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Microgravity modelling by two-axial clinorotation leads
to scattered organisation of cytoskeleton in Arabidopsis
seedlings
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Abstract. Proper plant development in a closed ecosystem under weightlessness will be crucial for the success of
future space missions. To supplement spaceflight experiments, such conditions of microgravity are modelled on Earth
using a two-axial (2A) clinorotation, and in several fundamental studies resulted in the data on proteome and
metabolome adjustments, embryo development, cell cycle regulation, etc. Nevertheless, our understanding of the
cytoskeleton responses to the microgravity is still limited. In the present work, we study the adjustment of actin
microfilaments (MFs) and microtubules (MTs) in Arabidopsis thaliana (L.) Heynh. seedlings under 2A clinorotation.
Modelled microgravity resulted in not only the alteration of seedlings phenotype, but also a transient increase of the
hydrogen peroxide level and in the cytoskeleton adjustment. Using GFP-fABD?2 and Lifeact-Venus transgenic lines, we
demonstrate that MFs became ‘scattered’ in elongating root and hypocotyl cells under 2A clinorotation. In addition, in
GFP-MAP4 and GFP-TUAG6 lines the tubulin cytoskeleton had higher fractions of transverse MTs under 2A
clinorotation. Remarkably, the first static gravistimulation of continuously clinorotated seedlings reverted MF
organisation to a longitudinal one in roots within 30 min. Our data suggest that the ‘scattered’ organisation of
MFs in microgravity can serve as a good basis for the rapid cytoskeleton conversion to a ‘longitudinal’ structure under
the gravity force.
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Introduction

For long-term space exploration to succeed, self-sustaining life
support systems adapted to conditions of microgravity must be
developed. Plants are a necessary part of any closed
ecosystem. For millions of years, they have been evolving
in the gravity field of Earth. Plants rely on the gravity vector to
establish and maintain the polarity of their organs (Medvedev
2012). To resist the gravitational force, they form strong
mechanical tissues. Nonetheless, the plasticity of their
development allows plants to go through the complete life
cycle from seed to seed even on board of the International
Space Station where they are exposed to weightlessness, or
microgravity (Vandenbrink and Kiss 2016). Plants grown in
space are generally similar to those grown on Earth. Their
stems and roots elongate and develop axial symmetry, and
leaves are dorsiventral. Thus, the shape of plant cells is
generally preserved, and the direction of growth is focussed
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on sources of light, water, nutrients, oxygen, and carbon
dioxide. And yet plants grown in space differ in many of
the studied parameters from those on Earth. Their roots exhibit
waving and skewing behaviour (Paul e al. 2012) and enhanced
phototropic reactions (Kiss et al. 2012). Changes in the
transcriptome and proteome show signs of stress responses
(Paul et al. 2017; Frolov et al. 2018). Plant development in
space is usually delayed, growth is impaired (Manzano et al.
2018) and productivity is reduced (De Micco et al. 2014).
Conditions of microgravity are effectively modelled by
rotation of plants in two-axial (2A) clinostats or random
positioning machines (RPMs), which rotate plants
simultaneously around two perpendicular axes thus
effectively averaging gravity vector to zero over time and
allow plants to grow randomly as achieved in spaceflight
(Kiss et al. 2019). The growth habits of plants in 2A
clinostats and RPMs are similar to those in space (Paul
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et al. 2012). Kraft et al. (2000) confirmed this thesis by
comparing the position of amyloplasts in columella of
Arabidopsis seedlings that were rotated around two axes
with those that were exposed to true microgravity during
spaceflight. It has been shown that the arrangement of
amyloplasts in the columella seedlings during seedlings
rotation in the RPM becomes as dispersed as in space flight
conditions. The obvious drawback of this approach is that
disoriented plants still have to uphold their weight. An equally
obvious advantage of ground-based microgravity simulation is
that it provides the opportunity to avoid several factors that
inevitably act on board of space stations: cosmic radiation,
confined volume, lack of convection, and higher content of
ethylene (Vandenbrink and Kiss 2016).

Plant responses to gravity and to simulated microgravity are
regulated at the cellular and molecular levels by metabolome
and proteome adjustments (Vandenbrink and Kiss 2016;
Frolov et al. 2018; Chantseva et al. 2019). Presumably, it is
the cytoskeleton that determines the direction of both cell
division and cell expansion. Its orientation is set by
mechanisms of self-organisation, as well as the external
directional cues. Still, our notion on the cytoskeleton
behaviour in microgravity is limited to data on the cortical
microtubules in shoots (Soga et al. 2018), and information on
the actin cytoskeleton behaviour is not available at all. In this
study, we examine the organisation and quantify rearrangements
of actin microfilaments (MF) and tubulin microtubules (MT)
that occur in elongating cells of roots and hypocotyls of
Arabidopsis seedlings in response to 2A clinorotation.

