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Abstract The physiological and anatomical responses
of bryophytes to altered gravity conditions will provide
crucial information for estimating how plant physiologi-
cal traits have evolved to adapt to significant increases in
the effects of gravity in land plant history. We quantified
changes in plant growth and photosynthesis in the model
plant of mosses, Physcomitrella patens, grown under a
hypergravity environment for 25 days or 8 weeks using a
custom-built centrifuge equipped with a lighting system.
This is the first study to examine the response of bryophytes
to hypergravity conditions. Canopy-based plant growth was
significantly increased at 10x g, and was strongly affected
by increases in plant numbers. Rhizoid lengths for indi-
vidual gametophores were significantly increased at 10xg.
Chloroplast diameters (major axis) and thicknesses (minor
axis) in the leaves of P. patens were also increased at 10x g.
The area-based photosynthesis rate of P. patens was also
enhanced at 10xg. Increases in shoot numbers and chlo-
roplast sizes may elevate the area-based photosynthesis
rate under hypergravity conditions. We observed a decrease
in leaf cell wall thickness under hypergravity conditions,
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which is in contrast to previous findings obtained using
angiosperms. Since mosses including P. patens live in
dense populations, an increase in canopy-based plant num-
bers may be effective to enhance the toughness of the popu-
lation, and, thus, represents an effective adaptation strategy
to a hypergravity environment for P. patens.
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Introduction

In the evolutionary history of plants, bryophytes have been
suggested to be among the oldest plant groups to expand
their habitats from aquatic to land environments (Rubin-
stein et al. 2010). Bryophytes may have been subjected to
marked changes in many environments including buoy-
ancy, light, temperature, and water conditions. Among
these environmental changes, the effects of gravity on land
may undoubtedly have induced alterations in the physiol-
ogy, anatomy, and growth of bryophytes, extrapolated from
previous findings obtained from vascular plants. Gravity
influences the physiological processes of vascular plants
including long-distance water transport (Lambers et al.
2008), leaf gas exchange (Hirai and Kitaya 2009), cell pro-
liferation (Matia et al. 2010), and cell wall rigidity (Hoson
and Wakabayashi 2015) and, thus, plant growth (Hangarter
1997). Nevertheless, few studies have investigated the grav-
itational responses of bryophytes even though gravitropism
has been extensively examined (Banbury 1962; Cove
and Quatrano 2006; Martin et al. 2009; Repp et al. 2004;
Schwuchow et al. 2002); only one study showed the sig-
nificant effect of microgravity on the growth pattern of the
dark-grown protonemata of the moss Ceratodon purpureus
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(Kern et al. 2005). Physiological and anatomical analyses
have yet to be performed on the gravitational responses of
bryophytes. A comparison of the physiological and ana-
tomical responses to changes in gravity in bryophytes and
vascular plants will provide crucial information for estimat-
ing how plant physiological traits have evolved to adapt to
significant changes in gravity in land plant history.

Among bryophyte species, the moss Physcomitrella
patens is suitable for physiological and anatomical analy-
ses of responses to gravity. An analysis of the anatomy and
growth of P. patens may be easily performed from the cel-
lular level because it has a simple plant form with a single
stem of <100 cells per its diameter as well as single cell-
layered rhizoid and leaves (phyllids). Furthermore, it is
possible to perform a genetic analysis of the responses of P.
patens to gravity because complete genome sequencing has
already finished for this moss (Rensing et al. 2008).

The creation of an altered gravity environment is essen-
tial for analyzing plant responses to increases in gravity.
Hypergravity environments produced by centrifugation have
provided a practical experimental system for angiosperms
(Hoson et al. 1996; Manzano et al. 2012; Nava et al. 2015;
Soga et al. 2015; Tamaoki et al. 2014; Waldron and Brett
1990; Zhang et al. 2013). However, these experiments were
often performed under dark conditions with strong hyper-
gravity (>30xg), and did not involve bryophytes. There-
fore, we designed a new centrifuge equipped with a lighting
system, which enables plant growth under moderate hyper-
gravity environments (<10xg) with irradiance, in order to
investigate the mechanisms by which P. patens grows under
long-term hypergravity conditions under light conditions.

Although it is important to note that differences existed
between our experimental conditions (in the light) and
those of previous studies (in the dark), several alterations
are expected in the growth and anatomy of P. patens grown
under moderate hypergravity. Short-term strong hypergrav-
ity under dark conditions (>30x g) was previously reported
to result in significant reductions in shoot elongation for
various angiosperms including pea, cress, maize, azuki
bean, and Arabidopsis thaliana (Hoson et al. 1996; Soga
et al. 1999a, b, 2001; Tamaoki et al. 2006; Waldron and
Brett 1990; Zhang et al. 2013). Although a previous study
using moderate hypergravity (2x g and 6xg) for four days
under dark conditions reported no effects on seedling elon-
gation in A. thaliana (Manzano et al. 2012), the micrograv-
ity environment created by four days of spaceflight under
dark conditions induced enhancements in the shoot and
root growth of A. thaliana seedlings (Matia et al. 2010).
Based on these findings, we expect long-term moderate
hypergravity to induce reductions in the shoot and rhizoid
growth of P. patens. Therefore, alterations in the lateral
plant growth of P. patens stems may be possible. A short-
term 300x g environment under dark conditions increased
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the cross-sectional area of the seedlings of azuki bean
(Soga et al. 2006) and A. thaliana (Tamaoki et al. 2011).
Similar alterations are expected in P. patens stems.

Although changes in the shoot growth of angiosperms
by hypergravity are partly attributable to the reduced trans-
location of organic solutes (Zhang et al. 2013), major fac-
tors for assessing growth alterations by hypergravity are
changes in plant cell walls, including extensibility (Naka-
bayashi et al. 2006) affected by enhanced lignification
(Wakabayashi et al. 2009). These changes in cell walls
may induce reductions in CO, diffusion through plant cells,
resulting in a lower photosynthesis rate in plants. The cell
wall is one of the major factors affecting CO, diffusion
conductance inside the leaves of angiosperms (Terashima
et al. 2011) and ferns (Carriqui et al. 2015), with a thicker
cell wall inhibiting CO, diffusion inside leaves within
angiosperms (Kogami et al. 2001) and fern species (Tosens
et al. 2016). Although the relationship between cell wall
thickness and CO, diffusion inside plants has not yet been
examined for bryophytes, alterations in cell walls induced
by hypergravity are expected to reduce CO, diffusion in
bryophytes as well as vascular plants, and, thus, decrease
photosynthesis rates.

