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Abstract The use of higher plants as the basis for a
biological life support system that regenerates the atmo-
sphere, puriWes water, and produces food has been pro-
posed for long duration space missions. The objective of
these experiments was to determine what eVects micrograv-
ity (�g) had on chloroplast development, carbohydrate
metabolism and gene expression in developing leaves of
Triticum aestivum L. cv. USU Apogee. Gravity naive wheat
plants were sampled from a series of seven 21-day experi-
ments conducted during Increment IV of the International
Space Station. These samples were Wxed in either 3% glu-
taraldehyde or RNAlater™ or frozen at ¡25°C for subse-
quent analysis. In addition, leaf samples were collected
from 24- and 14-day-old plants during the mission that
were returned to Earth for analysis. Plants grown under
identical light, temperature, relative humidity, photoperiod,
CO2, and planting density were used as ground controls. At
the morphological level, there was little diVerence in the
development of cells of wheat under �g conditions. Leaves
developed in �g have thinner cross-sectional area than the

1 g grown plants. Ultrastructurally, the chloroplasts of �g
grown plants were more ovoid than those developed at 1 g,
and the thylakoid membranes had a trend to greater pack-
ing density. No diVerences were observed in the starch,
soluble sugar, or lignin content of the leaves grown in �g or
1 g conditions. Furthermore, no diVerences in gene expres-
sion were detected leaf samples collected at �g from 24-
day-old leaves, suggesting that the spaceXight environment
had minimal impact on wheat metabolism.

Keywords Bioregeneration · Bioregenerative life 
support · Lignin · Carbohydrate metabolism · 
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Abbreviations BLSS: Bioregenerative life support sys-
tem · BPS: Biomass production system · BRIC: Biologi-
cal Research in Canisters · CDS: Communication and 
data system · DAI: Days after imbibition · ISS: Interna-
tional Space Station · KSC: Kennedy Space Center · 
LN2: Liquid nitrogen · NASA: National Aeronautics 
and Space Association · OES: Orbiter environment sim-
ulator · Pnet: Net photosynthesis rate · PAR: Photosyn-
thetically active radiation · PESTO: Photosynthesis 
experiment system testing and operation · PGC: Plant 
growth chamber · PPF: Photosynthetic photon Xux · 
PSI: Photosystem I · PSII: Photosystem II · QY: Quan-
tum yield · STS: Space transport system · WCE: Whole 
chain electron transport

Introduction

The use of higher plants as the basis for a biological life
support system (BLSS) that regenerates the atmosphere,
puriWes water and produces food during long-duration
space missions has been researched by NASA for over
40 years (Myers 1954; Eley and Myers 1964; Miller and
Ward 1966; Halstead and Dutcher 1987; Wheeler et al.
2001). The photosynthetic rate of higher plants is the
critical component of plant-based atmospheric regenera-
tion systems being proposed for long duration space
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missions (> 3 years) since it is the fundamental biologi-
cal process driving atmospheric regeneration (e.g. CO2
removal and O2 production) as well as food production
(Brown et al. 1996; Wheeler et al. 2001). Because of that
criticality, it is essential to determine the impacts of the
microgravity (�g) environment on the development of
the photosynthetic apparatus and its functioning in
space.

Although NASA’s interest in plant biology is over
40 years old, and extensive research has been conducted
during several spaceXight experiments to understand the
basic physiological responses of plants in space, there is a
paucity of information on photosynthesis per se. In addi-
tion, long-term experiments to determine biological
adaptations of higher plants are not possible with drop
towers (1–2 s �g), parabolic Xights (20–35 s �g) or space
shuttle (5–16 day �g) experiments.

Canopy level photosynthetic rates from wheat
launched and subsequently grown in space onboard the
International Space Station during Increment IV was
not diVerent from photosynthetic rates of gravity naïve
plants grown entirely in �g (Stutte et al. 2005). These
measurements suggest that the spaceXight environment
(hereafter referred to as �g) does not adversely aVect the
development of the photosynthetic apparatus or the
eYciency of photosynthesis of developing tissue or can-
opy photosynthesis during vegetative growth (Monje
et al. 2005; Stutte et al. 2005). These observations are
consistent with reports of Aliyev et al. (1987) who
reported no signiWcant changes in the nuclei, mitochon-
dria, rhizomes or chloroplasts of Pisum sativum leaves
grown in space for 29 day on Salyut 7. However, Aliyev
et al. (1987) observed vascularization in the chloroplast
stroma, some separation within the grana, and reported
a reduction in ribosome density within the stroma.