Materials and methods
Plant material and growth conditions

Experiments were performed using seedlings of transgenic
Arabidopsis thaliana (L.) Heynh, ecotype Col-0, transformed
with constructs for imaging of cytoskeleton in vivo. For actin
cytoskeleton imaging in roots and shoots, we used GFP-
fABD?2 plants that constitutively expressed GFP fused with
a second (C-terminal) actin-binding domain of fimbrin 1
(fABD2) (Voigt et al. 2005), and Lifeact-Venus plants that
constitutively express a short actin-binding Lifeact peptide,
fused with Venus fluorescent reporter (Riedl e al. 2008). For
live imaging of microtubules, we used GFP-MAP4 construct
to study roots (Mathur and Chua 2000), and GFP-TUAG6 to
study hypocotyls (Ueda et al. 1999). Plants were grown in
sterile conditions on the surface of solidified half-strength
Murashige—Skoog nutrient medium (MS/2; Duchefa, the
Netherlands) containing 1% (mass/vol.) sucrose (Ecros,
Russia) and 0.35% (mass/vol.) phytagel (Sigma-Aldrich, USA)
in 60 mm Petri plates (Eppendorf, Germany). After stratification
(2 days at4°C), plates were placed either vertically ormountedina
continuously rotating 2 A clinostat for 5 or 9 days in the MLR-351
climate chamber (Panasonic, Japan) at 20°C with a 16h/8 h light/
dark cycle and at 100 umolm s illuminance provided by
FL40SS-W/37 fluorescent lamps.

Vertical growth, clinorotation, and gravistimulation

We used seedlings grown in vertical plates, in a 2A clinostat,
and those subjected to gravistimulation by replacement from
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the 2A clinostat to a vertical position for 30 min. We used
a custom-made 2A clinostat that allowed simultaneous
rotation of Petri plates around two orthogonal axes at
2.5 rpm frequency (Frolov et al. 2018) (see Supplementary
Movie 1).

Seedling measurements

Digital images of plants were taken by Sony at7R3 camera
equipped with Canon EF 180 mm f/3.5 L Macro USM lens and
mounted on focusing rails. Images were processed in ImagelJ
(ver. 1.52p) for measurements. Root length was measured by
tracing the root with the ‘segmented line’ tool from the root
collar along the root to the root tip. The same approach was
applied to measure hypocotyl length. Root curvature
(dimensionless units) was calculated as the root length
divided by the length of the straight line drawn between the
root collar and the root tip. Root angle was measured in the
root tip—root collar line and the vertical line drawn on a plate.
In each experiment, 12—15 seedlings were examined.

Cytoskeleton visualisation

Confocal microscopy experiments were carried out using a
Leica TCS SP5 MP inverted confocal laser scanning
microscope (Leica Microsystems, Germany), equipped with
a 40x objective lens with numerical aperture of 1.3 and oil
immersion. Reporter protein fluorescence was induced with a
488 nm argon laser (20-35% power), and emission was
recorded in the range of 510-550 nm with gain 80 =+ 250
for GFP reporter lines (GFP-fABD2, GFP-MAP4, GFP-TUAG6)
and with gain 35 for Lifeact-Venus. Z-stacks of 14 to 16 optical
sections (280 x 280 um) were made at 2.5 um intervals.

Analysis of cytoskeleton organisation

We analysed actin microfilaments (MF) and tubulin
microtubules (MT) visualised in the root distal elongation
zone (DEZ) and the middle part of hypocotyls using 5-day-
old seedlings. Using Leica Application Suite 2010, confocal
z-stacks of optical sections were divided into two sub-stacks
corresponding to the stele or cortex section, then maximal
projections were made and used for the subsequent analysis.
Actin MF detection and analysis of their angular distribution
were performed automatically using the Microfilament Analyzer
software (Jacques et al. 2013) with the following settings:
contrast 1.5, min length 10 px, diameter 1 px, detection
threshold 3, angular step 3°. Same settings were applied to
MT analysis. Each sample represents at least 15 seedlings,
10 cells per seedling. We determined the frequency of MFs
and MTs within the range of 0-30° (longitudinal), 30-60°
(oblique), 60-90° (transverse) to the longitudinal root axis.
The overall organisation of MFs or MTs was defined as
‘scattered’ if there was no predominant fraction among
longitudinal, oblique or transverse MFs/MTs. Data on
histograms show the percentage of longitudinal, oblique and
transverse ones in confocal images. Density of MFs and MTs was
calculated based on Microfilament Analyzer output as the
number of MF or MT linear segments per um? of cell projection.
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Hydrogen peroxide assay

