies vir8nés kryptimi veilé skirtingo dydzio gravitacijéga, nustatyta logaritmén
priklausomylg tarp veikiagios jgos dydzio ir amiloplastiSsidesstymo iSilgai Sakaq ir
hipokotiliy statocity. Nustatyta, kad abigj aSinij organy gravisensoriése hstekse
amiloplastai juda ne pasklidai, o kaip judrus késkpas, kuriam Saknstatocituose
nepriklausomai nuo gravitacijos dydziotidingas unimodinis pasiskirstymas, o
hipokotiliy statocituose unimodinis amiloplastpasiskirstymas pakinta bimodin,
kuomet gravitacia jéga sumaga nuo 1g iki 0,02 g. Sakn statocituose vidgbteliniy
jégy, kurios tempia amiloplastus prieSinga gravitaciyektoriui kryptimi iS apatiés
lasteliy srities, dydis yra nuo O,d iki 1 g, hipokotiliy endodermio dstekse Sy jégy
dydis penkis kartus didesnis, t.y. nuo @5ki 1 g. Vidulasteliniy jégy, palaikagiy
mikrogravitacijos slygoms hidingg amiloplasi iSsickstymg Sakny statocituose, dydis
yra nuo 0,004 iki 0,029, o hipokotiliy — nuo 0,008 iki 0,02g.

Pakeitus gravitacirs jégos dyd nuo 1g j imituota mikrogravitaciy arba pakeitus
jprastie  veikimo krypi 180° (inversija) nustatyta, kad amiloplastai kyrao
morfologinio hsteliy dugno abiej asiniy organ; statocituose. Sakngravisensoriése
lagstekse per pirmsias dvi minutes amiloplastai juda panaSiu @ueabiem dirginimo
atvejais. Hipokotiliuose pirmosiomis dirginimo mbdmis inversijos metu nustatytas
zymiai spartesnis amiloplast kilimas nuo morfologinio gstely dugno nei
mikrogravitacijos atveju.

Imituotos mikrogravitacijos ghygomis augusius éamosios pipirds daigus
veikiant 1g jéga Saknies apekso arba prieSinga kryptimi (invexsamiloplastai abigj
asSiny organy gravisensoriése hstekse jucjo iS mikrogravitacijai kbdingos padties
gravitacijos veikimo kryptimi, @&au skirtingu graiiu. Jau pirmgja minut abiej organ
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gravisensorigse hstekse stebtas akivaizdus statoijt slinkimas veikiagios jegos
kryptimi, kuris Sakg statocituose panasSiu intensyvumu abiem kryptiressst iki 4
minuts. Nustatyta, kad hipokotili statocituose amiloplastai pispgg minuk
morfologinio Bsteliy dugno link jugjo apie du kartus gré&au nei prieSinga kryptimi.
Nustatyta, kad Ir daigus dirginant skersine kryptim nedlia (1 g) gravitacine
jéga, amiloplastai juda jos veikimo kryptimi, ¢tau juckjimo trajektorija ir greitis
hipokotiliy ir Sakny gravisensoriese hstebse skiriasi. Sakn statocituose piraja
minute vyko panasus amiloplastjudéjimas gravitacijos veikimo, irabkteks centro
kryptimi, o antaja minue - intensyvesnis gbteks centro kryptimi. Hipokotil
statocituose amiloplastai pig@@ minut zymiai greéiau juckjo gravitacijos veikimo
kryptimi nei steks centro link, o angfg minut — panasiu gréiu abiem kryptimis.

Gauti rezultatai patvirtina prielagd kad, nepriklausomai nuo gravisensorinio

audinio organizacijos ir statogit strukiiros, vidujstelines jégos, vig; pirma
generuojamos citoskeleto moduliuoja nuo gravitegiggos priklausomp amiloplast
iISsidestymy ir judéjima ir Sakny, ir hipokotiliy gravisensoriése hstekse.
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