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Plants are able to bend nearly every organ in response to environmental stimuli such as
gravity and light". After this first phase, the responses to stimuli are restrained by an
independent mechanism, or even reversed, so that the organ will stop bending and attain
its desired posture. This phenomenon of organ straightening has been called
autotropism’ and autostraightening* and modelled as proprioception’. However, the
machinery that drives organ straightening and where it occurs are mostly unknown.
Here, we show that the straightening of inflorescence stems is regulated by an actin—
myosin XI cytoskeleton in specialized immature fibre cells that are parallel to the stem
and encircle it in a thin band. Arabidopsis mutants defective in myosin XI (specifically
XIf and XIk) or ACTINS exhibit hyperbending of stems in response to gravity, an effect
independent of the physical properties of the shoots. The actin—-myosin XI cytoskeleton
enables organs to attain their new position more rapidly than would an oscillating series
of diminishing overshoots in environmental stimuli. We propose that the long actin
filaments in elongating fibre cells act as a bending tensile sensor to perceive the organ's

posture and trigger the straightening system.



Myosin motor proteins occur in many classes, one of which is the plant-specific
myosins XI that are involved in the bulk flow of cytoplasm (cytoplasmic streaming) in land
plants and algae®’. The Arabidopsis thaliana myosin XI gene family has 13 members, some
of which are known to play roles in the movement of organelles including nuclei®'?. However,
the cellular function of myosin XIf is unknown. We found that the lack of two myosin XI
members (XIf and XIk) resulted in a kinked gross morphology (Supplementary Fig. 1a-c).
Mature inflorescence stems and pedicels failed to grow straight in the null mutants myosin xif
xik and myosin xil xi2 xib xif xik (Fig. 1a), but not in a quadruple mutant (myosin xil xi2 xib
xik) or in single mutants (myosin xif and myosin xik) (Fig. 1a and Supplementary Fig. 1c),
possibly due to the redundant functions of myosins XIf and XIk. The kinked gross
morphology of myosin xif xik was rescued by expressing each gene driven by its own
promoter (Supplementary Fig. 1d). Among the 13 members, myosins XIf and XIk were
expressed strongly at the transcript levels in second internodes of inflorescence stems and
pedicels (Fig. 1b, Supplementary Fig. 2). These results imply that myosins XIf and XIk in the

elongating and elongated organs are involved in adjusting plant posture.

We examined movements of various organs of these null mutants in response to gravity
and light stimuli. To investigate the gravitropic response of growing inflorescence stems, the
plants were placed horizontally. In the initial response phase, the stems of both the wild type
and myosin xif-1 xik-2 bent 90° to become vertical over a period of 80 min (Fig. 1c¢).
Subsequently, the wild type continued to grow vertically, whereas myosin xif-1 xik-2 first
overshot in one direction and then overshot in the other (Fig. 1¢, d and Supplementary Fig. 3a
and Movie 1). In myosin xif-1 xik-2 and the double mutant alleles during gravitropism,
bending was also enhanced in other elongating organs, including hypocotyls (Fig. le and
Supplementary Fig. 3b), seedling roots (Fig. 1f and Supplementary Fig. 3¢), and petioles
(Supplementary Fig. 3d). The single mutants myosin xif and myosin xik showed no enhanced
organ bending (Fig. 1¢ and Supplementary Fig. 3b, c). Furthermore, light enhanced the
bending of myosin xif-1 xik-2 hypocotyls (Fig. 1g) and petioles (Fig. 1h). These results
indicate that a combination of myosins XIf and XIk functions in stopping the bending of
various organs in response to gravity or light. During gravitropism and phototropism of the

organs, significant differences between the wild type and myosin xif-1 xik-2 were observed
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after a 2-h exposure to each stimulus (Fig. 1c, e-g), suggesting that ~2 h is the time needed to

detect the stopping of organ bending.

Gravitropism and phototropism have been proposed to consist of two separate
processes: an organ-bending process and a straightening process to restrain the bending®>. To
investigate the straightening process, we conducted a clinostat test as shown in Fig. 2a (see
Supplementary Fig. 4a for details): We first placed the plants horizontally for the minimum
time needed to initiate gravitropic organ bending (45 min) and then rotated the plants on a
horizontal clinostat at 5 rpm in the dark to neutralize earth’s unilateral gravitational pull. On
the clinostat, in the first hour of rotation, the wild-type stems first grew with bending as a
result of the preceding gravistimulation, and then the bending was restrained (Supplementary
Fig. 4b and Movie 2). The stems had straightened by 3 h of clinorotation (Fig. 2b and
Supplementary Movie 2). These results demonstrate that plants possess a straightening

mechanism to stop organ bending and that the mechanism is triggered by organ bending.