H,0, was quantified with FOX reagent (Gay and Gebicki
2000) according to the following procedure. Approximately
27-30 9-day-old seedlings were homogenised at 4°C with
1 mL of 0.3 M perchloric acid and centrifuged at 15000g
for 10 min. A volume of 72 puL of 1M K-phosphate buffer (pH
6.0) was added to 800 uL of supernatant, and the pH was
adjusted to 6.0 with 1IN KOH. To remove ascorbic acid from
the sample, 10 pL of ascorbate oxidase (Sigma-Aldrich
ascorbate oxidase from Cucurbita, 1-3 kU mg ' protein)
solution (0.1 U uL™") in 50 mM K-phosphate buffer
(pH 6.0) was added. After 5 min, two aliquots of 500 uL
were taken. To one aliquot, 10 uL of catalase (Sigma-Aldrich
catalase from bovine liver, 2-5 kU mg ' protein) solution
4UuU uL’l) in the same buffer was added; to the other aliquot,
an equal amount of the buffer was added. After 10 min, 510 uL
of FOX reagent was added to each sample. After 30-40 min,
the optical density was measured at 560 nm with
NanoPhotometer P300 (Implen, Germany). The composition
of FOX reagent was: 200 mM sorbitol (Sigma-Aldrich),
50 mM sulfuric acid, 0.2 mM xylenol orange (Sigma-
Aldrich), 0.5 mM ferric sulfate, 0.5 mM ammonium sulfate
in water solution. Hydrogen peroxide content was calculated
as the difference in optical densities between aliquots with and
without catalase using specific extinction of H,O, (~0.08 uM !
ecm ! determined by calibration curve). All the inorganic
reagents mentioned above were purchased from Ecros, Russia.
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Statistical data analysis

All experiments were performed with at least three replicates.
Statistical data analysis was performed in Microsoft Excel and
significance was estimated using Student’s r-test. Data are
mean values with standard errors.

Results

Microgravity modelling by 2A clinorotation induces changes
in the development of Arabidopsis seedlings

Vertically grown 5-day-old Arabidopsis seedlings exhibited
normally developed roots, hypocotyls and cotyledons
(Fig. la—d), but the length of roots and hypocotyls varied
among studied transgenic lines. GFP-TUA6 and GFP-fABD?2
hypocotyls were 20-24% shorter (Fig. 2a), while GFP-TUA6
roots were 24% longer than wild-type ones (Fig. 2b). Root
curvature and root angle were consistent within studied
lines with values from 1.02 to 1.05 (dimensionless units) and
8.5 &£ 2.3° respectively (Fig. 2¢, d).

Microgravity modelling by 2A clinorotation induced
several changes in seedlings phenotype. The most
noticeable change was in the mode of the root growth
(Figs 1, 2b—d). The roots showed a significant decrease in
length and an increase in skewing under 2A clinorotation
(Fig. 2b, d). Their deviation from the conventional vertical
lines drawn on each plate reached 140°, with a tendency to the
left-handed skewing when observed from above (Figs 1, 2d).

Fig. 1. Vertically grown (a—d) and 2A clinorotated (e—4) seedlings of 5-day-old A. thaliana as seen from the top of plates. Each plate held wild-type
seedlings (Col-0), to the right of black marker line, and one of the following transgenic lines used for in vivo cytoskeleton visualisation. (a, ) GFP-fABD2
(actin microfilaments), (b, f) Lifeact-Venus (actin microfilaments), (¢, g) GFP-MAP4 (microtubules in roots), (d, h) GFP-TUA6 (microtubules in shoots).

Scale bar, 10 mm.
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Fig. 2. Morphology analysis of 5-day-old vertically grown and 2A
clinorotated seedlings of wild-type A. thaliana (Col-0) and transgenic
lines used for cytoskeleton in vivo visualisation (GFP-fABD2, Lifeact-
Venus, GFP-MAP4, and GFP-TUAG6). Measured parameters are (a)
hypocotyl length, (b) root length, (c) root curvature (dimensionless units)
and () angle between the root tip and the root collar line vs vertical line. The
data are mean =+ s.e. from four independent experiments; 1215 seedlings
were examined in each experiment. Asterisks (*) and circumflex (*) symbols
indicate statistical significance for the difference between vertically grown
and clinorotated plants, and between the wild-type and the transgenic line,
respectively (Student’s #-test). *, P < 0.05; **, P < 0.01.