Other physiological alterations in the leaves of bryo-
phytes related to the photosynthesis rate may be possible
with hypergravity. Exposure to short-term strong hyper-
gravity (500-2000xg) under dark conditions was previ-
ously reported to induce reductions in the chlorophyll
content and photosynthesis rate in wheat seedlings grown
for five days under 1xg (Vidyasagar et al. 2014), which
suggests that some alterations in chloroplast functions and
impairments in photosynthetic biochemistry are caused by
hypergravity.

Anatomical and physiological alterations are expected
in response to hypergravity in P. patens. The aims of this
study are (1) to quantify changes in the plant growth of P.
patens grown under long-term hypergravity created by a
centrifuge with irradiance, (2) to assess anatomical deter-
minants for these alterations in the growth of P. patens, and
(3) to analyze the post-effects of hypergravity on the pho-
tosynthesis rate of P. patens in relation to changes in plant
growth and anatomy.

Materials and methods

Plant material and cultivation under hypergravity
conditions

Gametophores of P. patens Bruch & Schimp subsp.
patens (Ashton and Cove 1977) were maintained in a
growth chamber at 25 °C under continuous white light.
The medium used was BCD medium (Nishiyama et al.
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Fig.1 A photo of a custom-built centrifuge (MIJ-17, Environmen-
tal Measurement Japan, Co., Ltd, Fukuoka, Japan) equipped with
the High Intensity Discharge lamp (HID, 35 W-6000 K-H4, Lexno,
China)

2000) solidified with 0.8% (w/v) Difco Bacto Agar. One-
to two-month-old gametophores cut into 3-mm lengths
from the shoot apex were placed on agar medium in 5-cm
Petri dishes and then incubated for 3-5 days under con-
tinuous white light to immobilize them on agar medium.
Petri dishes were sealed with surgical tape (type 21 N,
NICHIBAN Cao., Ltd., Tokyo, Japan) to prevent rapid des-
iccation. After being incubated, the gametophores were
grown under 1xg or hypergravity conditions of 2.3, 4.0,
7.1, and 10x g at 25 °C for the designated times.

In hypergravity experiments, we used a custom-built
centrifuge (Fig. 1, MIJ-17, Environmental Measurement
Japan, Co., Ltd, Fukuoka, Japan) equipped with a High
Intensity Discharge lamp (HID, 35 W-6000 K-H4, Lexno,
China) of 30 umol m~2 s~! of PPFD, which enables long-
term plant cultivation under moderate hypergravity condi-
tions. Regarding the 1x g controls, Petri dishes were placed
in the same temperature-controlled room and grown under
the same HID with the same PPFD. The effective arm
length of MIJ-17 was 33 cm, at which the gravity gradi-
ent along the horizontal plane and the vertical direction was
negligible (e.g. Morita et al. 2015). A long-term growth
experiment using the centrifuge with Petri dishes was not
problematic for the growth of P. patens because its growth
rate was so slow that it only reached <2 cm in height even
after 8 weeks of growth. Any small vibrations generated by
the centrifuge equipment appeared to have had negligible
effects on the growth of P. patens in Petri dishes because
(1) different levels of hypergravity, which induced different
levels of vibration, resulted in similar plant growth, and (2)
we obtained similar growth responses using two different
centrifuges with different levels of vibration. We consider

the CO, concentration in the Petri dishes to have been
similar between the hypergravity and 1xg environments
because we confirmed that the diffusive conductance of
water vapor of the Petri dishes was similar. In order to pre-
vent drying, we added medium diluted 2-fold once a week.

Plant growth

We examined the effects of hypergravity on plant growth
before the detailed anatomical analysis and gas exchange
measurements. Gametophores grown at 2.3, 4.0, and 7.1x g
and at 1xg as a control for 25 days were used to measure
shoot length, shoot diameter at the middle of the shoot,
rhizoid length for each gametophore (n = 10-14), and the
number of gametophores in the canopy (e.g., population of
gametophores in a Petri dish, n = 5-6). The ratios of these
parameters to those for the 1xg controls were calculated.
The minimum hypergravity condition without a loss in
light intensity in the centrifuge MIJ-17 was 2.3 xg. There-
fore, we selected 7.1xg as approximately 3-fold hyper-
gravity of the minimum condition, and 4.0x g as the middle
of these logarithmic values.

Gametophores grown at 10xg and 1xg for 8 weeks
were used in a detailed analysis of plant growth. The length
and dry mass of shoots and rhizoids were measured for
each gametophore (n = 75-76) and each canopy (n = 6-7),
respectively. The numbers of gametophores for each can-
opy were measured (n = 6-7). In order to measure stem
and leaf traits, each gametophore was mounted fresh and
photographed (PowerShot SX210, Canon, Tokyo, Japan)
to obtain stem and leaf images. Ten to fifteen fresh game-
tophores and five leaves from four fresh gametophores
(n = 20) were used to measure stem (caulid) diameter and
leaf length (between the leaf tip and base), respectively,
at two positions of the gametophores; 3 mm from the top
(‘top’) and 3 mm from the base (‘base’).

Microscopy

Gametophores grown at 10xg and 1xg for 8 weeks were
subjected to an anatomical analysis. Prior to observa-
tions, samples were settled in a dark refrigerator for a few
days. Light micrographs were taken using a microscope
(BX51-33, OLYMPUS, Tokyo, Japan). Images were digi-
tally recorded with a CCD camera (VB-7010, KEYENCE,
Osaka, Japan) and analyzed using ImageJ software (http://
imagej.nih.gov/ij/). The numbers of chloroplasts in each
cell in fresh leaves (phyllids) were measured for 4-5 leaf
cells at the central part of the lamina from the middle part
of the shoot for thirteen gametophores (n = 54-56) at
x400 magnification.

In subsequent morphological and anatomical analy-
ses, measurements were performed at two positions in
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gametophores; 3 mm from the top (top) and 3 mm from
the base (base). In the analyses of the density of cells, cell
sizes, and cell wall thickness, stem or leaf sections were
fixed in 2.5% glutaraldehyde in 0.2 M sodium phosphate
buffer (pH 7.4) for 20 min, post-fixed in 1% OsO, solution
at 4 °C for 3 h in darkness, and then embedded in Spurr’s
resin (Low Viscosity Resin kit, TAAB, Aldermaston, UK).
Longitudinal and transverse sections of stems, and trans-
verse sections of leaves with 1000-nm-thick were stained
with 1% toluidine blue solution. The density of stem
cells was measured from transverse sections of the stems
(n = 4-6) by counting cell numbers in these sections and
then dividing them by the areas of the sections. The sizes
of stem epidermal cells, which are suggested to be deter-
minants for stem elongation (Kutschera and Niklas 2007;
Savaldi-Goldstein and Chory 2008), were measured for 67
epidermal cells from longitudinal sections of the stems of
gametophores (n = 20-22) at x200 magnification. Lamina
thickness was measured at the Sth cell from the costa of the
leaf, lamina cell diameter was averaged from the st to 5th
cell from the costa (n = 3-11), and lamina cell numbers
from the costa to the margin of the lamina were measured
for 3—6 leaves using the transverse sections of leaves.