To analyse the degree of straightening in each genetic background, we measured the
angles of stem bending during the clinorotation treatment (Fig. 2a and Supplementary Fig. 4a).
In most of the wild-type plants, the angle of stem bending decreased during 1 to 3 h of
clinorotation (Fig. 2e), indicating that the stem was straightening. In contrast, in most of the
myosin xif-1 xik-2, the stems continued to bend and coil (Fig. 2d and Supplementary Fig. 4c
and Movie 2) and the angles of stem bending remarkably increased during 1 to 3 h of
clinorotation (Fig. 2e and Supplementary Fig. 4d). The single mutant myosin xik showed mild
defects in stem straightening on the clinostat, although myosin xif showed no defects (Fig. 2c,
e and Supplementary Fig. 4d and Movie 2). In each genotype, the behavior of bending and
straightening was not affected by stem lengths (Fig. 2f). These results indicate that myosin xif
xik impaired the straightening process during the courses of gravitropism and phototropism.
Accordingly, myosin xif xik is the first mutant to reveal authentic gravitropic and phototropic
responses; that is, it is the first mutant that had been shown to respond to stimuli without the

confounding effects of a straightening system.

The preceding results show that a combination of myosins XIf and XIk in the
elongating and elongated organs regulates the straightening of organs and the adjustment of
plant posture. Expression of a myosin XIk-GFP fusion protein under the control of the myosin
XlIf promoter (Supplementary Fig. 5a) significantly rescued the defect in straightening of
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inflorescence stems of myosin xik-2 and myosin xif-1 xik-2 (Fig. 3a) and kinked gross
morphology of myosin xif-1 xik-2 (Supplementary Fig. 1d), suggesting that cells with an
active myosin XIf-promoter have a key role in organ straightening to adjust plant posture. To
determine which cells control straightening of the inflorescence stem, we examined the
myosin XIf promoter activity in inflorescence stems of transgenic plants expressing
B-glucuronidase (GUS) or fluorescent proteins under the control of the myosin XIf promoter.
In a cross section of elongating stems, GUS signals driven by the myosin XIf promoter
encircled the stem in a thin band (Fig. 3b). Higher magnification revealed that the band
consisted of xylem fibre cells and interfascicular fibre cells (Fig. 3¢, d). In a vertical section
of elongating stems, GFP signals driven by the myosin XIf promoter were specifically
detected in the fibre cell layer (Fig. 3¢). On the other hand, YFP signals driven by the myosin
XTIk promoter were detected in broader layers including the fibre cell layer than mCherry
signals driven by the myosin XIf promoter (Fig. 3f and Supplementary Fig. 5b-d). These

results suggest that straightening is controlled by immature fibre cells in elongating stems.

Mature fibre cells surrounded by thick secondary walls provide the inflorescence stem
with mechanical strength. The physical features of both upper and basal parts of the stems
(vacuolation degrees of the cells, vascular cell patterns, cell wall thickness, lignification, and
hardness) of myosin xif-1 xik-2 are not significantly different from those of the wild-type
(Supplementary Fig. 6). These results suggest that the enhanced bending phenotype of myosin
xif-1 xik-2 is not caused by the physical features of the stems. On the other hand, the basal
parts of the mutant stems hardly bent compared with those of the wild-type stems as a result
of impairment of differential growth of cells on either side of the stem (Fig. 1d). Differential
growth during the course of gravitropism and phototropism is caused by an asymmetrical
auxin distribution'®. Importantly, however, straightening is independent of an asymmetrical
auxin distribution'*.

Because myosin XI proteins function in the organisation and dynamics of actin

8915 and the moss Physcomitrella patens'®, we examined the

filaments in 4. thaliana
actin-cytoskeleton by using transgenic plants expressing an actin fluorescent marker
(Lifeact-Venus) under the control of the myosin XIf promoter. The fibre cells developed
extremely long bundles of actin filaments along the longitudinal axis of the cells (Fig. 4a).