The roots exhibited wavy pattern of growth, which was
significant in wild-type, GFP-MAP4 and Lifeact-Venus
seedlings (Fig. 2c¢). It should be noted that the root
curvature of all transgenic lines was less than that of wild-
type seedlings. Hypocotyls of clinorotated seedlings were
positioned under various angles to the vertical, and GFP-
TUA6 hypocotyls also exhibited a significant increase in the
length (Fig. 2a; P < 0.05).
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Table 1. The effect of long-term (9 days) and short-term (24 h) 2A
clinorotation on the Arabidopsis seedlings biomass and hydrogen
peroxide content
The data are mean =+ s.e. from three independent experiments

Seedling orientation Biomass H,0, content
(FW; mg) (nmol g~' FW)
Vertical growth 45+04 32+3
Clinorotation after 9 days 3.1+03 30+3
Clinorotation for the 9th day (24 h) 31+£03 50+5

Hydrogen peroxide accumulation in seedlings under
2A clinorotation

The development of Arabidopsis seedlings under continuous
2A clinorotation showed signs of stress. In 5-day-old
seedlings, that was manifested in the inhibition of root
growth (Fig. 20). In 9-day-old seedlings, that also led to the
inhibition of leaf development and to a significant decrease in
the fresh weight of seedlings (Table 1). H,O, level was
quantified in seedlings as one of the integral indicators of
stress. Under continuous 2A clinorotation for 9 days, seedlings
did not exhibit differences in H,O, content with those grown in
vertical plates. However, oxidative stress accompanied by
growth inhibition was revealed in 8-day-old control
seedlings that were subjected to 2A clinorotation for the
following 24 h (for the 9th day).

2A clinorotation results in more ‘scattered’ organisation
of the actin cytoskeleton in Arabidopsis seedlings

We have studied actin cytoskeleton in vivo in 5-day-old
seedlings using two different transgenic marker lines proven
to be effective for MF visualisation: GFP-fABDZ2 and Lifeact-
Venus. As shown earlier (Pozhvanov ef al. 2016), MFs had a
predominantly longitudinal orientation in the cortex and stele
of the root DEZ (Figs 3a, d, 4a). In hypocotyls, the fraction of
longitudinal MFs was also predominant (Figs 3/, m, 4d). In
Lifeact-Venus seedlings, a fine MF network was revealed
better than in GFP-fABD2 (Fig. 3). Seedlings of transgenic
lines also displayed differences in the MF orientation although
they were not statistically significant (Fig. 4). In Lifeact-Venus
seedlings, the longitudinal MF fraction was smaller, and the
oblique MF fraction was larger than in GFP-fABD2 seedlings.
Transverse MFs were minor in both GFP-fABD2 and Lifeact-
Venus seedlings.

Under 2A clinorotation, GFP-fABD?2 seedlings showed an
increase in MF density in roots (Fig. 5a) and a decrease in MF
density in hypocotyls (Fig. 5b). In Lifeact-Venus seedlings, a
decrease in MF density was observed in both roots and
hypocotyls (Fig. 5a, b).

The effect of 2A clinorotation on MF orientation was most
pronounced in GFP-fABD2 seedlings. In their root DEZ
cortex, the proportion of longitudinal MFs was significantly
reduced: 40% vs 60% in seedlings grown on vertical plates
(Fig. 4a, b; P <0.01). Thus, due to the decrease of longitudinal
MF fraction and the corresponding increase of oblique and
transverse MF fractions, the orientation of MFs in the DEZ
cortex under 2A clinorotation became ‘scattered’.
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Visualisation of microfilaments and microtubules in roots and hypocotyls of 5-day-old

A. thaliana transgenic seedlings. Cytoskeleton was visualised in vivo in the root distal elongation
zone and in elongating hypocotyls of seedlings grown vertically (a, d, g, j, m, p), in the two-axial
clinostat (b, e, h, k, n, ¢), or 30 min in the vertical orientation after 5 days of clinorotation (g, 4, i, /, 0, r).
(a—c) Actin cytoskeleton in GFP-FABD? roots, (d—f) actin cytoskeleton in Lifeact-Venus roots, (g—i)
microtubules in GFP-MAP4 roots, (j—g) actin cytoskeleton in GFP-FABD?2 hypocotyls, (m—o) actin
cytoskeleton in Lifeact-Venus hypocotyls, and (p—) microtubules in GFP-TUAG6 hypocotyls. Maximal
intensity projections of 6-8 confocal optical sections through root or hypocotyl cortex are shown.
Figures demonstrate typical images from experimental series (at least 15 seedlings were examined in

either experiment). Scale bar, 50 pm.

In GFP-fABDZ2 hypocotyls, the fraction of longitudinal
MFs was also significantly lower in conditions of 2A
clinorotation: 55-60% vs 65-70% in vertical control
(Fig. 4d, e; P < 0.05). In contrast to the roots, these effects
were observed both in the cortex and in the stele.