Chloroplasts of P. patens were lens-shaped, and the
diameters (major axis) and thicknesses (minor axis) of 20
chloroplasts were measured from the 1st to 10th cell from
the costa of a leaf at the top and base from 3 gametophores
(n = 60), and for 15 chloroplasts from the epidermal cells
of the stems of 3 gametophores (n = 45) at x400 magni-
fication. Quantification was performed for chloroplasts
facing the air and attached to cell walls. The cell wall
thicknesses of stems and leaves were measured for five
epidermal cells of stems and the 1st to 5th cell from the
margin of the lamina, respectively, with three parts of a cell
being selected for measurements (n = 45) at x 1000 mag-
nification. The ultrastructure of chloroplasts in leaves from
the middle part of the gametophore was observed using
a transmission electron microscope (JEM-1220, JOEL,
Tokyo, Japan), on which ultrathin 70-nm-thick sections
were mounted on copper grids, stained in 2% uranyl acetate
for 15 min, and then in Reynold’s lead citrate for 5 min.

Measurement of photosynthesis

Photosynthesis measurements for P. patens were performed
2-3 days after the hypergravity experiments had finished
using a system constructed by the Kyoto Institute of Tech-
nology based on previous studies (Kawase et al. 2013;
Tosens et al. 2015). The measurement of photosynthesis
in gametophores was performed according to the stand-
ard methods of previous studies (Meyer et al. 2008; Waite
and Sack 2010). Rhizoids were removed from gameto-
phores and then saturated with distilled water by complete
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immersion. Excess external water was removed from the
gametophore surface using filter paper, giving a fully tur-
gid mass. We measured photosynthesis in P. patens at a
fully turgid mass because it is close to the optimal tissue
water content for photosynthesis (Meyer et al. 2008); we
confirmed this by performing photosynthesis measure-
ments under saturated irradiance (500 pmol m~2 s71) for
a drying cycle of gametophores (4-5 h, data not shown).
In photosynthesis measurements, gametophores were
placed in an acrylic chamber (12 cm x 10 cm x 2 cm),
with the temperature of plant materials being monitored
using a thermocouple. Temperature was adjusted to 25 °C,
the flow rate was 300-350 ml min~!, relative humidity was
approximately 90%, and the CO, concentration was set
at 400 pmol mol~!. A red and blue LED (red: blue 8:1,
LEDRB-630DL, Opto Code Corp., Tokyo, Japan) was used
as a light source. We measured boundary layer conductance
in accordance with area by obtaining a calibration curve
using filter papers with different areas (data not shown).
A fan placed inside the chamber mixed the air completely.
The response of the photosynthesis rate (net CO, assimi-
lation rate) to changing irradiance was obtained at vari-
ous photosynthetic photon flux densities (PPFD) from O to
800 umol m~2 s~ ! at a fully turgid mass. At least 5 min was
needed at each PPFD to stabilize the photosynthesis rate.
The photosynthesis rate per area was calculated from the
projected canopy area of a moss canopy using a scanner.

Statistical analysis

Differences between means were tested by Welch’s ¢ test
for independent samples, performed using R software
(Remdr package, ver3.2.4). The effects of gravity [1xg vs.
hypergravity (2.3, 4.0, 7.1, and 10x g)] and positions of the
stems (top vs. base) were tested by Welch’s #-test.

Results

Hypergravity environments at 2.3, 4.0, and 7.1xg for
25 days had opposite effects on the shoot and rhizoid
growth of P. patens (Fig. 2). Rhizoid length was 53%
longer, while shoot length was 25% shorter at 7.1 x g than
at 1xg (Fig. 2a). Shoot diameter significantly increased
by 16-27% under all hypergravity environments tested
(Fig. 2b). Gametophore numbers in the canopy, which was
produced during the hypergravity experiment, were signifi-
cantly higher at 7.1 x g (by 46%) than that at 1 x g (Fig. 2c¢).
These results indicate that the long-term and moderate
hypergravity environment affected the growth of P. patens.

The effects of hypergravity on the growth of gametophores
of P. patens were more prominent when they were grown
under the 10xg environment for 8 weeks. Shoot length
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Fig. 2 Growth traits of P. patens gametophores grown at 2.3, 4.0, and
7.1xg for 25 days. The average (+ SE) ratios of the parameters to
those grown at 1xg were shown. a Rhizoid length and shoot
length (n = 10-14), and b shoot diameter for each gameto-
phore (n = 10-14) and ¢ the number of gametophores in a canopy
(n = 5-6). Differences between 1x g and each hypergravity condition
(2.3, 4.0 and 7.1xg) were analyzed using Welch’s #-test, with signifi-
cant levels of *P < 0.05, **P < 0.01, and ***P < 0.001. n.s. means no
significant difference

decreased, whereas rhizoid length increased at 10xg for
individual gametophores (Fig. 3c, d); shoot length was 19%
shorter, whereas rhizoid length was 87% longer than those
at 1xg (Table 1). In accordance with the results for plant
length, the dry mass of shoots was 21% lower, whereas that

of rhizoids was 154% higher at 10x g that at 1 xg. At the can-
opy level, gametophore numbers were 85% higher at 10x g
than that at 1xg, with gametophores covering most of the
area of the bottoms of Petri dishes under both gravitational
conditions (Fig. 3a, b; Table 1). At 10xg, canopy-based dry
mass significantly increased for shoots and rhizoids by 49 and
331%, respectively. In contrast to the other parameters tested,
the numbers of chloroplasts in leaves were similar between
1xg and 10xg (Table 1; Fig. 4a, b).

The stem diameters of P. patens increased at 10xg
at the top, but not at the base of the stem (Table 2). Stem
cell density estimated from transverse sections (Fig. 4c,
d) was not changed at 10xg. In the epidermal cells of the
stem (Fig. 4e, f), length decreased by 22-26% at 10x g at
the top and at the base of the stem, while diameter was not
changed at 10x g at either position. The cell wall thickness
of stem epidermal cells was similar between the 10xg and
1 x g conditions (Table 2). Leaf cells of P. patens were sin-
gle layered (Fig. 4g, h). Leaf length significantly decreased
at 10xg by 14-17% (Table 2). Leaf lamina cell diameter
at the top of the stem decreased by 27% at 10xg. Lamina
thicknesses and cell numbers were not changed at 10xg.
The cell wall thickness of leaves at 10xg significantly
decreased by 13—19%. No significant alteration in the thy-
lakoid structure of chloroplasts in leaf cells was observed
at 10xg (Fig. 4i, j). Chloroplasts were discoid or spindle-
shaped, contained a well-developed lamellar system, and
had few plastoglobuli.

