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Abstract To gain a better understanding of how photo-
synthesis is adapted under altered gravity forces, photo-
synthetic apparatus and its functioning were investigated in
rice (Oryza sativa L.) seedlings grown in a random posi-
tioning machine (RPM). A decrease in fresh weight and dry
weight was observed in rice seedlings grown under RPM
condition. No significant changes were found in the chlo-
roplast ultrastructure and total chlorophyll content between
the RPM and control samples. Analyses of chlorophyll
fluorescence and thermoluminescence demonstrate that
PSII activity was unchanged under RPM condition. How-
ever, PSI activity decreased significantly under RPM con-
dition. 77 K fluorescence emission spectra show a blue-
shift and reduction of PSI fluorescence emission peak in
the RPM seedlings. In addition, RPM caused a significant
decrease in the amplitude of absorbance changes of P700 at
820 nm (Agyp) induced by saturated far-red light. More-
over, the PSI efficiency (@;) decreased significantly under
RPM condition. Immunoblot and blue native gel analyses
further illustrate that accumulation of PSI proteins was
greatly decreased in the RPM seedlings. Our results sug-
gest that PSI, but not PSII, is down-regulated under RPM
condition.
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Introduction

Photosynthesis is one of the most important biochemical
processes on earth by which the energy of sunlight is
converted into chemical forms that support virtually all life
on earth. Photosynthesis is also the basis for the use of
plants for food production and atmospheric regeneration in
the bioregenerative life support system during long-term
manned space missions (Eley and Myers 1964; Myers
1954; Salisbury 1991; Wheeler et al. 2001). Plants on earth
are subjected to a constant gravitational field. Under-
standing of the development of photosynthetic apparatus
and its functioning under altered gravity forces found in
space is crucial for future space exploitation.

Although effects of microgravity on plant growth and
development have been extensively studied in the past
50 years, conflicting results were often reported in different
spaceflight experiments, especially in the field of photo-
synthesis and other metabolic processes (Dutcher et al.
1994; Perbal 2006; Wolff et al. 2013; Wolverton and Kiss
2009). Changes in chloroplast morphology and ultrastruc-
ture were reported in several spaceflight experiments,
including decrease of chloroplast size and grana number
per chloroplast, swollen thylakoids, less stroma and grana
thylakoid membranes stacking (Adamchuk et al. 2002; Jiao
et al. 2004; Kochubey et al. 2004; Nechitailo and Ma-
shinsky 1993; Nedukha 1997). Similar results were
obtained in plants grown under simulated microgravity
(Adamchuk 1998; Kordyum and Adamchuk 1997). How-
ever, few changes in chloroplast ultrastructure were
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observed in spaceflight Arabidopsis and dwarf wheat
grown under well ventilated conditions, suggesting that
limited environmental control might be responsible for the
significant changes in chloroplast morphology and ultra-
structure under spaceflight conditions (Musgrave et al.
1998; Stutte et al. 2006).

In addition to changes in chloroplast development,
inhibition of photosynthetic activity was also found in
some spaceflight experiments. Reductions in the photo-
synthetic electron transport rate through photosystem I
(PSI), photosystem II (PSII), and the whole chain were
observed under saturating light and CO, conditions in
space-grown dwarf wheat and Brassica rapa plants (Stutte
et al. 2005; Tripathy et al. 1996; Volovik et al. 1999). The
net photosynthetic rate of barley leaves was reduced with
decreasing gravity levels from 1.0 to 0.01 g under mod-
erate light during a parabolic airplane flight (Kitaya et al.
2001). Jiao et al. (2004) reported a decrease of PSI electron
transport activity in spaceflight B. rapa cotyledons, while
changes of PSII activity were not studied in their experi-
ment. A decline of excitation energy transfer to PSI was
also observed in spaceflight B. rapa (Kochubey et al.
2004). So far there is no report of simultaneous studies of
photosynthetic apparatus and in vivo PSI and PSII activi-
ties under microgravity and clinorotation conditions. It has
not been shown whether microgravity affects photochem-
ical activities of both photosystems or only inhibits one of
them. A better understanding of the molecular mechanisms
of PSI and PSII under microgravity may help to optimize
the productivity of plants grown in space.

It should be noted that our knowledge of plant growth
and development in space was often based on small sam-
ples and lack of proper control groups. In addition,
spaceflight experiments were often suffered from insuffi-
cient environmental control of plant growth, such as lack of
ventilation and ethylene scrubbers in closed chamber, thus
leading to compromised experimental results (Monje et al.
2005; Musgrave et al. 1998; Wolverton and Kiss 2009).
Under well stirred atmosphere, no significant changes were
found in chloroplast ultrastructure and plant stand gas
exchange of a spaceflight dwarf wheat cultivar under
moderate light illumination and saturating CO, concen-
tration (Monje et al. 2005; Stutte et al. 2005, 2006). Until
now no consensus has been reached on the response of
photosynthesis under microgravity. Due to the short of
spaceflight experiments, our knowledge in this field is still
limited.

Clinostats can compensate for gravity by continuous
change of orientation of objects relative to the gravity’s
vector. They offer an effective way to mimic certain
aspects of the microgravity environment in ground-based
research (Hoson et al. 1997; Kraft et al. 2000; Moore
1990). Clinostats also provide opportunities to study the
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effects of simulated microgravity under sufficient con-
trolled-environment using proper controls and replicates
which cannot be easily made under spaceflight conditions.
Random positioning machines (RPM), also called 3D
clinostats, are recognized to offer a good simulation of
microgravity for higher plants. Similarities in the structural
polarity, endoplasmic reticulum, and amyloplast position in
columella cells were observed under both RPM and true
microgravity conditions achieved during spaceflight
(Buchen et al. 1993; Hoson et al. 1997; Kraft et al. 2000).
RPM has been used in substitution studies to simulate the
effects of microgravity on biological processes, such as
plant growth, development, and gene expression, in
ground-based research (Barjaktarovic et al. 2007; Borst and
van Loon 2009; Soh et al. 2011; Wei et al. 2010). However,
little information of the structure and function of PSI and
PSII under RPM condition have been reported.