Visualisation of MFs in Lifeact-Venus seedlings gave
different results. Under 2A clinorotation, the longitudinal
MF fraction in the cortex of the root DEZ became
statistically indistinguishable from the fraction of transverse
MFs (42 4+ 14% vs 15 £ 5%), whereas in vertically grown
seedlings, the differences between these fractions were
statistically significant: 45 £+ 5% vs 14 £+ 3% (Fig. 4a, b;
P < 0.05). In the Lifeact-Venus hypocotyls, no changes were
detected in the MF orientation under conditions of 2A
clinorotation.

In GFP-fABDZ2 marker line, microgravity modelling by 2A
clinorotation resulted in more ‘scattered’ orientation of MFs
in the elongating cells of roots and hypocotyls. To check
whether constant gravity vector could promptly adjust actin
cytoskeleton organisation, we performed an experiment where
continuously clinorotated seedlings were subjected to their
first in-a-lifetime gravistimulation, a vertical placement. We
have previously shown that gravistimulation by 90° rotation of
plants with respect to the gravity vector resulted in actin MF
rearrangement within 20-30 min (Pozhvanov et al. 2016);
therefore, the same 30 min exposure to gravity was chosen for
this experiment as well. Remarkably, the initial
gravistimulation of 2A clinorotated plants resulted in fast
actin  cytoskeleton rearrangement in roots, which
organisation became similar to that of vertically grown
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seedlings (Fig. 3¢, /). In GFP-fABDZ2 and in Lifeact-Venus root
cortex, longitudinal MFs became dominant again (Fig. 4¢). MF
density response in roots of seedlings placed vertically after
2A clinorotation presumably showed a lag except for stele of
GFP-fABD?2 roots that showed similar distributions as the
controls (Fig. 5a). In GFP-fABDZ2 hypocotyls, MF orientation
and density also ‘restored’ to the control one (Figs 3/, o, 4f, 5b).

2A clinorotation has minor effect on the orientation of
microtubules in Arabidopsis seedlings

To analyse the orientation of the MTs in the roots, we used
only GFP-MAP4 seedlings (Fig. 3g—i) because GFP-TUA6
fusion proteins are not fully incorporated into cortical
microtubules in root cells (Abe and Hashimoto 2005).
Under conditions of vertical growth, the ratio of
longitudinal, oblique and transverse MTs in the DEZ cortex
was 28:37:35 (Fig. 6a). Under 2A clinorotation, the ratio of
these fractions was 30:33:37 (Fig. 6b). Thus, the fraction of
transverse MTs slightly increased. After 30 min in the vertical
position, the ratio of MT fractions also shifted towards
transverse (Fig. 6c¢). In the DEZ stele, there were no
changes in the orientation of the MTs under 2A clinorotation.
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(Continued)

GFP-TUA6 seedlings better suited for MT visualisation in
hypocotyls (Fig. 3p—r). In the cortex of hypocotyls, longitudinal
MTs prevailed, and the ratio of longitudinal, oblique and
transverse MT was 46:36:18 (Fig. 6a). Under 2A
clinorotation, this ratio was 43:37:20 (Fig. 6b). Thus,
transverse MTs fraction exhibited a tendency to increase at
the expense of longitudinal MTs. This trend was the same in
the stele, where the ratio of these fractions in the vertical control
was 44:38:18 and shifted to 41:38:21 under 2A clinorotation.
Thirty min after the clinorotation was stopped and seedlings were
exposed to a constant gravity vector, these effects persisted and
even increased further (Fig. 6¢). MT density showed very
moderate response to 2A clinorotation (Fig. 5S¢, d). To
conclude, 2A clinorotation imposed a minor effect on the
orientation of MTs, which on the whole was expressed in a
decrease in the longitudinal and oblique MT fractions and an
increase in the fraction of transverse MTs.

Discussion

There are many studies focussed on the growth pattern of
Arabidopsis seedlings in real microgravity in space and in
microgravity modelled with  ground-based facilities.
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Fig. 4. Microfilament orientation in cortex and stele of root distal elongation zone (a, b, c), and in elongating hypocotyls (d, e, f) of 5-day-old
A. thaliana GFP-fABD?2 and Lifeact-Venus seedlings grown vertically (a, d), in the two-axial clinostat (b, e), or 30 min in the vertical orientation after
5 days of clinorotation (c, ). Microfilaments were classified as longitudinal, oblique or transverse depending on the angle they made with respect to the
root apical-basal axis. The data are mean + s.e. from four independent experiments. At least 15 seedlings were examined in each experiment, 10 cells
per seedling. Asterisks (*) and circumflex (%) symbols show that the values are significantly different from those of the vertically oriented or
clinorotated seedlings, respectively (Student’s #-test). *, P < 0.05; **, P < 0.01.