A change in grana structure was also reported by
Tairbekov et al. (1981) in Zea mays grown in space for
19 day on Cosmos-1129 and by Kordyum et al. (1981)
on Funaria hydrometrica that had been in space for
96 day onboard Salyut 6. In contrast, Musgrave et al.
(1998) found no changes in the ultrastructure of chloro-
plast or mitochondrial membranes of Arabidopsis thali-
ana in a series of spaceXight experiments ranging from 6
to 11 day in space (Chromex-03; Chromex-04; Chromex-
05). However, they found that reproductive development
did not proceed normally on orbit if the physical envi-
ronment around the plant under spaceXight conditions
did not meet the metabolic demands of the plant. Cook
and Croxdale (2003) examined the ultrastructure of
space grown potato tubers that were grown under well
controlled environmental conditions and could not dis-
tinguish �g grown tissue from 1 g controls.

Musgrave et al. (1998) reported a strong relationship
between ventilation and chlorophyll concentration and
plastid development. These data suggested that previous
observations of lower starch and chlorophyll concentra-
tions in �g grown tissue than 1 g controls (Brown et al.
1996), could be partially explained by the quality of the
environmental conditions in the growth chamber.

Early space-Xight experiments reported a reduction in
certain components of the cell wall, such as cellulose and
lignin (Cowles et al. 1984; Nedukha 1996). These changes
were generally consistent with decreases in lignin content
observed in clinostat studies (data reviewed in Halstead
and Dutcher 1987; Brown and Piastuch 1994), but
changes in cell wall composition have not been consis-
tently observed when adequate environmental control is
provided (Levine et al. 2001; Soga et al. 2002; Kraft et al.
2000).

Levine et al. (2001) did not observe any diVerences in
the cell wall organization, root orientation, protoxylem
or metaxylem thickening patterns or lignin content of
wheat leaves that had been germinated at 1 g and
exposed to 10 day of �g during STS-51. Similarly, Kraft
et al. (2000) did not detect any diVerences in either cell
size or plastid area of columella cells of A. thaliana that
were exposed to spaceXight, random positioning
machine (RPM), or clinostat.

Soga et al. (2002) reported that the level of cell wall
polysaccharides per unit length of hypocotyls decreases
in space and there was no diVerence in the total concen-
tration of cell wall polysaccharides on either a fresh or
dry mass basis. The authors suggest that the decline in
the concentration of cell wall polysaccharides with time
is associated with an increase in cell wall extensibility,
and that the apparent composition of the cell wall con-
stituents did not change. Similarly, Hoson et al. (2002,
2003) reported that the concentration of the cell wall
polysacharides, cellulose, hemicellulose, and pectin
decreased per unit length of rice roots in spaceXight.
There was no diVerence in total lignin per root between
the Xight samples and the controls. They also did not see
any diVerence in the relative proportion of cell wall poly-
saccharides between the Xight and ground samples. The
diVerence in concentration per unit length was associated
with an increase in root length of spaceXight grown rice.

During a recent experiment onboard the Interna-
tional Space Station (ISS), the development of leaves
from wheat plants grown for 14 and 21 days in space was
studied. The Photosynthesis Experiment System Testing
and Operation (PESTO) experiment provided the oppor-
tunity to obtain a tissue from replicated studies and
allowed sampling of leaf tissues that had developed its
photosynthetic apparatus entirely in �g. The PESTO
study was conducted with wheat cv. USU Apogee, an F1
progeny line of the wheat cv. Super Dwarf cultivar used
in the study of Levine et al. (2001). A primary objective
of these analyses was to determine what eVect �g had on
the leaf development, cell structure, carbohydrate metab-
olism and gene expression patterns of semi-dwarf wheat
harvested during PESTO.

The plants were grown in Xight hardware that was
optimized to minimized the most glaring of the “space-
Xight” factors, such as lack of convective currents, inade-
quate CO2, temperature control, relative humidity, soil
moisture and ethylene control (Morrow and Crabb 2000;
Iverson et al. 2003) that confounded interpretation
of early spaceXight experiments (Monje et al. 2003).
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Additional steps were taken to control for the spacecraft
environment eVects included analyzing samples that
were gravity naïve, conducting 1 g controls in identical
Xight hardware used in �g under identical environmental
conditions, and pairing post-Xight statistical analysis
between the 1 g and �g samples.