In leaf cells of the base and top of the stems, the diam-
eter and thickness of chloroplasts at 10 x g significantly
increased by 33-63% (Fig. 5). Similarly, chloroplast sizes
in stem epidermal cells at 10x g significantly increased by
15-50%, except for the thickness at the base of the stem.
The area-based photosynthesis rate was higher at 10xg
than at 1xg (Fig. 6). The area-based photosynthesis rate
was light-saturated at 200 pmol m~2 s~! for both 10xg
and 1xg. Light-saturated photosynthesis rates calculated
from light response curves were 0.416 (0.060) wmol m~>
s~! and 0.676 (0.087) wmol m~2 s~! at 1xg and 10xg,
respectively, and these values were significantly different
(Welch’s r-test, P < 0.01).

Discussion

The significant increase observed in canopy-based plant
growth at 10xg (Table 1) is a novel result for plant
responses to hypergravity, which contrasts with our hypoth-
esis. We achieved enhanced rhizoid growth by hypergrav-
ity in the present study; on the other hand, previous studies
reported a decline in root length for pea sprouts subjected
to 140-1054x g (Waldron and Brett 1990). Although the
underlying mechanisms currently remain unknown, the
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Fig. 3 Images of a, b canopies
of P. patens and c, d indi-
vidual gametophores grown for
8 weeks at 1 xg (a, ¢) or 10xg
(b, d)

5mm 5mm
Table 1 Effects of gravity on Traits Ixg 10xg P value
the growth of and chloroplast
numbers in P. patens leaf cells Gametophore features
Shoot length (mm) 149+24 12.1+£22 ok
Rhizoid length (mm) 7.8 £ 1.7 146 £ 4.2 wkE
Shoot dry mass (mg) 0.343 4+ 0.056 0.272 £ 0.039 *
Rhizoid dry mass (mg) 0.0240 £ 0.0082 0.0608 £ 0.0172 wE
Canopy features
Shoot dry mass (mg) 324+47 48.1 7.7 wx
Rhizoid dry mass (mg) 2.30+0.73 991 £3.34 o
Numbers of plants 922+ 45 170.7 £ 10.0 HAE
Numbers of chloroplasts per leaf cell 24.6 £4.5 245+44 n.s.

The length and dry mass of the shoot (leaf + stem) and rhizoid of each gametophore (n = 75-76), and the
dry mass of shoots and rhizoids in the canopy and numbers of gametophores for each canopy (n = 6-7) are
shown. The numbers of chloroplasts per each cell were measured for fresh leaves using digitized images
(n = 54-56). Average £ SD values are shown for all traits. Differences between averaged values were
analyzed using Welch’s r-test, with significant levels of * P < 0.05, ** P < 0.01, and *** P < 0.001 for the
effects of gravity. n.s. means no significant difference

enhancements observed in rhizoid growth and plant num-
bers by hypergravity (Table 1; Fig. 2) may be unique fea-
tures for mosses and may be affected by some phytohor-
mones such as auxin and/or cytokinin. The increase in plant
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numbers may be affected by higher numbers of buds dif-
ferentiating from the caulonema, with their differentiation
being affected by auxin (Reski 1998). Tamaoki et al. (2009,
2011) indicated that the endogenous accumulation of auxin
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Fig. 4 Light and electron
micrographs of P. patens grown
for 8 weeks at (a, c, e, g, i) I xg
or (b, d, £, h, j) 10xg. Micro-
graphs of (a, b) fresh leaves of
P. patens at the central part of
the lamina, ¢, d transverse sec-
tions of stems, e, f longitudinal
sections of stems, g, h trans-
verse sections of lamina, and i, j
chloroplasts in the stem epider-
mal cells of P. patens observed
using a transmission electron
microscope. Plant samples for
(c—j) were collected at 3 mm
from the top of gametophores
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Table 2 Effects of gravity on anatomical traits of P. patens

Top of the stem

Base of the stem

Traits Ixg 10xg P value Ixg 10xg P value
Stem
Diameter (mm) 0.19 £ 0.02 0.23 +0.03 * 0.21 £ 0.03™* 0.23 4+ 0.04™* n.s.
Cell density (0.1 mm™?) 206 +9 225 +32 n.s. 226 + 16" 257 + 29" n.s.
Epidermal cells
Length (wm) 163 £ 52 121 £23 Hok 157 + 39" 123 &+ 22" ok
Diameter (jum) 21.2+49 20.4+49 n.s. 21.1 &£ 5.4 214 £ 4.1 n.s.
Cell wall thickness (um) 1.08 £ 0.19 1.08 £ 0.19 n.s. 1.07 £ 0.23™* 1.13 £ 0.2™* n.s.
Leaf
Length (mm) 229 +£0.17 1.98 £ 0.25 ok 2.44 £+ 0.32™% 2.03 £ 0.29"™* ook
Lamina cell diameter (jum) 320+£3.0 232+49 okok 21.2 + 2.6 20.6 £ 3.1 n.s.
Lamina thickness (jum) 26.1 £ 64 23.9+79 n.s. 23.6 +£ 4.7 22.1 £ 0.7™% n.s.
Lamina cell number 10.0 £3.3 11.6 £ 3.6 n.s. 14.4 + 1.3* 14.7 £ 0.6 n.s.
Cell wall thickness (jum) 0.26 £ 0.05 0.21 £ 0.04 oAk 0.25 £+ 0.03™* 0.22 £ 0.04™* Hokok

Stem and leaf traits were measured at the top (3 mm from the top) and base (3 mm from the base) of stems, respectively. Average £ SD values
are shown for all traits. Fresh gametophores with averaged sizes were used to measure stem diameters (n = 10-15) and leaf lengths (n = 20).
The cell density of stems was measured from transverse sections of stems (n = 4-6). The averaged length and diameter (n = 20-22) and cell
wall thickness (n = 45) of the epidermal cells of stems were measured from longitudinal and transverse sections of gametophores, respectively.
The lamina thickness (n = 3—11), lamina cell number from the costa to lamina margin (n = 3-6), and cell wall thickness of leaf cells from the
Ist to 5th cell from the margin of the lamina (n = 60) were measured in a cross section of the leaf lamina. Differences were analyzed using
Welch'’s t-test, with significant levels of * P < 0.05, ** P < 0.01, and *** P < 0.001 for the effects of gravity, and # P < 0.05 and ## P < 0.001 for
the effects of stem position (top or base). n.s. means no significant difference

was enhanced in the inflorescence stems of A. thaliana in a
300x g environment.