Obviously, there are some differences between the results
obtained. In our experiments, we observed that under 2A
clinorotation, Arabidopsis seedlings had shorter roots, longer
hypocotyls, and lower biomass (Figs 1, 2; Table 1). Inhibition of
root elongation was also observed by Paul ef al. (2012) in
experiments carried out on the International Space Station.
However, in other studies, flight-grown roots had the same
length as the ground-grown ones (Kiss et al. 2012;
Nakashima ef al. 2014; Paul et al. 2017). Besides, it was
observed using RPM that the effect of microgravity on root
elongation depends on the Arabidopsis ecotype (Piconese et al.
2003).

The elongation of Arabidopsis hypocotyls in space also
changed in different ways, it was either retarded (Paul et al.
2012) or accelerated (Soga et al. 2018). Data on phenotypes of
other species seedlings are equally ambiguous. For instance,

rapeseed (Brassica napus L.) germination and the primary root
elongation were accelerated under 2A clinorotation (Frolov
et al. 2018; Chantseva et al. 2019), while growth of rice (Oryza
sativa L.) shoots was slightly retarded in space (Wakabayashi
et al. 2017). Obviously, the discrepancies mentioned above are
due to the fact that gravity is not the main factor determining
the growth rate. To a great extent, plant growth depends on
the composition of the growing medium, light, hardware and
spaceflight conditions. The role of these factors in microgravity
may be altered. For example, in space, Arabidopsis hypocotyls
and roots demonstrate significantly stronger phototropic
responses (Kiss et al. 2012).

Plants are able to withstand microgravity. However, there
are many indications that microgravity causes stress responses.
In conditions of real and modelled microgravity, adjustments
in the transcriptome and proteome were mostly associated with
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Fig. 5. Density of microfilaments (MFs) (@, b) and microtubules (MTs)
(c, d) in cortex and stele of root distal elongation zone (a, ¢), and in
elongating hypocotyls (b, d) of 5-day-old A. thaliana GFP-fABD2,
Lifeact-Venus, GFP-MAP4 and GFP-TUAG6 seedlings grown vertically,
in the two-axial clinostat, or 30 min in the vertical orientation after 5 days
of clinorotation. MF and MT density is expressed as the number of their
linear segments per um? of cell projection. The data are mean =+ s.e. from
four independent experiments. At least 15 seedlings were examined in
each experiment, 10 cells per seedling. Asterisks (*) and circumflex (*)
symbols show that the values are significantly different from those of the
vertically grown or clinorotated seedlings, respectively (Student’s #-test).
*, P <0.05; **, P <0.0l.

stress responses, phytohormone signalling, and cell wall
remodelling (Paul et al. 2017; Frolov et al. 2018). Our data
on the dynamics of hydrogen peroxide content in seedlings
also indicate that there was an oxidative stress under 2A
clinorotation (Table 1).

Under 2A clinorotation, the curvature of roots and their
deviation from the vertical line, with a tendency to left-
handedness, significantly increased (Figs 1, 2). Increased
waving and skewing of Arabidopsis roots were also
observed in RPMs (Piconese et al. 2003) and in space (Paul
et al. 2012; Nakashima et al. 2014). The waving and skewing
pattern of Arabidopsis root growth was also described in
the conditions of Earth’s gravity. It strongly depends on the
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Fig. 6. Tubulin cytoskeleton orientation in stele and cortex of 5-day-old
A. thaliana GFP-TUAG hypocotyls and GFP-MAP4 roots grown vertically
(a), during continuous clinorotation (), or within 30 min of their initial
vertical placement after continuous 2A clinorotation (c). Microtubules
were classified as longitudinal, oblique or transverse depending on the
angle they made with respect to the apical-basal axis. The data are mean £
s.e. from four independent experiments. At least 15 seedlings were
examined in each experiment, 10 cells per seedling. Asterisks (*)
indicate values that are significantly different from those of the
vertically oriented plants (Student’s #-test). *, P < 0.05.

position of Petri plates (Roy and Bassham 2014), composition
and density of the growth medium (Schultz et al. 2016), and
Arabidopsis ecotype (Paul et al. 2012; Schultz et al. 2017).
The nature of root waving and skewing, as well as a cause
for the enhancement of these phenomena in microgravity,
remain obscure. Nevertheless, the precise basis of these
growth patterns is not well understood and both gravity and
the contact between the medium and the root are probably the
major players that result in these processes (Oliva and Dunand
2007). The traditional view that root waving and skewing
are interrelated phenomena that are the combined result of
endogenous circumnutations of the growing root tip, touch and
gravity responses, was recently revised (Roy and Bassham
2014). The fact that root waving and skewing are observed and
even increased in weightlessness proves that gravitropism is
not a compulsory part of these phenomena. In addition, using
different plates orientation and different ecotypes of
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Arabidopsis, these phenomena were separated (Schultz et al.
2016). Gene expression patterns associated with waving and
skewing are different (Schultz et al. 2017). Using wild-type
plants and several transgenic lines, we also found that while
both root waving and skewing increased in microgravity, the
correlation between them was weak. For example, the most
pronounced waving pattern of root growth was demonstrated
by wild-type plants, and the strongest skewing was observed in
transgenic lines (Figs 1, 2).