Consistently, the fibre cells displayed vigorous cytoplasmic streaming with a maximal
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velocity of ~8.5 um s (Fig. 4b and Supplementary Movie 3). The cytoplasmic streaming was
remarkably impaired in myosin xif xik and slightly impaired in myosin xif (Fig. 4b and
Supplementary Movie 3), which confirms that myosin XIf is expressed in the fibre cells. The
stem of the heterozygous mutant actind (frizzy1/+, fiz1/+) showed abnormal phenotypes:
enhanced bending in response to gravity (Fig. 4c), an inability to straighten on a clinostat (Fig.
4d and Supplementary Fig. 4¢), and slower velocity of cytoplasmic streaming in fibre cells
(Fig. 4e and Supplementary Movie 4). All of these phenotypes are very similar to those of
myosin xif-1 xik-2, indicating that actin filaments together with myosins XIf and XIk are
required for organ straightening. In addition, phenotypes similar to the kinked gross
morphology of myosin xif-1 xik-2 were reported in various actin mutants including an actin2
actin7 null mutant'’, a semi-dominant mutant of ACTIN2'®, and a semi-dominant mutant of
ACTINS (fiz1)". These results indicate that the actin-myosin XI cytoskeleton plays a role in
adjusting plant posture through organ straightening.

The actin cytoskeleton has been shown to participate in gravity sensing by repositioning

20,21

statolith amyloplasts™". However, no myosin XIf promoter activities were detected in

endodermal cells of the stem (Figs. 3¢ and 4a and Supplementary Movie 5) or columella cells

222
23 and

of root tips (Supplementary Fig. 7¢), which are gravity-sensing cells of the stem
roots>*, respectively. Hence, organ straightening is independent of gravity sensing. On the
other hand, myosin XIf promoter activities were detected in the vascular cells of hypocotyls
and roots (Supplementary Fig. 7). Longitudinal actin cables have also been detected in root
stele cells in maize®. These results suggest that the vascular cells in the stele are important for
straightening of these organs. The actin inhibitor latrunculin B was found to induce
phenotypes similar to those observed in the hypocotyls and roots of myosin xif-1 xik-2 (Fig.

2627 and roots® of A. thaliana

le, f): it enhanced bending in response to gravity in hypocotyls
and it impaired straightening on a clinostat in the roots of maize, Medicago, and flax*.
Furthermore, roots of an actin2 mutant of 4. thaliana growing in a microgravity environment
exhibited hyper-skewing®. These phenotypes might be due to a defect of the

actin-cytoskeleton-dependent straightening.

Our results provide a conceptual mechanistic advance in the understanding of
gravitropism and phototropism: elongating immature fibre cells of the stem are key players in

the straightening, in which an actin-myosin XI cytoskeleton controls the mechanism that
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enables organs to attain their new position more rapidly than would a series of diminishing
overshoots in response to a tropic stimulus. How does the actin-myosin cytoskeleton function
in straightening? Elongating fibre cells attain lengths of ~1 mm, which are many times the
length of other plant cells, so that organ bending can lead to bending of the fibre cells. The
fibre cells have longitudinally extra-long actin cables (Fig. 4a). Thus, we hypothesize that the
long actin cables act as a sensor of fibre cell bending, which places the actin cable under
tension. Actin cables under tension might activate mechanosensitive channels such as
MCA1/2°*3! to trigger the straightening system as actin stress fibres can activate
mechanosensitive channels in animal cells®>. Considering the previous report®, myosin xif xik
might exhibit a defect in the transvacuolar cytoplasmic strand formed by the actin cables,
resulting in the impairment of vacuolar function in the mutant cells. Hence, one cannot

exclude a possibility of an involvement of vacuoles in straightening.

METHODS

Plant materials and growth conditions. Arabidopsis thaliana L. (Heynh) accession
Columbia-0 (CS60000) was used as the wild type. We established the T-DNA insertion lines
myosin xif-1 (SALK 094787) and myosin xif-2 (SAIL_514 HI11) in this study. The T-DNA
insertions were confirmed by PCR with primers designed using iSECT tools (Supplementary
Fig. la). Other lines have been described previously, namely: myosin xib-1 (SALK_113062)>*,
myosin xig-1 (SALK_018032)**, myosin xik-1 (SALK_136682)®, myosin xik-2 (SALK_
067972)%, myosin xik-3 (SALK_018764)%, myosin xik-4 (SALK_152496)*, myosin xil-2
(SALK_ 022140)*, myosin xi2-2 (SALK_ 055785)*, and fiz/"°. Seeds of all lines except for
fizI and a binary vector for plasma membrane marker (pm-rb)** were obtained from the
Arabidopsis Biological Resource Center. Plants were initially grown on plates of Murashige—
Skoog medium containing 1% (w/v) sucrose, 0.5% (w/v) MES-KOH (pH 5.7), and 0.5%
(w/v) Gellan gum (Wako), under continuous light at 22 °C for 2 to 3 weeks before being
transferred to soil. For the analyses of tropic responses of hypocotyls and roots, seedlings

were grown vertically along the surface of the medium for 3 days in the dark.