In this study, we investigated the development of pho-
tosynthetic apparatus and its functioning changes of Oryza
sativa L. plants grown in the RPM and ground control. Our
results reveal that exposure to RPM leads to reductions of
PSI proteins and photosynthetic activity in the rice seed-
lings, while PSII proteins and photosynthetic efficiency
remain unchanged. Our results suggest that PSI is more
susceptible than PSII under RPM condition. The mecha-
nism of photosynthesis under RPM condition is further
discussed.

Materials and methods
Plant materials and exposure to RPM

Rice seeds (Oryza sativa L. ssp. japonica cv. Nipponbare)
were planted in the Murashige and Skoog medium con-
taining 1.0 % (w/v) Agar and 3.0 % (v/v) sucrose in the
vented-plant culture polycarbonate-bottles.

A two-axis clinostat, also referred as an RPM, was used
to simulate effects of microgravity (SM-32, built by Center
for Space Science and Applied Research, Chinese Acad-
emy of Sciences, China). The RPM consists of two per-
pendicular and independently driven frames, rotated with
randomly varied direction and speed from 1 to —1 rota-
tions min "', respectively. The sample stage and illumina-
tion are settled on the two opposite sides of the inner frame.
Details of the RPM were described by Jiang et al. (2008).
We modified the illumination by using six extra-bright
white light-emitting diodes to increase light intensity. An
additional inner frame with the same sample stage and
illumination as the RPM was used for the 1 g stationary
control experiment. Clinorotation started after the seeds
had been planted into the culture medium, and the ground
control experiment started at the same time. The
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experiments were taken in an air-conditioned room with
ambient air and the temperature of 23 £ 1 °C. The light—
dark cycle was 12-12h, and light intensity was
200 pmol m~2 s~ at the top of the plants. The control
plants grew in the same culture conditions as the plants in
the RPM without clinorotation. After growth for 14 days,
rice seedlings developed in the RPM and the control were
harvested for further experiments. Seedlings developed in
the RPM and the control are termed as RPM and CK,

respectively.
Transmission electron microscopy (TEM)

For TEM processing, tissues of the youngest fully expan-
ded leaves and root-tips of rice seedlings were cut into
small pieces and fixed in 2.5 % (v/v) glutaraldehyde in
0.1 M phosphate buffer (pH 7.2) at 4 °C overnight. Then
samples were post fixed in 1 % OsO, in the same buffer
and washed with 0.1 M phosphate. After that, tissues were
dehydrated through a graded ethanol and acetone series and
then embedded in Epon-araldite SPURR. After 12 h in
pure resin, followed by a change of fresh resin for 4 h, the
samples were polymerized at 60 °C for 48 h. Ultrathin
sections (70 nm thick) were obtained with a Leica ultra-
microtome, stained with uranyl acetate and lead citrate.
Electron micrographs were viewed with a transmission
electron microscope JEM-1230 TEM (JEOL) at an accel-
erating voltage of 80 kV.

Chlorophyll (Chl) fluorescence analysis

A PAM-2100 portable fluorometer (Heinz Walz, Germany)
was used to measure pulse amplitude-modulated Chl
fluorescence, as described by Zhang et al. (2011). Leaves
were dark-adapted at room temperature (23 °C) for 30 min.
After that, F, (minimum Chl fluorescence of dark-adapted
state) was measured by a weak red light. F,, (maximum
Chl fluorescence of dark-adapted state) was determined
during a subsequent saturating pulse of white light
(8,000 pmol m~2 s™! for 0.8 s). Then actinic light at an
intensity of 200 umol m 2 s~' (which is equivalent of
growth light intensity) was applied continuously for about
7 min. Fy (steady-state Chl fluorescence) was thereafter
recorded and a second saturating pulse of white light
(8,000 pmol m—> s~! for 0.8 s) was applied to determine
Fp' (maximum Chl fluorescence level in the light-adapted
state). Then, the actinic light was removed and F, (mini-
mal Chl fluorescence level in the light-adapted state) was
recorded by applying a 3 s pulse of far-red light. Using the
above fluorescence parameters, we calculated: (1) the
maximal efficiency of PSII photochemistry in the dark-
adapted state, F\/F, = (Fi, — Fo)/Fiy; (2) the actual PSII
efficiency, @psyp = (Fn) — F)/Fy'; (3) the photochemical

quenching coefficient, qP = (F,,, — F)/(Fy' — FJ)); (4)
the non-photochemical quenching, NPQ = F/F,/ — 1.

Measurements of the polyphasic Chl fluorescence
transients (OJIP) and the analysis of the JIP-test

The polyphasic Chl fluorescence transients were measured
by using a Plant Efficiency Analyzer (PEA, Hansatech
Instruments Ltd., King’s Lynn, Norfolk, UK), according to
Strasser et al. (1995). The transients were induced by red
light of about 3,000 pmol m™ s~' provided by an array of
six light-emitting diodes (peak 650 nm), which focused on
the sample surface to give homogenous illumination over
the exposed area of the sample (4 mm in diameter). The
fluorescence signals were recorded within a time scan from
10 ps to 1 s with a data-acquisition rate of 10,000 points
per second for the first 2 ms and of 1,000 points per second
after 2 ms. Chl fluorescence transients were analyzed
according to the JIP test (Kriiger et al. 1997; Strasser and
Strasser 1995). All samples were dark-adapted at room
temperature (23 °C) for 30 min prior to the measurements.