Root growth is the result of cell division in the meristem
and subsequent cell extension in the elongation zone. In
microgravity, the roots form a functional meristem similar
to vertically oriented roots. However, a detailed cytological
study showed that the balance between cell division and cell
growth was disrupted under RPM conditions (Manzano et al.
2018). G2 stage became shorter, and cells entered mitosis
before reaching their normal size.

The elongation of the plant axial organs and their tropistic
movements are based on anisotropic cell extension, which is
supported by the cytoskeleton and is closely related to the
polar auxin transport. MFs exhibit mainly longitudinal
orientation in the elongation zone of the primary root of
Arabidopsis (Jacques et al. 2013; Pozhvanov et al. 2016),
maize (Zea mays L.) and alfalfa (Medicago sativa L.) (de Bang
et al. 2020). MFs were longitudinal in elongating maize
coleoptiles where growth inhibition was accompanied by
MF bundling, and auxin-induced growth acceleration, by
MF debundling and transition to the finer filaments (Nick
2010). We also found MFs to have predominantly
longitudinal orientation in the root DEZ and in the
elongating hypocotyls of Arabidopsis (Fig. 3, 4).

In our experiments, root waving and skewing under
clinorotation were also accompanied by an orientation of
MFs in a scattered manner and changes in their density
(Figs 3, 4, 5a). Previously we showed that the MF
orientation became more scattered during gravitropic
bending of Arabidopsis roots (Pozhvanov et al. 2016). A
decrease in the density of MFs and their more scattered
orientation also accompanied the brassinolide-dependent
increase of the gravitropical bending of maize roots (de
Bang et al. 2020). Brassinolide also increased maize root
curvature in a clinostat (de Bang et al. 2020). Stronger root
waving in space was observed in act2—3 Arabidopsis mutants
with the impaired actin cytoskeleton (Nakashima et al. 2014).
Interestingly, ‘scattered” organisation of MFs which we found
in Arabidopsis under 2A clinorotation, is very similar to MF
response to ethylene treatment, when the fraction of
longitudinal MFs decreased and fractions of oblique and
transverse MFs increased (Pozhvanov et al. 2016).

The role of MFs in the growth pattern of roots and shoots is
interpreted in terms of their participation in the polar auxin
transport (Nick 2010; Blancaflor 2013), which depends on the
localisation of the auxin efflux transport proteins belonging to
PIN family. PIN proteins constantly circulate by vesicle traffic
between the plasma membrane and endosomal compartments
(Kleine-Vehn ef al. 2011). The actin cytoskeleton participates
in this vesicular transport. Presumably, the dense MF network
and MF bundling reduce the rate of PIN transcytosis and slow
down their relocation during the root gravitropic response
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(Blancaflor 2013). The assumption of crosstalk between the
actin cytoskeleton and auxin signalling is employed to explain
the nature of rhythmic fluctuations in the growth rate of maize
coleoptiles (Nick 2010).

Visualisation of the auxin distribution in the Arabidopsis
roots showed that in microgravity auxin was still concentrated
in the root tip (Herranz et al. 2014; Ferl and Paul 2016). In
RPMs, the auxin peak covered the whole root meristem,
whereas under vertical growth, it was focussed in the
quiescent centre and columella cells (Herranz er al. 2014).
In space conditions, no differences were found in the
distribution of auxin from the ground control (Ferl and Paul
2016). Data on the auxin signalling in shoots also indicate the
absence of its major perturbations in microgravity. For
example, the auxin content did not change in rice shoots
under space conditions and there was only little change in
the expression of auxin-responsive genes with the exception of
several AUX/IAA, which were downregulated (Wakabayashi
et al. 2017). In cucumber (Cucumis sativus L.) seedlings, the
localisation of CsPIN1 in endoderm cells in the hypocotyl to
root transition zone did not change in space conditions
(Yamazaki et al. 2016). It is obvious that the polar auxin
transport system operates under microgravity. The
establishment of this system is apparently guided by
mechanisms of self-organisation. Hence, the ‘randomisation’
of the actin cytoskeleton found in our experiments is most
likely connected with the waving pattern of root growth in
conditions of clinorotation.

To visualise MTs, we used 5-day-old Arabidopsis seedlings
grown in light conditions. In these seedlings, hypocotyl
elongation was approaching its termination (Le et al. 2005).
Accordingly, the fraction of transverse MTs was only ~20%
(Fig. 6). In rapidly elongating cells of the root DEZ, it was
significantly higher, 30-35%. Under 2A clinorotation, roots and
hypocotyls showed a tendency to increase the fraction of
transverse MTs at the expense of longitudinal ones (Fig. 6).