Materials and methods

SpaceXight hardware

The Biomass Production System (BPS; Orbitec, Madi-
son, WI) is a space shuttle double mid-deck locker-
sized plant growth unit. It provides four plant growth
chambers (PGCs) composed of a light bank, chamber
walls and a root module. Each PGC permits indepen-
dent control of air temperature, relative humidity, light
level, CO2 concentration, and root zone matrix poten-
tial. The plant chambers are removable for on-orbit
access to plants for sampling and manipulation such as
harvest or pollination. Light in each PGC is provided
by cool white Xuorescent lamps, and ethylene is
removed by a photo-catalytic TiO2 scrubber. Each
PGC has 0.0264 m2 of plant growth area with 13 cm tall
chamber walls and a 3 cm deep root tray. The root tray
is separated from the aerial portion of the chamber by a
foam cover and a manifold to circulate air. Water is
supplied to the substrate via three porous tubes by a
metered peristaltic pump in order to maintain a con-
stant root zone matrix potential. The PESTO experi-
ment was conducted in PGCs 1–3 of the BPS. The
fourth PGC was planted with Brassica rapa as part of a
separate hardware validation test (Morrow and Crabb
2000; Iverson et al. 2003).

SpaceXight activities

The BPS was loaded with imbibed root modules at
3 days before launch. The root modules contained plants
that were 8 (PGC2), 2 (PGC3) or 0 (PGC1) days after
imbibition (DAI). One day before launch the BPS was
transferred to the middeck-locker of Shuttle Endeavour.
BPS was launched from the Kennedy Space Center
(KSC) during the STS-110/8A mission on April 8, 2002.
The BPS remained on Endeavor until it was transferred
to the ISS on April 12, 2002. The BPS was installed onto
EXPRESS Rack 4 of the Destiny module of ISS
(Fig. 1a). The PESTO experiment was maintained by the
payload engineer, who was responsible for on-orbit
operations including tissue Wxation, plant harvests and
imbibing pre-planted root modules. The BPS returned to
Earth on June 19, 2002 on STS-111/UF-2 (Edwards Air
Force Base landing). The total on-orbit duration for the
BPS was 73 days.

The PESTO experiment had a total of nine diVerent
planting/harvest cycles that resulted in wheat samples
comprising: germinated and developed leaf structures at
1 g and were harvested at �g (Harvest #1,2); germinated
at 1 g, developed leaf structures and were harvested at �g
(Harvest #3); germinated, developed and harvested
entirely in �g (Harvest #4,5,6,7) and germinated and
developed in �g and harvested at 1 g (Harvest # 8,9). The
conditions and chamber associated with each of these
treatments, and the source of samples used in the follow-
ing analysis, is shown in Table 1.

Plants were harvested in orbit by removing the appro-
priate PGC from the BPS chamber, taking photographs,
and then selecting two representative plants for preserva-
tion in the Kennedy Space Center Wxation tubes (KFTs).
The KFT hardware has three levels of containment pro-
vided by a series of nested tubes and valves. The main

Fig. 1 Schematic of procedures 
conduct a dye-swap microarray 
experiment using RNA extract-
ed from T. aestivum cv. USU 
Apogee leaves of developed �g 
(FLT) and 1 g ground controls 
(GC). Each sample was con-
tained internal controls. Follow-
ing reverse transcription of the 
total RNA and internal con-
trols, the samples were split and 
coupled with either Alexa 647 or 
Alexa 555 Xuorescent dyes. Slide 
26 was hybridized with cDNA 
from Xight coupled to Alexa 
647and ground controls to Al-
exa 555. The dye pattern was re-
versed for Slide 27. Microgels 
were run to conWrm the quality 
of the dye coupling prior to 
hybridization and analysis (Fig-
ure courtesy of D. Laudencia-
Chingcuanco, USDA, Albany, 
CA, USA)
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sample tube can contain up to 35 ml of Wxative. A
description of the KFT operation has been fully
described by Wells (1999). BrieXy, the excised tissue is
placed into the sample tube and an actuating plunger
assembly is inserted into the top of the KFT. Rotation of
the actuating plunger assembly releases the Wxative from
the storage tube and allows it to Xow over the sample.
The entire KFT was then re-stowed.

Two plants were preserved from each harvest (except
for harvest #4, Table 1) for structural analysis using 3%
glutaraldehyde solution in phosphate buVer as the
reagent in the KFT as described by Stryjewski et al.
(2000). The KFT’s containing the samples were then
stored under ambient ISS middeck conditions until
return to Earth, where they were transferred to fresh 3%
glutaraldehyde solution and stored 4°C until analysis.