Novel results were also obtained for chloroplast sizes
in the leaves and stems of gametophores grown at 10xg
(Fig. 4a-h); the diameters (major axis) and thicknesses
(minor axis) of chloroplasts at 10x g increased by 15-63%
(Fig. 5). In angiosperms, an increase in the surface area of
chloroplasts for CO, diffusion has been shown to enhance
photosynthesis in leaves (Terashima et al. 2006, 2011). The
number of chloroplasts per leaf cell was not affected by
hypergravity in P. patens (Table 1); therefore, the enlarge-
ment observed in chloroplasts may increase their surface
area exposed to air, indicating that the hypergravity envi-
ronment enhances CO, diffusion. This enhancement in CO,
diffusion may partly cause an increase in area-based pho-
tosynthesis in the leaves of P. patens (Fig. 6). Plant growth
hormones such as auxins may affect chloroplast sizes under
hypergravity conditions because the homeodomain-leucine
zipper 1 gene, Pphb7, which is regulated by exogenous
auxin, affects increases in the sizes of chloroplasts (Sakak-
ibara et al. 2003). Chloroplasts in angiosperms are typically
~5 pwm in diameter with a thickness of ~2.5 wm (Staehelin
2003); chloroplasts in the leaves of P. patens, 5.1-8.3 pm
in diameter with a thickness of 3.2-5.2 pm (Fig. 5), are
larger than those of angiosperms, which may contribute to
increases in the surface area of chloroplasts for CO, diffu-
sion. In the evolutionary history of land plants, the earliest
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land plants such as bryophytes may have acquired the abil-
ity to regulate CO, diffusion by adjusting the size of chlo-
roplasts. In ferns and angiosperms, photosynthesis and CO,
diffusion may be effectively regulated via stomatal control
and/or the development of mesophyll tissues (Carriqui
et al. 2015; Tosens et al. 2016).

A thickness of cell wall is considered to be one of the
main factors reducing CO, diffusional conductance in
bryophytes (Hanson et al. 2014). Hypergravity-induced
reductions in cell wall thickness in the leaves of P. patens
(Table 2) suggest that hypergravity did not decrease CO,
diffusion through cell walls, which is in contrast to our
hypothesis that hypergravity increases cell wall thickness
and, thus, reduces the photosynthesis rate; we obtained an
increase in the area-based photosynthesis rate by hypergrav-
ity (Fig. 6). The cell wall thickness of the leaves of P. pat-
ens, 0.21-0.26 wm, is within the lowest range of cell wall
thicknesses for angiosperms (0.1-0.6 wm) and ferns (0.2—
0.8 wm) (Tosens et al. 2016); this may contribute to less
resistance to CO, diffusion in P. patens than in angiosperms.

The increase observed in the area-based photosynthe-
sis rate under hypergravity conditions (Fig. 6) is strongly
affected by greater amounts of photosynthesis tissues on
an area basis, which is mainly caused by larger canopy-
based plant numbers (Table 1). The stimulation of the con-
vection of gasses under the hypergravity condition, which
may enhance CO, transport to the leaves and increase the
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Fig. 5 Effects of hypergravity on chloroplast sizes of leaves and
stems of P. patens at the top (3 mm from the top) and base (3 mm
from the base) of stems grown at 1xg (open bars) or 10xg (closed
bars). a The diameters (major axis) and b thicknesses (minor axis) of
chloroplasts were measured for 20 chloroplasts from the Ist to 10th
cell from the costa of a leaf from 3 gametophores (n = 60), and for
15 chloroplasts from the epidermal cells of the stems of 3 gameto-
phores (n = 45). Average £ SE values are shown. Differences were
analyzed using Welch’s r-test, with significant levels of *P < 0.05
and ***P < 0.001 for the effects of gravity, and *P < 0.01 and
##P < 0.001 for the effects of the stem position (top or base). n.s.
means no significant difference

photosynthesis rate (Hirai and Kitaya 2009), is less possi-
ble in the present study because of the small height of the
Petri dishes (3 cm) used for plant growth. As previously
discussed, the increases observed in chloroplast sizes may
partly affect those in the area-based photosynthesis rate
under hypergravity conditions via enhanced CO, diffu-
sion in the leaves of P. patens. Additionally, the decrease
in cell wall thickness in leaves (Table 2) may also enhance
CO, diffusion and thus contribute partly to the increase

1.0
O 1xg

0.8 1 ®10xg

0.6 1

0.2 1

(umol m=2s71)

Photosynthesis rate per area

‘02 T T T T T
0 200 400 600 800 1000

PPFD (umol m=2s71)

Fig. 6 Canopy-based photosynthesis rate per area of P. patens
against changing photosynthetic photon flux density (PPFD), which
was fit using the light response curve model by Ogren and Evans
(1993). Measurements were performed at a plant temperature of
25°C, flow rate of 300-350 ml min~', relative humidity of 90%, and
ambient CO, concentration of 400 pmol mol~! (n = 3-4). PPFD was
gradually changed from 0 to 800 umol m~2 s~ at a fully turgid mass.
Average £ SE values are shown. Open and closed symbols represent
1xg and 10x g, respectively

in area-based photosynthesis rate. Waite and Sack (2010)
reported a strong positive relationship between area-based
photosynthesis rates and canopy densities for 10 field-
grown Hawaiian moss species, which indicates that thick
and dense photosynthesis tissues involve high area-based
photosynthesis rates for the canopies of moss species. The
light-saturated area-based photosynthesis rates of P. patens,
0.41-0.69 pmol m~2 s~!, are near the lowest values for 10
field-grown Hawaiian moss species, 0.59—-1.41 wmol m~2
s~! (Waite and Sack 2010).

Previous studies reported reductions in shoot elonga-
tion by short-term strong hypergravity (more than 30xg)
under dark conditions for the sprouts of various angio-
sperms including pea, cress, maize, azuki bean, and A.
thaliana (Hoson et al. 1996; Soga et al. 1999a, b, 2001;
Waldron and Brett 1990). The reductions induced in the
shoot growth of individual gametophores of P. patens by
long-term moderate hypergravity under light conditions in
the present study (Fig. 2a; Table 1) support the previous
findings described above. The suppression of shoot growth
by hypergravity has been attributed to modifications in cell
walls including an increase in thickness and a decrease
in elasticity caused by the accumulation of xyloglucans
(Soga et al. 1999b) and/or an increase in secondary cell
wall lignification (Tamaoki et al. 2006). Alterations in
the orientation of cortical microtubules during the hyper-
gravity condition, e.g., a decrease in cells with transverse
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microtubules and an increase in cells with longitudinal
microtubules, involve the inhibition of elongation growth
and enhancement of lateral growth (Soga et al. 2006). In
the present study, an increase was not observed in cell wall
thickness in the shoots or leaves of P. patens grown under
hypergravity conditions (Table 2); however, alterations in
the cell wall compositions or molecular masses of cell wall
polysaccharides are still possible (Soga et al. 1999b). Spe-
cific variations exist in cell types and cell wall composi-
tions, with mosses lacking true secondary cell walls unlike
other plant taxa, but containing polysaccharides such as
xyloglucan, xylan, and pectin in their primary cell walls,
similar to other plant taxa (Popper 2008). The decrease
observed in cell wall thickness under hypergravity condi-
tions in the leaves of P. patens (Table 2) suggests that the
development of primary cell walls in the leaves of P. pat-
ens is inhibited by hypergravity.