Gravitropism assay of inflorescence stems. Intact plants with 4 to 8 cm primary stems were
placed horizontally in nondirectional dim light (1 pmol m™ s™"). Photographs were taken

automatically every 10 min by digital camera (Canon). Stem curvature was defined as the



angle formed between the growing direction of the apex and the horizontal base line and was

measured on the digital images using Image J software (http://rsb.info.nih.gov/ij/).

Gravitropism assay of petioles, hypocotyls and roots. For petioles, 14-day-old plants
grown on agar plates were reoriented by 90° and photographed after 24 h growth in darkness.
For hypocotyls and roots, 3-day-old etiolated seedlings grown on 7 sets of agar plates were
reoriented by 90° in darkness. A set of the agar plates was moved to light condition and
photographed at every time point (0, 1.5, 3, 6, 9, 16 and 24 h). The angle was measured
between a horizontal base line and either the root tip or the apical-most segment of the

hypocotyl before the hook.

Phototropic assay of petioles and hypocotyls. For petioles, 14-day-old plants grown on agar
plates were irradiated for 24 h with unilateral blue light from an LED array at 0.01 pmol m™
sec”. For hypocotyls, 3-day-old etiolated seedlings grown on agar plates were irradiated for 4
h with unilateral blue light from an LED array at 0.1 pmol m™ sec™’. Seedlings were
photographed either under blue light and curvature of the hypocotyl was measured as

described for the gravitropism assay.

Clinostat analysis of inflorescence stems. Plants with 4- to 8-cm-long primary stems were
set on clinostat disc with a 7-cm radius and were gravistimulated by placing horizontally. The
minimum time needed to initiate gravitropic organ bending was determined to be 45 min.
After gravistimulation, the plants were rotated on a horizontal clinostat for 3-10 h as shown in
Fig. 2a and Supplementary Fig. 4a. The angles of stem bending during 1 to 3 h of

clinorotation were measured. All procedures were performed in the dark at 23°C.

Expression analysis of myosin XI. To detect GUS activity, tissue was immersed in 90%
ice-cold acetone for 15 min and then incubated in GUS staining solution (100 mM sodium
phosphate pH 7.0, 10 mM EDTA, 10 mM ferricyanide, 10 mM ferrocyanide, 0.1% Triton
X-100, 0.52 mg mL™" 5-bromo-4-chloro-3-indoryl-B-D-glucuronic acid) overnight at 37°C.
After being cleared in 70% ethanol, samples were observed with a light microscope. For
semi-thin sections (8 pm), GUS-stained inflorescence stems were embedded in Technovit
7100 (Heraeus Kulzer), sectioned on a rotary microtome (Leica Microsystems), and stained
with 0.05% aqueous neutral red for ~5 sec to contrast the cell wall. For thick sections (100
um), GUS-stained inflorescence stems were embedded in 5% agar and sectioned with a

vibrating blade microtome (Leica Microsystems).

Vertical sections of the inflorescence stem were prepared as described previously®”.

Briefly, double-sided adhesive tape was cut and stuck onto a glass slide. A four-week-old,



inflorescence stem segment (less than 1 cm long) was excised from the region 1 to 2 cm
below the apex of the stem and stuck to the tape. The segment was cut longitudinally using a
razor blade. Fluorescent images were obtained with a confocal laser-scanning microscope
(LSM780, Zeiss) using a water-immersion objective (63 x 1.20 NA) and dry objectives (20 x
0.80 NA and 5 x 0.25 NA). The laser wavelengths used include 488 nm (GFP and YFP) and
543 nm (mCherry). The images were analysed using LSM image software (Carl Zeiss), and
were processed using ImageJ (NIH) and Photoshop (Adobe Systems) software.

Observation of cytoplasmic streaming in fibre cells. To examine cytoplasmic streaming in
fibre cells, the vertical sections were observed in bright field using a light microscopy (LSM
510 META, Zeiss) with a 63 x 1.2 numerical aperture water-immersion objective. The
interfascicular fibre cells are anatomically distinguishable from other cells based on their
taper ends and being more than five times longer than their neighboring parenchyma cells or
endodermal cells*. The differential interference contrast images were taken at 1-sec intervals
for 1 min. For estimation of velocity, moving plastids in 4 or 5 randomly-selected
sequential-frames of 12-15 time-lapse images (143 x 143 um) were tracked manually using

Image] software.