In contrast to MFs, the role of MTs in the regulation of
anisotropic growth is usually explained by MT influence on the
orientation of cellulose microfibrils orientation, which in turn
determines the anisotropy of cell wall extensibility. Cell walls
are more extensible in the direction transverse to the
orientation of cellulose microfibrils (Bidhendi and Geitmann
2016). The relationship between the cortical MT orientation
and the rate of cell elongation has been studied in both roots
and shoots. For example, in the Arabidopsis root elongation
zone, cortical MT in the epidermis and cortex are mainly
transverse, and upon the cessation of growth their orientation
changes to longitudinal and oblique (Panteris e al. 2013). Root
swelling and inhibition of root elongation under ethylene
treatment was accompanied by MT reorientation from
transverse to longitudinal within 60 min (Wang et al.
2018). The orientation of cortical MTs is very closely
related to the elongation rate of Arabidopsis hypocotyls. In
2-day-old Arabidopsis seedlings, cell division in hypocotyls
stops and their further elongation occurs only due to the cell
extension growth (Gendreau et al. 1997). The rate and duration
of hypocotyl elongation are much greater in the dark than
under the light. In rapidly elongating dark-grown hypocotyls,
the fraction of transverse MTs reached 70% (Liu et al. 2013).
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Under illumination, growth was inhibited within 60 min, and
the MTs were reoriented to the longitudinal direction (Liu
et al. 2013). Correspondingly, auxin-induced elongation of
Arabidopsis hypocotyl segments was accompanied by a rapid
reorientation of MTs from longitudinal to transverse
(Adamowski et al. 2019). Put together, the data above
highlight the involvement of MTs into regulation of
anisotropic growth. Surprisingly, mechanical restriction
of anisotropic growth was reported to prevent reorientation
of cortical MTs in gravistimulated azuki bean (Vigna
angularis L.) epicotyls (Ikushima and Shimmen 2005).

There are reports of the effects of gravitation force on the
orientation of MTs in Arabidopsis seedlings. Under
hypergravity conditions (300g), elongation of Arabidopsis
hypocotyls was inhibited, and MTs were reoriented from
transverse to longitudinal (Matsumoto ef al. 2010).
Correspondingly, the acceleration of Arabidopsis hypocotyl
elongation in space was accompanied by a sharp increase in
transverse MTs (Soga et al. 2018). Thus, an increase in the
fraction of transverse MTs may explain the greater length of
hypocotyls under clinorotation conditions (Fig. 2a).

It is also tempting to suggest causal relationship between
the transitory rise in H,O, concentration (Table 1) and the
pattern of seedlings growth and cytoskeleton. Actin is known
to be very susceptible to redox regulation and oxidation which
is well documented for mammal cells (Wilson et al. 2016).
Some data are available for plants. For example, Arabidopsis
plants dying under 23 mM 2,4-D treatment exhibit actin
depolymerisation, which might be the consequence of its
carbonylation and nitrosylation induced by increased
intracellular level of H,O, (Rodriguez-Serrano et al. 2014).
Treatment with high concentrations of H,O, (0.5-1 mM)
causes almost complete arrest of Arabidopsis root growth,
sharp rearrangements of the actin cytoskeleton (Du et al. 2020)
as well as redistribution of auxin in the root tips due to PIN2
transcytosis inhibition (Zwiewka et al. 2019). It is obvious that
in these cases, the damaging effect of ROS is manifested,
which is not directly applicable to the moderate changes that
we observed under microgravity modelling. It is well known
that auxin transport inhibitors block root waving, and among
the waving mutants are wavS/aux! and wav6/pin2, with
impaired auxin transport (Oliva and Dunand 2007).
Therefore, the transient increase in H,O, that we detected
after 24 h of clinorotation, is most likely of a signalling nature.
Study of the H,O, dynamics in the apoplast of Arabidopsis
plants grown in RPM will help clarify this issue.

Conclusions

Microgravity is considered to be one of the main factors
affecting plant development in space conditions.
Microgravity modelling by 2A clinorotation is an effective
approach to study the role of gravity vector on Earth.
Continuous spatial disorientation of Arabidopsis seedlings
acts as a stressor that was manifested in transient H,O,
accumulation, slower seedling development and biomass
growth. Under 2A clinorotation, actin cytoskeleton
arrangement was altered, and the roots became shorter,
wavy and skewed. The data presented here suggest that the
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‘scattered’ orientation of actin microfilaments could serve as
the default one for plant development under microgravity
modelling and is promptly converted to an ‘longitudinal’
orientation under the constant gravity vector exposure.
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