Two plants were collected for RNA analysis during
harvest #6 (Table 1) and placed a KFT containing RNA-
Later™ (Ambion, Austin, TX) plus 0.1% Tween 80 as the
Wxative (Paul et al. 2005a, b). This operation was com-
pleted within 2 min of excision, and stowed at the ¡25°C
in ARTIC freezer onboard ISS. On 14 June, the KFT’s
containing tissue Wxed in RNALater™ were transferred
to the mid-deck locker of the Space Shuttle Endeavor
(STS-112) and stored under ambient conditions until
landing on 19 June. Upon landing, the samples were
transferred to ¡80°C cryogenic conditions where they
were stored until analysis. The resulting RNA was of
good quality upon extraction (Paul et al. 2005a, b).

The plants remaining in the PGC were then excised,
wrapped in aluminum foil and stored at ¡25°C in the
ARTIC freezer onboard the ISS. At 10 days before land-
ing, the foil sample packets were placed in Biological
Research in Canisters (BRICs) and transferred to the
KSC gaseous N2 (GN2) freezer at ¡176°C. The GN2
freezer was transferred to the mid-deck of the Space
Shuttle Endeavor 5 days prior to landing. The samples
were then transferred to ¡80°C cryogenic conditions

where they were stored until analysis. Half of the plants
from each harvest were lyophilized prior to performing
carbohydrate, cell wall, and lignin analysis.

Horticultural conditions

Triticum aestivum L., cv. USU Apogee was used for this
experiment. USU Apogee is a semi-dwarf, spring wheat
variety that has been selected for growth in controlled
environments expected for spaceXight (Bugbee and
Koerner 1997). It was selected for the experiment
because vernalization is not required for germination, it
grows rapidly following germination, and gas exchange
rates at high CO2 concentrations have been character-
ized (Monje and Bugbee 1998). Each PESTO root mod-
ule was packed with »500 g of Turface™ (calcined
montmorillonite clay sifted to 1–2 mm) mixed with
Osmocote™ (7 g l¡1 or 0.012 g g¡1 of substrate) slow
release fertilizer. The root modules contained 32 wheat
plants seeded in four rows at a planting density of 1,200
plants m¡2 (Stutte et al. 2000). This density corresponds
to planting densities used during large scale (20 m2 grow-
ing area) BLSS testing of wheat (Wheeler et al. 2003).
The root zone matrix potential (suction) was ¡0.30 kPa,
which equals a hydrostatic head of ¡3.0 cm measured at
the center the root module. The root modules were
removed from stowage, imbibed until saturated using a
syringe, and placed in the BPS by the payload engineer.

The plants germinated and grew at a light level of
»280 �mol m¡2 s¡1 (measured at the top of the cham-
ber), and a photoperiod of 20 h light/4 h dark. During
the each planting cycle, the relative humidity and air
temperature setpoints were 75% and 24°C, respectively.
Ethylene concentration was maintained at < 50 nmol
mol¡1 by a photocatalytic scrubber. CO2 concentration
during the light cycle was not allowed to fall below
1500 § 50 �mol mol¡1. CO2 was not controlled during
the dark cycle.

Table 1 Microgravity exposure of the multiple harvest of T. aestivum cv. USU Apogee obtained during the PESTO ISS experiment

Leaf tissue from harvest 3, 5, 6 and 7 were considered to be gravity naïve since the tissue developed and was either Wxed or frozen onboard
ISS. All plant tissue collected during harvest 8 and 9 developed under �g conditions and was either Wxed or frozen within 9 h of landing.
Data obtained from harvests 1, 2 and 4 are not reported in this study
a Growth, gas exchange, and photosynthetic responses of these tissues have been previously reported in Monje et al. (2005) and Stutte et al.
(2005)
b The tissues used for the light microscopy (LM), transmission electron microscopy (TEM), carbohydrate (CHO), cell wall composition
(CW), and gene expression (mRNA) analysis reported from PESTO experiment
c Two wheat plants Wxed in RNALater™ and stored onboard ISS as described in Paul et al. (2004) until landing