Thermoluminescence (TL) measurements

Thermoluminescence (TL) measurements were performed
with the thermoluminescence extension of the Double-
Modulated Fluorometer FL2000-S/F, consisting of Ther-
moregulator TR2000 (Photon Systems Instruments, Brno,
Czech Republic). According to Zhang et al. (2011), after
30-min dark-adaptation, the samples were cooled to —5 °C
and illuminated with a single-turnover flash. Then the
samples were warmed up to 50 °C at a heating rate of
0.5 °C s™' and the TL light emission was measured during
the heating. For S,Q4~ recombination studies, leaves were
measured in the presence of 50 uM dichlor-
ophenyldimethylurea (DCMU) after the flash illumination.

Oxidation—reduction kinetics of P700 measurements

The light-induced redox kinetics of P700 were monitored
by measuring absorbance changes at 820 nm (Ag,() using a
PAM-101 fluorometer connected to an emitter-detector
unit ED 800T (Heinz Walz), as described by Meurer et al.
(1996). P700 was oxidized by a pulse of red activate light
(650 nm, 2,000 pmol m~?2 s_l, 200 ms duration). Absor-
bance changes induced by saturated far-red light were used
to estimate the photochemical capacity of PSI.

Efficiency of energy conversion in PSI was measured at
room temperature with a dual-wavelength pulse-amplitude
modulated P700 and fluorescence monitoring system
(Dual-PAM-100, Heinz Walz, Effeltrich, Germany),
according to Klughammer and Schreiber (2008), Pfiindel
et al. (2008), and the manufacturer’s instructions. Samples
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were dark-adapted for 30 min prior to the measurements.
P700 was measured via its absorbance change in the near-
infrared (transmission or remission difference signal
875-830 nm). After 830 and 875 nm signals were bal-
anced, the zero P700 signal level P, for fully reduced P700
is determined. P, the maximum P700 signal observed
upon full oxidation, was measured by a saturating pulse of
white light (8,000 pmol m~2 s™' for 0.8 s) after 10 s FR
preillumination. Then actinic light at an intensity of
200 pmol m~2 s~ (which is equivalent of growth light
intensity) was applied continuously for about 6 min. P
(P700 signal) was thereafter recorded and a second satu-
rating pulse of white light (8,000 pmol m~2 s~ for 0.8 s)
was applied to determine P,,,’ (maximum P700 signal in the
light-adapted state). Using the above parameters, we cal-
culated: (1) the effective photochemical quantum yield of
PSI, &; = (P, — P)/P; (2) the quantum yield of non-
photochemical energy dissipation due to donor side limi-
tation of PSI, &yp = (P — P,)/Py,; (3) the quantum yield
of non-photochemical energy dissipation due to acceptor
side limitation of PSI, &yp = (P — Po/)/Prn.

Low-temperature Chl fluorescence emission spectra
measurements

Low temperature (77 K) Chl fluorescence emission spectra
of thylakoid membranes (5 pg chl mL™") were recorded
with a fluorescence spectrophotometer (Hitachi F-7000).
The excitation wavelength was 436 nm (slit 5 nm) and the
emission was between 650 and 780 nm (slit 2.5 nm).

BN-PAGE, SDS-PAGE, and immunoblot analysis

BN-PAGE was performed as described by Peng et al.
(2006). The thylakoid membranes were washed in 330 mM
sorbitol and 50 mM BisTris—HCI, pH 7.0, and suspended in
resuspension buffer (20 % glycerol and 25 mM BisTris—
HCI, pH 7.0) at 1.0 mg Chl mL™". An equal volume of
resuspension buffer containing 4 % (w/v) DM was added
to the thylakoid suspension in a dropwise manner. After
incubation at 4 °C for 5 min, insoluble material was
removed by centrifugation at 12,000g for 10 min. The
supernatant was combined with one-tenth volume of 5 %
Serva blue G in 100 mM BisTris—HCI, pH 7.0, 0.5 M
6-amino-n-caproic acid, and 30 % (w/v) glycerol, and
applied to 0.75-mm-thick 5-12 % acrylamide gradient gels
in a Hoefer Mighty Small vertical electrophoresis unit
connected to a cooling circulator. For two-dimensional
SDS-PAGE analysis, excised BN-PAGE lanes were soaked
in SDS sample buffer and 5 % B-mercaptoethanol for
30 min and layered onto I-mm-thick 16 % SDS poly-
acrylamide gels containing 6 M urea (Laemmli 1970).
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Protein extracts for immunoblot analysis were prepared
as described (Martinez-Garcia et al. 1999). For immuno-
blot analysis, total leaf proteins were separated using 15 %
SDS polyacrylamide gels containing 6 M urea (Laemmli
1970). After electrophoresis, proteins were transferred
electrophoretically to polyvinylidene difluoride membrane
(Amersham Biosciences, USA), probed with specific pri-
mary antibodies, and visualized by the enhanced chemi-
luminescence method. X-ray films were scanned and
analyzed by using ImageMaster ™ 2D Platinum software.
The PsaA, PsaB, and Lhcal-4 antibodies were purchased
from Agrisera. All the other antibodies were produced in
our laboratory according to Peng et al. (2000).

Measurements of Chl and protein contents

Chl content was determined according to Arnon (1949).
Protein content was determined by the method of Bradford
(1976).