Online Content Methods, along with any additional Extended Data display items and Source
Data, are available in the online version of the paper; references unique to these sections

appear only in the online paper.
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FIGURE LEGENDS

Figure 1 | Deficiency of myosins XIf and XIk enhances organ bending in response to
gravity and light stimuli. a, Upper inflorescence stems of plants grown upright. b, Transcript
levels of myosin XI in 2nd internodes (orange) and vegetative rosette leaves (grey). Data were
obtained from Public Arabidopsis eFP Browser. ¢, Kinetics of gravitropism of inflorescence
stems after placing the plant horizontally. Error bars indicate SE. *, P < 0.005; **, P <0.001
(Student’s # test). d, Time course of gravitropism of inflorescence stem. See also
Supplementary Movie 1. e, Kinetics of gravitropism of hypocotyls. At time 0, etiolated
seedlings were placed horizontally. *, P < 0.001; **, P < 1.0 x 10 (Student’s ¢ test). f,
Kinetics of gravitropism of roots. Roots bend in opposite direction to that of hypocotyls. *, P
<0.001; **, P< 1.0 x 10® (Student’s ¢ test). g, Kinetics of phototropism of hypocotyls.
Etiolated seedlings were irradiated with unilateral, continuous blue light. *, P <0.05; **, P <
0.005 (Student’s ¢ test). Error bars in e-g indicate SD. h, Phototropism of petioles. Plants were
irradiated with continuous unilateral blue light (indicated by blue arrow). Each number
indicates the same leaf. See Supplementary Table 1 for statistical analysis of kinetics in ¢ and

e-g. Bars =1 cm.

Figure 2 | Myosins XIf and XIk are required for straightening of inflorescence stems.
Clinostat test for straightening in the absence of a consistent gravity signal. a, Schematic
depiction of clinostat test. After horizontal placement for 45 min, plants were rotated at 5 rpm
for 3-10 h on a horizontal clinostat; g indicates the direction of gravity. See Supplementary
Fig. 4a for more detail. b-d, Representative images of wild type, myosin xik-2, and myosin
xif-1 xik-2 during clinorotation. See also Supplementary Fig. 4b, ¢ and Movie 2. e, The angles
of stem bending were measured as indicated in a. al and a3 indicate angles at 1 h and 3 h,
respectively. According to the angles, frequency of plants showing straightening (light blue)
or bending (dark blue) was determined. Numbers on bars indicate number of plants. f,
Frequency of plants showing straightening (light blue) or bending (dark blue) are shown for

plants with the indicated primary stem lengths.
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Figure 3 | Fibre cells expressing myosins XIf and XIk play a role in straightening. a,
Clinostat test for straightening of wild type (left), myosin xik-2 (middle), and myosin xif-1
xik-2 (right), all of which express ProXIf:XIk-GFP, as in Fig. 2. b, ¢, GUS staining of
inflorescence stem of plant expressing ProXIf:GUS. Image of 100-pum section (b). Image of
8-um section stained with neutral red (¢). IF, interfascicular fibre cells; XF, xylem fibre cells;
Xy, xylem; ph, phloem. Bars = 100 um (b) and 50 pm (¢). d, Schematic depiction of
inflorescence stem. Left, vertical section; right, cross section. e, f, Vertical sections of
inflorescence stem of a transgenic plant expressing either ProXIf:XIk-GFP in myosin xif-1
xik-2 (e) or both ProXIf:mCherry-ER and ProXlk:XIk-YFP in wild type (f). Asterisks indicate

autofluorescence in cortex layers.

Figure 4 | Fibre cells develop extremely long actin cables and a defect in ACTINS causes
the abnormal phenotypes similar to those of myosin xif xik. a, Vertical section of primary
inflorescence stem (8 cm height) of a transgenic plant expressing Pro35S:mCherry-PM
(plasma membrane marker) and ProXIf:Lifeact-VENUS (actin marker). Maximum intensity
projections reconstituted from 14 sequential images taken along the optical z-axis at 0.5-um
intervals (left column) and single images (right column). See Supplementary Movie 5 for the
three-dimensional organisation. b, Maximal velocity of plastids in fibre cells. *, P < 0.005; **,
P <1.0x 107 (Student’s ¢ test). ¢, Kinetics of gravitropism of actin8 (fiz1/+) inflorescence
stem. **, P <5.0 x 10” (Student’s ¢ test). d, Clinostat test for straightening of actin8 (fiz1/+).
e, Maximum velocity of plastids in fibre cells of actin8 (fizl/+). **, P < 1.9 x 10” (Student’s
t test). Error bars in b, ¢, and e indicate SE. See Supplementary Table 2 for statistical analysis

of b, ¢, and e.
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