Harvest g environment Notesa

No. PGC Imbibe Harvest Age �g days Samplingb Comments

1 PGC2 1 g �g 21 11 Shoots developed
2 PGC3 1 g �g 20 16 Shoot emergence
3 PGC1 1 g �g 20 18 TEM Gravity naive shoots
4 PGC2 �g �g 23 23 No samples used due to temperature anomaly. 
5 PGC1 �g �g 21 21 LM, TEM, CHO, CW Gravity naive
6 PGC3 �g �g 21 21 LM, TEM, CHO, CW, mRNAc Gravity naive
7 PGC4 �g �g 14 14 LM, CHO Gravity naive
8 PGC1 �g 1 g 24 24 LM, CHO 9 h after landing
9 PGC3 �g 1 g 14 14 LM, CHO 9 h after landing
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Ground control experiment

The ground control experiment was started on Earth
2 weeks after the launch in a BPS chamber identical to
the Xight unit. The environmental parameters (air tem-
perature, relative humidity, and CO2 concentration) of
the ISS cabin observed during the Xight were reproduced
in the Orbital Environmental Simulator (OES) chamber
at the Kennedy Space Center (KSC). There were no sta-
tistical diVerences between the Xight and ground treat-
ments for PPF (260 § 23 vs. 270 § 24 �mol m¡2 s¡1), air
temperature (24.1 § 0.2 vs. 24.1 § 0.2°C), relative humid-
ity (79.4 § 6 vs. 76.5 § 1%), or CO2 concentration
(2538 § 870 vs. 2600 § 1100 �mol mol¡1). It should be
noted that CO2 concentration was controlled to the
1,500 �mol mol¡1 setpoint only during the 20 h light
cycle, and not during the 4 h dark cycle when CO2
increased in the chambers due to canopy respiration. All
the on-orbit operations performed during spaceXight
were mimicked during the ground control experiment.

Light microscopy preparation

Small, (»2 mm wide) sections of mid-leaf tissue were
excised from Xag leaves Wxed in 3% gluteraldehyde (Har-
vest #3,5,6,7,8,9; Table 1). The mid-leaf sections were
dehydrated through an ethanol series and embedded in
paraYn. The resulting blocks were sectioned (12 �m),
aYxed to glass slides and stained with safranin and fast
green. The samples were examined using an Olympus
BH-2 microscope equipped with a Sony 390 CCD video
camera (Sony Corp., Tokyo, Japan). Video images were
captured using a Scion Corporation CG-7 frame grabber
card (Scion Corp., Frederick, MD) and saved for subse-
quent analysis. Leaf thickness, number of palisade and
spongy mesophyll cells, and number of chloroplasts per
cell were determined using image analysis software (NIH
Image).

Transmission electron microscopy preparation

Upon return to Earth, mid-leaf samples of two fully
expanded leaves from gravity naïve, 21-day-old plants
(harvest #3,5,6; Table 1) were transferred to fresh 3%
glutaraldehyde in phosphate buVer saline solution (PBS),
pH 7.2, and washed several times in PBS. The leaf sam-
ples were post-Wxed in 1% buVered osmium tetroxide,
washed in distilled water and dehydrated in a graded eth-
anol series. Then the samples were placed in two 15-min
washes of acetone followed by a graded increase in
embedding resin that was diluted in acetone (Spurr
1969). At 100% resin the samples were positioned in
molds using a dissecting microscope, then allowed to
cure in a 60°C oven before mounting. Thin 70 nm sec-
tions were made with a Reichert Ultracut E using a dia-
mond knife, placed on copper grids and post stained in
uranyl acetate followed by lead citrate. The grids were
then observed in a Hitachi S-7000 transmission electron
microscope (Hitachi Instruments, Inc. Danbury CT) and

pictures were digitally taken using Soft Imaging Systems
(Soft Imaging Systems, Lakewood CO). Digital image
analysis was used to determine the length and width of
chloroplasts from Xight and ground samples and to
quantify the grana density within the thylakoid.

Carbohydrate analysis

Starch was analyzed is all samples using a modiWcation
of the amyloglucosidase assay described by Stutte et al.
(1996). BrieXy, »15 mg of Wnely ground, lyophilized leaf
tissue is placed in conical centrifuge tube and extracted
three times with 80% MeOH at 80°C. The insoluble
starch in the pellet was then gelatinized by adding 2 ml of
0.2 M KOH and incubating in a boiling water bath for
30 min. The sample was cooled, and pH adjusted to pH 3
by the addition of acetic acid. Approximately 90 units of
amyloglucosidase (EC 3.2.1.3, A-7255, Sigma, St Louis,
MO) in citrate buVer (30 units ml¡1) were added to the
tube and the sample incubated at 55°C for 1 h. The sam-
ple was then centrifuged, supernatant decanted, pellet
washed 2£ with DI H20, and sample brought to 10 ml
with DI H20. Glucose was determined following proce-
dures of R-Biopharm D-glucose kit (0716251, Roehringer
Mannheim/R-Biopharm, Darmstadt, Germany), and
absorbance at 340 nm was measured with a spectropho-
tometer (Beckman Coulter DU 800, Fullerton, CA).