Results

Starch grains distribution in the columella cells of rice
seedlings developed in the RPM

Previous studies have shown that starch grains are scattered
in the root-cap columella cells under microgravity condi-
tions instead of localized mostly to the distal part of the cell
under normal 1 g force field of earth (Buchen et al. 1993;
Hoson et al. 1997; Kraft et al. 2000). Our results show that
starch grains had a scattered distribution in the columella
cells of rice seedlings developed in the RPM, suggesting
that RPM can mimic the effects of weightlessness (Fig. 1).

Growth and Chl content of rice seedlings developed
in the RPM

The 14-day-old rice seedlings developed in the RPM were
disoriented, while the control seedlings exhibited oriented
growth relative to gravity. Table 1 shows the growth
parameters and Chl content in rice seedlings developed in
the RPM and the control. No significant differences were
observed in the root-length, shoot-length, and the ratio of
root/shoot between the RPM and the control groups, while
the shoot-width decreased by 8.7 % in the RPM seedlings.
Fresh weight (FW) and dry weight (DW) per seedling
significantly decreased by 16.3 and 19.5 %, respectively,
indicating reduction of the accumulation of biomass under
clinorotation. Total Chl content decreased slightly in the
RPM samples, without statistical significance.
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Fig. 1 Electron micrographs of
columella cells of rice seedlings
developed in the RPM and the
CK. n nucleus, s starch, bar

2 pm

Table 1 Growth parameters and Chl content of 14-day-old rice
seedlings developed in the RPM and the CK

CK RPM
Shoot-length (cm plant™") 19.29 £+ 1.18 18.49 £+ 0.87
Shoot-width (mm plant™") 2.86 £+ 0.26* 2.61 £ 0.35*
Root-length (cm plant™") 6.50 £ 0.55 6.62 £ 0.74
Root/shoot 0.34 + 0.03 0.36 + 0.04
FW (mg plant™') 161 £ 18* 135 £ 23*
DW (mg plant™") 21.28 £ 2.63* 17.12 + 2.01*
Chl (mg g~' FW) 436 + 041 4.03 + 046
Chl a/b 2.88 £ 0.33 295 +£0.28

Mean values + SD of shoot-length, shoot-width, root-length, and the
ratio of root/shoot were calculated from 30 seedlings of three inde-
pendent experiments. Mean values + SD of FW (Fresh weight), DW
(Dry Weight), total Chl content, and the ratio of Chl a/b were cal-
culated from three independent experiments, each taken from a
population of 20 seedlings

*p <0.05

Chloroplast ultrastructure of rice seedlings developed
in the RPM

Figure 2 shows the electron micrographs of mesophyll
chloroplasts and thylakoid membranes of the RPM and the
control samples. The chloroplasts of the RPM samples kept
their normal shapes compared to the control samples, with
thylakoid membranes arranged into compacted grana
stacks and a limited number of stroma lamella. No sig-
nificant differences were found in the length of chloroplast,
the number of grana per chloroplast, the number of grana
lamella per granum, and the width and length of grana

lamella between the RPM and the control samples. Only
the width of the chloroplast was significantly decreased in
the RPM seedlings (Table 2).

No change in PSII activity was observed in rice
seedlings grown in the RPM

Photosynthetic activity is one of the major factors limiting
plant biomass accumulation. The decrease of DW observed
under RPM condition suggested that the functions of PSII
and PSI might be affected. To characterize the PSII pho-
tochemical activity and electron transport under clinoro-
tation, pulse amplitude-modulated fluorescence induction,
and OJIP transient of the youngest fully expanded leaves of
rice seedlings developed in the RPM and the control were
investigated. The maximal efficiency of PSII photochem-
istry, Fy/Fy,, was 0.82 and 0.81, respectively, in the RPM
and the control samples (Table 3). No significant changes
were detected in the actual PSII efficiency (®pgsp), the
photochemical quenching coefficient (qP), and the non-
photochemical quenching (NPQ) between the two groups.
In addition, no significant changes were found in the
parameters related to the electron transport and energy flux
of PSII derived from the OJIP transients of the RPM and
the control samples. The probability of electron transfer
beyond Qa (Vo) the yield of electron transport beyond
O~ (@Eyp), absorption flux per reaction center (RC) (ABS/
RC), trapped energy flux per RC (TR(/RC), electron
transport flux per RC (ET(/RC) and dissipated energy flux
per RC (DIy/RC) remained unchanged in rice seedlings
grown in the RPM (Table 3).
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Fig. 2 Electron micrographs of mesophyll chloroplast and thylakoid
membranes from rice seedlings developed in the RPM and the
control. To quantify the differences between chloroplasts of the RPM
and the control samples, 26 chloroplast sections of each sample were

Table 2 Fluorescence parameters of rice seedlings developed in the
RPM and the CK

analyzed from the youngest fully expanded leaves. a, b are from the
control samples; ¢, d are from the RPM samples. a, ¢ are chloroplasts;
b, d are thylakoid membranes. GT grana thylakoids, ST stroma
thylakoids. Bars 0.5 pm in a and ¢, and 0.2 pm in b and d

Table 3 Absorbance changes at 820 nm (AAgyg) of rice seedlings
developed in the RPM and the CK