In the present study, reductions in the cell length of the
epidermal cells of stems (Table 2) may involve decreases
in the elongation of the shoots of individual gametophores
(Table 1) because epidermal cell layers in angiosperms
influence the rate of organ elongation (Kutschera and Nik-
las 2007; Savaldi-Goldstein and Chory 2008). Similarly,
the reduction noted in leaf length (Table 2) was affected
by decreases in cell sizes because cell numbers were not
altered by hypergravity (Table 2).

Conclusions

We herein demonstrated some unique features for the
responses of the growth and anatomy of P. patens to hyper-
gravity conditions. Increases in the canopy-based growth
of shoots mainly caused by greater plant numbers, and the
larger chloroplast sizes observed under hypergravity condi-
tions are all novel results, and may be affected by altera-
tions in the functions of phytohormones. The increases
observed in plant numbers and, partly, chloroplast sizes
involved a higher area-based photosynthesis rate by P.
patens under hypergravity conditions. The absence of
an increase in cell wall thickness in stem cells or even a
decrease in leaf cells under hypergravity conditions con-
tradicts our hypothesis and previous findings for angio-
sperms; since the growth forms of mosses are groups of a
large number of individual gametophores, an increase in
plant density rather than in the cell toughness of individ-
ual gametophores may be more effective for adapting to a
hypergravity environment.

Acknowledgements This work was supported a Grant-in-Aid for
Space Utilization by the Japan Aerospace Exploration Agency and
JSPS KAKENHI Grant Numbers JP21657011 and 15K11914.

@ Springer

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits use, duplication, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if
changes were made.

References

Ashton NW, Cove DJ (1977) The isolation and preliminary charac-
terisation of auxotrophic and analogue resistant mutants of the
moss, Physcomitrella patens. Mol Gen Genet MGG 154:87-95.
doi:10.1007/BF00265581

Banbury GH (1962) Geotropism of lower plants. In: Aletsee L, Anker
L, Baillaud L, Banbury GH, Brauner L, Crombie WML, Drews
G, Girbardt M, Haupt W, Hoffmann-Berling H, Kaldewey H,
Kamiya N, Larsen P, Nultsch W, Pohl R, Rufelt H, Snow R,
Straka H, Umrath K, Ziegler H, Zurzycki J, Biinning E (eds)
Physiology of movements. Springer, Berlin, pp 344-377

Carriqui M, Cabrera HM, Conesa M, Coopman RE, Douthe C, Gago
J, Gallé A, Galmés J, Ribas-Carbo M, Tomdas M, Flexas J (2015)
Diffusional limitations explain the lower photosynthetic capac-
ity of ferns as compared with angiosperms in a common garden
study. Plant, Cell Environ 38:448-460. doi:10.1111/pce.12402

Cove DJ, Quatrano RS (2006) Agravitropic mutants of the moss Cer-
atodon purpureus do not complement mutants having a reversed
gravitropic response. Plant, Cell Environ 29:1379-1387.
doi:10.1111/j.1365-3040.2006.01519.x

Hangarter RP (1997) Gravity, light and plant form. Plant, Cell Envi-
ron 20:796-800. doi:10.1111/j.1365-3040.1997.tb00654.x

Hanson DT, Renzaglia K, Villarreal JC (2014) Diffusion limitation
and CO, concentrating mechanisms in bryophytes. In: Hanson
TD, Rice KS (eds) Photosynthesis in bryophytes and early land
plants. Springer Netherlands, Dordrecht, pp 95-111

Hirai H, Kitaya Y (2009) Effects of gravity on transpira-
tion of plant leaves. Ann N Y Acad Sci 1161:166-172.
doi:10.1111/5.1749-6632.2009.04093.x

Hoson T, Wakabayashi K (2015) Role of the plant cell wall in gravity
resistance. Phytochemistry 112:84-90

Hoson T, Nishitani K, Miyamoto K, Ueda J, Kamisaka S, Yamamoto
R, Masuda Y (1996) Effects of hypergravity on growth and cell
wall properties of cress hypocotyls. J Exp Bot 47:513-517.
doi:10.1093/jxb/47.4.513

Kawase M, Hanba YT, Katsuhara M (2013) The photosynthetic
response of tobacco plants overexpressing ice plant aquaporin
McMIPB to a soil water deficit and high vapor pressure deficit. J
Plant Res 126:517-527. doi:10.1007/s10265-013-0548-4

Kern VD, Schwuchow JM, Reed DW, Nadeau JA, Lucas J, Skrip-
nikov A, Sack FD (2005) Gravitropic moss cells default to spiral
growth on the clinostat and in microgravity during spaceflight.
Planta 221:149-157. doi:10.1007/s00425-004-1467-3

Kogami H, Kogami H, Hanba YT, Hanba YT, Kibe T, Kibe T,
Terashima I, Terashima I, Masuzawa T, Masuzawa T (2001)
CO, transfer conductance, leaf structure and carbon iso-
tope composition of Polygonum cuspidatum leaves from
low and high altitudes. Plant, Cell Environ 24:529-538.
doi:10.1046/j.1365-3040.2001.00696.x

Kutschera U, Niklas KJ (2007) The epidermal-growth-control theory
of stem elongation: an old and a new perspective. J Plant Physiol
164:1395-1409. doi:10.1016/].jplph.2007.08.002

Lambers H, Chapin FS III, Pons TL (2008) Plant water relations, sec-
ond edi. Springer Science 4+ Business Media, New York


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/BF00265581
https://doi.org/10.1111/pce.12402
https://doi.org/10.1111/j.1365-3040.2006.01519.x
https://doi.org/10.1111/j.1365-3040.1997.tb00654.x
https://doi.org/10.1111/j.1749-6632.2009.04093.x
https://doi.org/10.1093/jxb/47.4.513
https://doi.org/10.1007/s10265-013-0548-4
https://doi.org/10.1007/s00425-004-1467-3
https://doi.org/10.1046/j.1365-3040.2001.00696.x
https://doi.org/10.1016/j.jplph.2007.08.002