CK RPM CK RPM
FJ/Fy, 0.82 £ 0.01 0.81 £ 0.01 AAg)o 1.000 £ 0.163* 0.625 £ 0.070*
Dpsny 0.67 & 0.01 0.66 £ 0.01 & 0.846 + 0.006* 0.736 + 0.050*
qP 0.85 = 0.03 0.84 + 0.02 Pnp 0.051 £ 0.013 0.059 + 0.022
NPQ 0.22 £ 0.02 0.23 + 0.04 Dy 0.103 £ 0.011* 0.205 £ 0.052*
Vi 0.54 £ 0.05 051 +0.02 Mean + SD values were calculated from five independent experi-
Vi 0.85 + 0.03 0.83 £0.02  ments. AAgy, were relative values normalized to the control
Y 0.48 + 0.02 0.49 £ 0.02 *p < 0.05
@Ey 0.39 £ 0.02 0.40 £ 0.02
ABS/RC 3.80 + 0.23 380 + 021 donor sides of PSII in the RPM and the control plants.
TRYRC 309 + 017 314 + 013  Recombination of positive charges stored in the S, and S3
DIRC 070 + 0.08 065 + 005  ©Xidation states of the water-oxidizing complex with
ETyRC 148 + 0.07 153 + 0.05 electrons stabilized on the reduced Q and Qg acceptors of

Mean + SD values were calculated from four to six independent
experiments

Since TL is a useful tool to study charge stabilization
and subsequent recombination in PSII, it was further used
to investigate the redox properties of the acceptor and
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PSII results in characteristic TL emissions (Ducruet and
Vass 2009; Inoue 1996). The TL intensity is indicative of
the amount of recombining charges, whereas the peak
temperature reflects the energetic stabilization of the sep-
arated charge pair (Vass et al. 1981). Illumination of a
single-turnover flash to the dark-adapted plants induces a
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major TL band called the B-band, which appears at
30-38 °C and arises from S,/S30g~ recombination. If
electron transfer between Q and Qg is blocked by DCMU,
the B-band is replaced by the so-called Q-band arising
from S,Q4" recombination at 0-10 °C (Demeter and Vass
1984; Ducruet and Vass 2009; Rutherford et al. 1982).

We thus investigated the effects of RPM on the TL glow
curves in plants developed in the RPM and the control.
There were no significant differences between the RPM
and control plants in the peak temperatures and peak
intensities of TL glow curves in the absence (Fig. 3a) or
presence (Fig. 3b) of DCMU. Both plants exhibited TL
emission maxima for the S,/S;0p~ and S,QA  charge
recombination at ~30 and 1 °C, respectively, demon-
strating that clinorotation did not affect the charge stabil-
ization and recombination of PSII.

The above results of Chl fluorescence and TL curves
suggest that PSII function is not affected under RPM
condition.

PSI activity was reduced in rice seedlings grown
in the RPM

In order to investigate the effects of clinorotation on
excitation energy transfer between PSII and PSI, changes
in the 77 K Chl fluorescence emission spectra of thylakoid
membranes of rice seedlings grown in the RPM and the
control were further studied (Fig. 4). The fluorescence
emission spectra were obtained with excitation at 436 nm,
which was absorbed mainly by Chl a. There are two main
bands with the maximum peaks at about 685 and
735-740 nm, originated from PSII and PSI, respectively
(Govindjee 1995; Krause and Weis 1991). The PSII
emission band originates mainly from the PSII core com-
plex and the light harvesting complex of PSII (LHCII),
while the PSI band originates from the PSI core complex

and the light harvesting complex of PSI (LHCI) (Govindjee
1995; Murata and Satoh 1986; Tang et al. 2005).

Both the RPM and control thylakoids exhibited the
emission maxima at 685 nm, characteristic for a functional
PSII. To clearly show the excitation energy transfer
between PSII and PSI, the 77 K fluorescence spectra were
normalized to the PSII emission maximum at 685 nm.
Clinorotation induced an 11.1 % decrease of maximum
fluorescence emission band of PSI compared to the control,
suggesting that excitation energy tended to transfer to PSII
rather than to PSI (Fig. 4). In addition, the PSI peak at
738 nm in the control thylakoids was shifted to 734 nm in
the RPM thylakoids. The blue-shift and reduction of PSI
fluorescence emission peak indicate a reduction of energy
transfer in PSI and a possible decrease of functional PSI
proteins under clinorotation.

We further investigated the redox kinetics of P700 by
measuring absorbance changes at 820 nm (Agpg), repre-
senting the photochemical activity of PSI (Klughammer
and Schreiber 1994, 1998). The amplitudes of changes in
Agoo induced by saturated far-red light were reduced by
37.5 % in rice seedlings grown in the RPM compared to
the control plants, demonstrating a reduction of PSI activity
(Fig. 5; Table 4). PSI photochemical efficiency was stud-
ied by the P700 slow induction kinetic curves. In the light-
adapted state, the effective photochemical quantum yield
of PSI (@) of the control and RPM seedlings were 0.846
and 0.736, respectively, with a significant reduction in the
RPM by 13.0 % (Table 4). The quantum yield of non-
photochemical energy dissipation due to acceptor side
limitation of PSI (@n,) of the control and RPM seedlings
were 0.103 and 0.205, respectively. Thus, the reduction of
®; of the RPM seedlings was mainly due to the increase of
®dna. The results of 77 K fluorescence emission and redox
kinetics of P700 suggest that both PSI proteins and func-
tion were inhibited under RPM condition.

Fig. 3 Thermoluminescence ab
glow curves of rice seedlings
developed in the RPM and the
CK. The leaves were excited
with a single flash in the
absence of DCMU (a) and in the
presence of 50 uM DCMU (b).
Each curve was the mean value
of five independent experiments
measured of the youngest fully
expanded leaves
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Fig. 4 77 K fluorescence emission spectra of thylakoid membranes
of rice leaves developed in the RPM and the CK after excitation at
436 nm. The fluorescence emission signals were normalized to the
PSII emission maximum at 685 nm. Each curve was the mean value
of five independent experiments
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Fig. 5 P700 redox kinetics of rice seedlings developed in the RPM
and the CK. The redox kinetics were investigated by measuring
absorbance changes of P700 at 820 nm induced by far-red light (FR,
720 nm). AL actinic light (650 nm, 2,000 pmol m~2 s~!, 200 ms
duration). Five independent biological replicates were performed and
a representative one is shown

Contents of PSI proteins decreased in rice seedlings
grown in the RPM

We further investigated the effects of RPM on the contents
of thylakoid membrane proteins by the method of immu-
noblot (Fig. 6a). As we know, the thylakoid membranes
harbor four multiprotein complexes: PSI, PSII, cytochrome
bef complex (Cyt bgf), and ATP synthase, which catalyzed
the light-reactions of oxygenic photosynthesis in higher
plants and cyanobacteria. No significant differences were
observed in the contents of PSII proteins (D1, D2, CP43,
CP47, LHCII, and PsbO) between the RPM and the control
plants, whereas the amount of PSI subunits significantly
decreased in the RPM seedlings. In the RPM plants, PsaA
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Table 4 Parameters of chloroplast development in the 14-day-old
rice seedlings developed in the RPM and the CK

CK RPM
Length of chloroplast (pm) 5.30 £ 0.49 5.29 £ 0.65
Width of chloroplast (pm) 2.58 £ 0.25%* 2.27 £ 0.31**
Number of grana per 38.13 £ 6.66 37.71 £ 5.67
chloroplast
Number of grana lamella per 8.25 £2.48 7.37 £ 2.32

granum
104.43 £ 38.74
392.37 £ 48.37

Width of grana lamella (nm)  105.48 + 35.04
Length of grana lamella (nm) 393.55 £ 61.57

Values in the table are mean £ SE from three independent experi-
ments. To quantify the differences between chloroplasts of the RPM
and the control samples, 33 chloroplast sections of each sample were
analyzed from the youngest fully expanded leaves

## p < 0.01

and PsaB, the reaction center proteins of PSI, decreased to
77 and 74 % of those in the control plants. The levels of
PSI antenna proteins Lhcal, Lhca2, Lhca3, and Lhca4 in
the RPM plants were about 70-89 % of those in the control
plants. There was no significant change in the amount of
large subunit of Rubisco (RbcL) in the RPM plants, while
the amount of CF,f protein, § chain of ATP synthase, was
reduced to about 79 % of the control plants. Cyt f, subunit
of Cyt bef which participated in electron transfer between
PSII and PSI and NdhH, subunit of NADH dehydrogenase
complex (NDH) which mediates PSI cyclic electron
transport, slightly decreased by 9 and 8 %, respectively, in
the RPM plants.

To further investigate the possible changes in the
structure of thylakoid proteins, chlorophyll-protein com-
plexes were solubilized from thylakoid membranes using
dodecyl-B-p-maltopyranoside (DM) and separated by BN-
PAGE and subsequent SDS-PAGE. In the first dimension,
the native thylakoid membrane complexes were separated
into six major bands, representing PSII supercomplexes
(band I), PSI, LHCI, and dimeric PSII (band II), PSI (band
III), monomeric PSII, CP43-free PSII, ATPase, and Cyt bgf
(band IV), trimeric LHCII (band V), and monomeric
LHCII (band VI), according to Chen et al. (2007) and Peng
et al. (2006) (Fig. 6b). The BN-PAGE analysis showed that
the amount of PSI per unit of chlorophyll (band III)
decreased in the RPM plants (Fig. 6b). Analyses of the
SDS-PAGE gels followed by the BN-PAGE further con-
firmed that there were significant decreases in the amounts
of the PSI proteins in the seedlings developed in the RPM,
whereas no PSII proteins were reduced under clinorotation.
The amounts of PSI core subunits PsaA/B, two minor
subunits of PSI core and Rieske Fe-S protein (Pet C),
subunit of Cyt bef, were markedly reduced in the RPM
plants (Fig. 6¢). No significant differences in the amounts
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Fig. 6 Analyses of thylakoid membrane proteins from rice seedlings
developed in the RPM and the CK. a Immunoblot analysis of
thylakoid membrane proteins loaded on the basis of equal total leaf
proteins (15 mg). Designations of thylakoid membrane protein
complexes and their diagnostic components are labeled at left. The
percentage protein levels shown below the lanes were estimated by
comparison with levels of corresponding thylakoid proteins of CK.

of the PSII subunits were observed between the RPM and
the control plants, except that Lhcb5 increased in the RPM
(Fig. 6¢). The above results are consistent with the
decrease of PSI activity and the maintenance of PSII
activity under RPM condition.

Discussion
Although some previous studies have been focused on

changes in photosynthetic processes under microgravity, it
is still controversial how photosynthesis is adapted to

b BN gel analysis of thylakoid membrane protein complexes (10 pg
chlorophyll). ¢ 2D BN/SDS-PAGE fractionation of thylakoid mem-
brane protein complexes. The differential identical proteins are
marked by rectangle (up-regulated) and circle (down-regulated),
respectively, with the identity of relevant proteins indicated nearby.
For each experiment, three independent biological replicates were
performed and a representative one is shown