J Plant Res (2017) 130:181-192

191

Manzano Al, Herranz R, Loon JJWA, Medina FJ (2012) A hyper-
gravity environment induced by centrifugation alters plant
cell proliferation and growth in an opposite way to micro-
gravity. Microgravity Sci Technol 24:373-381. doi:10.1007/
$12217-012-9301-1

Martin A, Lang D, Hanke ST, Mueller SJX, Sarnighausen E, Vervliet-
Scheebaum M, Reski R (2009) Targeted gene knockouts reveal
overlapping functions of the five Physcomitrella patens FtsZ iso-
forms in chloroplast division, chloroplast shaping, cell pattern-
ing, plant development, and gravity sensing. Mol Plant 2:1359—
1372. doi:10.1093/mp/ssp076

Matia I, Gonzdlez-Camacho F, Herranz R, Kiss JZ, Gasset G, van
Loon JJWA, Marco R, Javier Medina F (2010) Plant cell pro-
liferation and growth are altered by microgravity conditions
in spaceflight. J Plant Physiol 167:184-193. doi:10.1016/j.
jplph.2009.08.012

Meyer M, Seibt U, Griffiths H (2008) To concentrate or ventilate?
Carbon acquisition, isotope discrimination and physiological
ecology of early land plant life forms. Philos Trans R Soc Lond
B Biol Sci 363:2767-2778. doi:10.1098/rstb.2008.0039

Morita H, Obata K, Abe C, Shiba D, Shirakawa M, Kudo T, Taka-
hashi S (2015) Feasibility of a short-arm centrifuge for mouse
hypergravity experiments. PLoS ONE. doi:10.1371/journal.
pone.0133981

Nakabayashi I, Karahara I, Tamaoki D, Masuda K, Wakasugi T,
Yamada K, Soga K, Hoson T, Kamisaka S (2006) Hypergravity
stimulus enhances primary xylem development and decreases
mechanical properties of secondary cell walls in inflores-
cence stems of Arabidopsis thaliana. Ann Bot 97:1083-1090.
doi:10.1093/aob/mcl055

Nava MIJA, Russomano T, Santos MA, Poehls LB (2015) A new
electronically monitored centrifuge for the analysis of plant
growth in simulated hypergravity. Am J Med Biol Res 3:88-94.
doi:10.12691/ajmbr-3-4-2

Nishiyama T, Hiwatashi Y, Sakakibara I, Kato M, Hasebe M (2000)
Tagged mutagenesis and gene-trap in the moss, Physcomitrella
patens by shuttle mutagenesis. DNA Res 7:9-17. doi:10.1093/
dnares/7.1.9

Ogren E, Evans JR (1993) Photosynthetic light-response curves.
Planta 189:182-190. doi:10.1007/BF00195075

Popper ZA (2008) Evolution and diversity of green plant cell walls.
Curr Opin Plant Biol 11:286-292. doi:10.1016/j.pbi.2008.02.012

Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H,
Nishiyama T, Perroud P-F, Lindquist EA, Kamisugi Y, Tana-
hashi T, Sakakibara K, Fujita T, Oishi K, Shin-Ichi T, Kuroki
Y, Toyoda A, Suzuki Y, Hashimoto S, Yamaguchi K, Sugano S,
Kohara Y, Fujiyama A, Anterola A, Aoki S, Ashton N, Barbazuk
WB, Barker E, Bennetzen JL, Blankenship R, Cho SH, Dutcher
SK, Estelle M, Fawcett JA, Gundlach H, Hanada K, Heyl A,
Hicks KA, Hughes J, Lohr M, Mayer K, Melkozernov A, Murata
T, Nelson DR, Pils B, Prigge M, Reiss B, Renner T, Rombauts
S, Rushton PJ, Sanderfoot A, Schween G, Shiu S-H, Stueber
K, Theodoulou FL, Tu H, Peer Y Van de, Verrier PJ, Waters E,
Wood A, Yang L, Cove D, Cuming AC, Hasebe M, Lucas S,
Mishler BD, Reski R, Grigoriev I V., Quatrano RS, Boore JL
(2008) The Physcomitrella genome reveals evolutionary insights
into the conquest of land by plants. Science 319(5859):64—69.
doi:10.1126/science.1150646

Repp A, Mikami K, Mittmann F, Hartmann E (2004) Phosphoi-
nositide-specific phospholipase C is involved in cytokinin and
gravity responses in the moss Physcomitrella patens. Plant J
40:250-259. doi:10.1111/j.1365-313X.2004.02205.x

Reski R (1998) Development, genetics and molecular biology of
mosses. Bot Acta 111:1-15. doi:10.1111/1.1438-8677.1998.
tb00670.x

Rubinstein CV, Gerrienne P, de la Puente GS, Astini RA, Steemans
P (2010) Early Middle Ordovician evidence for land plants
in Argentina (eastern Gondwana). New Phytol 188:365-369.
doi:10.1111/j.1469-8137.2010.03433.x

Sakakibara K, Nishiyama T, Sumikawa N, Kofuji R, Murata T,
Hasebe M (2003) Involvement of auxin and a homeodomain-
leucine zipper I gene in rhizoid development of the moss Phy-
scomitrella patens. Development 130:4835-4846. doi:10.1242/
dev.00644

Savaldi-Goldstein S, Chory J (2008) Growth coordination and the
shoot epidermis. Curr Opin Plant Biol 11:42-48. doi:10.1016/;.
pbi.2007.10.009

Schwuchow JM, Kern VD, Sack FD (2002) Tip-growing cells of the
moss Ceratodon purpureus are gravitropic in high-density media.
Plant Physiol 130:2095-2100. doi:10.1104/pp.012534

Soga K, Harada K, Wakabayashi K, Hoson T, Kamisaka S (1999a)
Increased molecular mass of hemicellulosic polysaccharides is
involved in growth inhibition of maize coleoptiles and mesoco-
tyls under hypergravity conditions. J Plant Res 112:273-278.
doi:10.1007/PL00013881

Soga K, Wakabayashi K, Hoson T, Kamisaka S (1999b) Hypergrav-
ity increases the molecular mass of xyloglucans by decreasing
xyloglucan-degrading activity in azuki bean epicotyls. Plant Cell
Physiol 40:581-585

Soga K, Wakabayashi K, Hoson T, Kamisaka S (2001) Gravitational
force regulates elongation growth of arabidopsis hypocotyls by
modifying xyloglucan metabolism. Adv Sp Res 27:1011-1016.
doi:10.1016/S0273-1177(01)00176-4