altered gravity forces. Microgravity has been reported to
influence the structure and function of photosynthetic
apparatus. Altered chloroplast morphology and ultrastruc-
ture, decreased levels of photosynthetic pigments, proteins,
and activities were observed under both microgravity and
simulated microgravity conditions (Adamchuk 1998; Jiao
et al. 2004; Kitaya et al. 2001; Kochubey et al. 2004; Stutte
et al. 2005; Tripathy et al. 1996). However, recent space-
flight experiments suggested that insufficient environmen-
tal control of the plant-growing facilities, such as limited
free convection under microgravity, ethylene accumula-
tion, high humidity, and fluctuating temperature levels in
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closed chamber, together with lack of proper ground con-
trols sometimes were responsible for the negative effects of
photosynthesis under microgravity conditions (Monje et al.
2005; Stutte et al. 2006). Net canopy photosynthesis
measured directly under microgravity of a dwarf wheat
cultivar grown in a well-controlled plant growth facility
was not altered under moderate light illumination and
saturating CO, concentration (Stutte et al. 2005; Monje
et al. 2005). On the other hand, postflight studies in the
same experiment also demonstrated reductions of the
electron transport rate of PSI, PSII, and the whole chain
under saturating light intensity, similar to some previous
studies (Stutte et al. 2005). It should be noted that canopy
photosynthesis is dependent on the photosynthetic rate per
unit leaf area, canopy architecture, light interception, and
photosynthetic duration (Long et al. 2006; Parry et al.
2011). Changes in the canopy architecture and light inter-
ception under microgravity may compensate for the
decrease of photosynthetic rate, thus maintain the net
canopy photosynthesis rate and the amount of carbon
accumulation. Since only a few spaceflight experiments
using limited plant species have attempted to study the
effect of altered gravity forces on photosynthesis, the
molecular mechanisms of photosynthesis response to
microgravity is still far from clear. In this work, we
investigated changes of the chloroplast ultrastructure, PSII
and PSI photosynthetic activity, and photosynthetic mem-
brane proteins upon exposure to RPM, which simulates
certain aspects of microgravity by continuous change of
orientation of objects relative to the gravity’s vector. To the
best of our knowledge, this is the first report using nonin-
vasive in vivo spectroscopy measurements and biochemi-
cal analyses to investigate the molecular mechanisms of
PSI and PSII upon exposure to RPM. The environmental
conditions were carefully controlled and the ground control
experiments were properly achieved. The vented plant
culture bottles used in our experiments provided sufficient
air exchange with the ambient environment to avoid eth-
ylene accumulation and high humidity.

The rice seedlings developed in the RPM were disori-
ented, with scattered distribution of starch grains in colu-
mella cells of root-cap (Fig. 1). The morphology of
seedlings and starch grains position in root-cap columella
cells were similar to the results of the spaceflight studies,
demonstrating that RPM provides an effective way to
simulate effects of microgravity in ground research
(Buchen et al. 1993; Hoson et al. 1997; Kraft et al. 2000).

Some early reports described disruption of the mem-
brane apparatus for photosynthesis under microgravity and
clinorotation conditions, such as decrease of chloroplast
size and grana number per chloroplast, less grana lamella
stacking, increase in partial volumes of stroma lamella, and
swelling of grana (Adamchuk 1998; Jiao et al. 2004;
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Kochubey et al. 2004; Kordyum and Adamchuk 1997,
Nedukha 1997). However, recent spaceflight experiments
demonstrated that chloroplasts ultrastructure can be unaf-
fected by exposure to microgravity when air-flow was
provided in plant chambers, suggesting that limited envi-
ronmental control might be responsible for the significant
changes in leaf ultrastructure (Musgrave et al. 1998; Stutte
et al. 2006). In this work, we demonstrated little difference
in the ultrastructure of thylakoid membranes of rice seed-
lings developed in the RPM under well-controlled envi-
ronmental conditions (Fig. 2). No differences in the length
of chloroplast, the number of grana per chloroplast, the
number of grana lamella per granum, the width and length
of grana lamella were observed between the RPM and the
control, only the average width of the chloroplasts was
decreased in the RPM seedlings (Table 2).

However, a decrease of biomass accumulation under
RPM condition was observed in our work. DW, FW, and
shoot-width per seedling significantly decreased in the
RPM sample, while no differences in the shoot-length,
root-length, and Chl content were found between the RPM
and the control seedlings (Table 1).

To identify the correlation between the reduction of
biomass accumulation and photosynthetic efficiency, we
further investigated the photosynthetic activities of PSII by
noninvasive fluorescence induction kinetics, TL curves,
and biochemical analyses. No change of PSII activities was
found under RPM condition (Table 3). Only a slight
decrease in F,/F,, was observed in the RPM seedlings
compared to the control, suggesting no change in the PSII
primary charge separation (Krause and Weis 1991). There
were no significant changes in ®pg;; and the derived
parameters of electron transport and energy flux from the
OJIP curves between the RPM and control seedlings
(Table 3). In addition, no significant differences were
observed in the peak temperatures and peak intensities of
B-band and Q-band of TL glow curves between the rice
seedlings developed in the RPM and the control, suggest-
ing the charge stabilization and recombination of the PSII
electron acceptors Q5 and Qg~ with the S,/S5 oxidation
states of the water-oxidizing complex were not affected
under RPM condition (Demeter and Vass 1984; Rutherford
et al. 1982; Vass et al. 1981) (Fig. 3).

Chlorophyll-binding proteins play an important role in
photosynthetic function, but only a few works have been
done concerning changes of thylakoid membranes proteins
under microgravity and clinorotation conditions. Jiao et al.
(2004) reported decreases of both PSI and PSII proteins in
spaceflight B. rapa plants. Immunoblot analyses in our
study showed that the levels of the PSII proteins D1, D2,
CP43, CP47, PsbO, and LHCII were unchanged in seed-
lings developed in the RPM (Fig. 6a). Only one increased
PSII protein, Lhcb5, was identified in the RPM seedlings in
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the SDS-PAGE gels followed by the BN-PAGE (Fig. 6¢).
Together with the slight changes in F,/Fy,, ®psy;, and TL
glow curves, we concluded that PSII was well functioned
under RPM condition.

On the other hand, our data on 77 K fluorescence
emission spectra, redox kinetics of P700, and thylakoid
membrane proteins analyses suggested that the photosyn-
thetic activity of PSI significantly decreased in rice seed-
lings developed in the RPM. The maximum amplitude of
absorbance changes of P700 at 820 nm (Ag,) in the RPM
reduced by 37.5 % of the control (Fig. 5; Table 4), dem-
onstrating a reduction of PSI activity under RPM condition
(Chen et al. 2007; Meurer et al. 1996). In addition, ®; of
the RPM seedlings significantly reduced by 13.0 % com-
pared to the control seedlings (Table 4). The reduction of
®; was mainly due to the increase of @y in the RPM.
Moreover, decrease of the spectral peak value along with
blue-shift of the peak position of PSI 77 K fluorescence
emission peak were also observed in the seedlings devel-
oped in the RPM, suggesting a possible decrease of the
amount of PSI proteins and a reduction of energy transfer
to PSI core due to increase of the free, uncoupled LHCI
(Fig. 4) (Liu et al. 2012; Murata and Satoh 1986).

Furthermore, loss of PSI subunits was observed in the
RPM seedlings (Fig. 6), consistent with the reduction of
PSI activity. There were 23 and 26 % decrease of subunits
of PSI core, PsaA and PsaB, and 11-30 % decrease of
Lhcal-4 in the RPM seedlings according to immunoblot
analysis, while PsaA/B and two minor subunits of PSI were
decreased by 36-64 % according to BN/SDS-PAGE anal-
ysis. PSI catalyzes the last step of the light-driven photo-
synthesis electron transport, the oxidation of the soluble
electron carrier plastocyanin and the reduction of ferre-
doxin, providing energy for carbon dioxide assimilation. In
higher plants, PSI consists of at least 15 core subunits
(PsaA to PsalL and PsaN to PsaP), four different light
harvesting antenna proteins (Lhcal-4), and a large number
of cofactors. PsaA and PsaB are strongly-coupled PSI
reaction center subunits, formed a heterodimer that binds
the primary electron-donor P700 (Dekker and Boekema
2005). The formation of the heterodimeric core PsaA/PsaB
initiates the assembly of PSI and provides the scaffold for
other subunits of PSI. Reduction of PsaA and PsaB along
with other minor subunits of PSI core may lead to loss of
PSI accumulation and PSI function under RPM condition
(Kouril et al. 2005; Lunde et al. 2000; Redding et al. 1999;
Rochaix 1997). Decreases of Lhcal-4 under RPM further
reduce the absorption cross section for light harvesting,
thus limit the excitation energy transfer to PSI. Lhcas also
play a role in the protection of PSI reaction center under
high-light, thus decrease of Lhcas may lead to photoinhi-
bition of PSI (Shikanai et al. 1998). Decreases of two Cyt
bef subunits, Rieske Fe—S protein, and Cyt f, which

participated in electron transfer between PSII and PSI, and
NdhH, which mediates PSI cyclic electron transport (Al-
boresi et al. 2009; Peng et al. 2012), also induce negative
effect on PSI activity under RPM. Immunoblot analysis
also showed a reduction of B-subunit of ATPase under
RPM condition. The chloroplast ATP synthase catalyzes
the light-driven synthesis of ATP and acts as a key feed-
back regulatory component of photosynthesis. Decrease of
CF, under RPM may reduce the electron transport of the
acceptor side of PSI, corresponding with the decrease of
PSI charge separation.

Taken together, our data on fluorescence induction,
TL, 77 K fluorescence emission spectra, redox kinetics of
P700, and biochemical analyses clearly reveal that PSI
is down-regulated under RPM condition, while PSII
remains unchanged. PSI is generally believed to be more
stable and resistant than PSII under environmental stress
conditions (Berry and Bjorkman 1980; Havaux 1996).
However, recent studies suggested that PSI can be more
vulnerable in some plant species under specific envi-
ronmental conditions. For example, photoinhibition of
PSI is more conspicuous than PSII in chilling sensitive
plants under low temperature stress (Sonoike 2006,
2011). Controversial results were often reported in for-
mer spaceflight researches on photosynthesis. Reductions
of in vitro PSI electron transport rate and PSI absorption
cross-section were observed in spaceflight B. rapa (Jiao
et al. 2004; Kochubey et al. 2004; Stutte et al. 2005),
while no change of PSII activity (Kochubey et al. 2004),
or coinstantaneous decline of PSII electron transport rate
(Stutte et al. 2005) were reported in their reports. By
using RPM to simulate microgravity effects, we managed
to control the plant growth environment sufficiently, and
make proper ground controls and replicates which cannot
be easily achieved under spaceflight conditions. Based on
the results in this study, we demonstrate that PSI is more
susceptible than PSII under RPM condition. RPM indu-
ces degradation of both PSI core and its outer antenna
complexes, thus leads to decline of PSI activity. On the
other hand, the amounts of PSII proteins and PSII pho-
tosynthetic activity are unaffected by the RPM condition.
However, clinorotation cannot totally substitute real
microgravity, it is of great important to further study
the functions of PSI and PSII in future spaceflight
researches.

In conclusion, the results present in this study suggest
that RPM induces down-regulation of PSI photosynthetic
activity and accumulation of PSI proteins, while the
function and proteins of PSII remain unchanged. Decrease
in the amplitude of absorbance changes of P700 and &y,
blue-shift and reduction of 77 K PSI fluorescence emission
peak were found in the RPM plants. No distinct destruction
was observed in the thylakoid membranes of the RPM
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samples. Our results suggested that PSI is more susceptible
than PSII under RPM condition.
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