Soga K, Wakabayashi K, Kamisaka S, Hoson T (2006) Hypergrav-
ity induces reorientation of cortical microtubules and modifies
growth anisotropy in azuki bean epicotyls. Planta 224:1485—
1494. doi:10.1007/s00425-006-0319-8

Soga K, Yano S, Matsumoto S, Hoson T (2015) Plant gravitropism:
methods and protocols. In: Blancaflor BE (ed) Springer. New
York, NY, New York, pp 307-319

Staehelin LA (2003) Chloroplast structure: from chlorophyll granules
to supra-molecular architecture of thylakoid membranes. Photo-
synth Res 76:185-196. doi:10.1023/A:1024994525586

Tamaoki D, Karahara I, Schreiber L, Wakasugi T, Yamada K, Kamisaka
S (2006) Effects of hypergravity conditions on elongation growth
and lignin formation in the inflorescence stem of Arabidopsis thal-
iana. J Plant Res 119:79-84. doi:10.1007/s10265-005-0243-1

Tamaoki D, Karahara I, Nishiuchi T, De Oliveira S, Schreiber L,
Wakasugi T, Yamada K, Yamaguchi K, Kamisaka S (2009) Tran-
scriptome profiling in Arabidopsis inflorescence stems grown
under hypergravity in terms of cell walls and plant hormones.
Adv Sp Res 44:245-253. doi:10.1016/j.asr.2009.03.016

Tamaoki D, Karahara I, Nishiuchi T, Wakasugi T, Yamada K, Kamisaka
S (2011) Involvement of auxin dynamics in hypergravity-induced
promotion of lignin-related gene expression in Arabidopsis inflo-
rescence stems. J Exp Bot 62:5463-5469. doi:10.1093/jxb/err224

Tamaoki D, Karahara I, Nishiuchi T, Wakasugi T, Yamada K, Kami-
saka S (2014) Effects of hypergravity stimulus on global gene
expression during reproductive growth in Arabidopsis. Plant Biol
16:179-186. doi:10.1111/plb.12124

Terashima I, Hanba YT, Tazoe Y, Vyas P, Yano S (2006) Irradiance
and phenotype: comparative eco-development of sun and shade
leaves in relation to photosynthetic CO, diffusion. J Exp Bot
57:343-354. doi:10.1093/jxb/erj014

Terashima I, Hanba YT, Tholen D, Niinemets U (2011) Leaf func-
tional anatomy in relation to photosynthesis. Plant Physiol
155:108-116. doi:10.1104/pp.110.165472

Tosens T, Nishida K, Gago J, Coopman RE, Cabrera M, Carriqu M,
Laanisto L, Morales L, Nadal M, Rojas R, Talts E, Tomas M
(2016) The photosynthetic capacity in 35 ferns and fern allies:
mesophyll CO, diffusion as a key trait The photosynthetic

@ Springer


https://doi.org/10.1007/s12217-012-9301-1
https://doi.org/10.1007/s12217-012-9301-1
https://doi.org/10.1093/mp/ssp076
https://doi.org/10.1016/j.jplph.2009.08.012
https://doi.org/10.1016/j.jplph.2009.08.012
https://doi.org/10.1098/rstb.2008.0039
https://doi.org/10.1371/journal.pone.0133981
https://doi.org/10.1371/journal.pone.0133981
https://doi.org/10.1093/aob/mcl055
https://doi.org/10.12691/ajmbr-3-4-2
https://doi.org/10.1093/dnares/7.1.9
https://doi.org/10.1093/dnares/7.1.9
https://doi.org/10.1007/BF00195075
https://doi.org/10.1016/j.pbi.2008.02.012
https://doi.org/10.1126/science.1150646
https://doi.org/10.1111/j.1365-313X.2004.02205.x
https://doi.org/10.1111/j.1438-8677.1998.tb00670.x
https://doi.org/10.1111/j.1438-8677.1998.tb00670.x
https://doi.org/10.1111/j.1469-8137.2010.03433.x
https://doi.org/10.1242/dev.00644
https://doi.org/10.1242/dev.00644
https://doi.org/10.1016/j.pbi.2007.10.009
https://doi.org/10.1016/j.pbi.2007.10.009
https://doi.org/10.1104/pp.012534
https://doi.org/10.1007/PL00013881
https://doi.org/10.1016/S0273-1177(01)00176-4
https://doi.org/10.1007/s00425-006-0319-8
https://doi.org/10.1023/A:1024994525586
https://doi.org/10.1007/s10265-005-0243-1
https://doi.org/10.1016/j.asr.2009.03.016
https://doi.org/10.1093/jxb/err224
https://doi.org/10.1111/plb.12124
https://doi.org/10.1093/jxb/erj014
https://doi.org/10.1104/pp.110.165472

192

J Plant Res (2017) 130:181-192

capacity in 35 ferns and fern allies: mesophyll CO, diffusion as a
key trait. New Phytol. doi:10.1111/nph.13719

Vidyasagar PB, Jagtap SS, Dixit JP, Kamble SM, Dhepe AP (2014)
Effects of short-term hypergravity exposure on germination,
growth and photosynthesis of Triticum aestivum L. Microgravity
Sci Technol 26:375-384. doi:10.1007/s12217-014-9400-2

Waite M, Sack L (2010) How does moss photosynthesis relate to
leaf and canopy structure? Trait relationships for 10 Hawaiian
species of contrasting light habitats. New Phytol 185:156-172.
doi:10.1111/j.1469-8137.2009.03061.x

Wakabayashi K, Nakano S, Soga K, Hoson T (2009) Cell wall-bound
peroxidase activity and lignin formation in azuki bean epicotyls

@ Springer

grown under hypergravity conditions. J Plant Physiol 166:947—
954. doi:10.1016/j.jplph.2008.12.006

Waldron KW, Brett CT (1990) Effects of extreme acceleration on the
germination, growth and cell wall composition of pea epicotyls.
Cell 41:71-77

Zhang Y, Soga K, Wakabayashi K, Hoson T (2013) Effects of gravis-
timuli on osmoregulation in azuki bean epicotyls. Adv Sp Res
51:458-464. doi:10.1016/j.asr.2012.09.013


https://doi.org/10.1111/nph.13719
https://doi.org/10.1007/s12217-014-9400-2
https://doi.org/10.1111/j.1469-8137.2009.03061.x
https://doi.org/10.1016/j.jplph.2008.12.006
https://doi.org/10.1016/j.asr.2012.09.013

	A hypergravity environment increases chloroplast size, photosynthesis, and plant growth in the moss Physcomitrella patens
	Abstract 
	Introduction
	Materials and methods
	Plant material and cultivation under hypergravity conditions
	Plant growth
	Microscopy
	Measurement of photosynthesis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References