Cell wall preparation and analysis

Lyophilized leaf tissue from gravity naïve (harvest #5, 6;
Table 1) and the corresponding 1 g ground controls were
placed in a 55°C oven for 2 days before weighing 40–
50 mg into dry pre-weighed 2 ml screw cap microfuge
tubes containing two glass beads. Tightly capped tubes
were placed in liquid nitrogen for 5 min, removed and
ground in a bead beater mill for 30 s before being
returned to the liquid nitrogen. This cycle was repeated
3£ until the plant tissue was a Wne powder (< 0.5 mm
average). Ground samples were hydrated in 1.5 ml of
TRIS-acetate buVer (50 mM, pH 6.0). The supernatant
was removed after centrifugation (12,000g) and added to
a 15 ml centrifuge tube. The insoluble residue was sus-
pended in 250 �l of TRIS-acetate buVer, capped and
placed in a boiling waterbath for 2 h. After 2 h the tubes
were transferred to a 55°C bath and 1 unit each of amy-
lase and amyloglucosidase was added and incubated for
another 3 h in the 55°C bath. Ethanol was added to each
tube (1.5 ml) to precipitate any cell wall polysaccharides
that might have been solubilized during the starch
removal step. After mixing the insoluble residue was
pelleted by centrifugation (12,000g) and the supernatant
removed and saved. The insoluble residue was washed
4£ with 80% ethanol and 3£ with acetone using
centrifugation the pellet the insoluble material after each
wash step. All supernatants were saved. After the Wnal
acetone wash the pelleted residue (alcohol insoluble resi-
due, AIR) was left uncapped in the hood for drying.
Tubes were placed in the 55°C oven overnight before
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determining the weight of recovered material and sub
samples removed for cell wall analyses. Leaf samples
from each row of an individual PGC were collected and
pooled. Two rows per PGC analyzed from harvest Wve
and six, for a total of four individual samples. Each sam-
ple was analyzed 2£.

Lignin determination

Dry alcohol insoluble residue (AIR) was weighed (8–
10 mg) into 2.5 ml reaction vials, 0.5 ml of 25% acetyl
bromide in acetic acid added, and the vials placed in a
50°C heating block for 2 h. Vials were gently mixed peri-
odically throughout the heating period. After heating the
samples were cooled in an ice bath before quantitatively
transferring the vial contents to a 10 ml volumetric Xask
containing 0.4 ml of 2 M NaOH, 0.48 ml of glacial acetic
acid and 70 �l of 0.5 M hydroxylamine. Transfer was
aided with glacial acetic acid and the volume was made
up to 10 ml with glacial acetic acid. Samples were thor-
oughly mixed before a 1 ml subsample was removed
placed in a microfuge tube (1.7 ml) and centrifuged for
2 min at 12,000g. Samples were scanned from 250 to
350 nm using Beckman 7400 spectrophotometer. Absor-
bance values at 280 nm were determined from digital
recordings of the scans. Calculations of total lignin were
determined using the extinction coeYcient for wheat
determined by Fukushima and HatWeld (2004).

Neutral sugar determinations of AIR

Sub-samples (4–6 mg) of AIR were weighed into 2 ml
reaction vials and 100 �l of cold 12 M H2SO4 added.
Samples and acid were mixed with a small stirring rod to
disperse the AIR into the acid and allowed to stand at
room temperature for 2 h with occasional stirring. At the
end of 2 h distilled water was added (0.8 ml) to mix and
rinse oV the stirring rods; vials were capped and placed in
a heat block at 100°C for 3 h. At the end of the heating
samples were cooled, transferred to 50 ml centrifuge tube
with the aid of distilled water, and internal standard
(inositol 0.5 mg/tube) added. The dilute acid solution
was neutralized with BaCO3 and the insoluble BaSO4
separated from the supernatant by centrifugation
(2,500g, 20 min). Subsamples (4 ml) were transferred to
8 ml reaction vials evaporated to dryness under a stream
of Wlter air. Monosaccharides from the cell wall hydroly-
sis were converted to alditol acetates (Blakeney et al.
1983) analyzed by GC-FID using SP-225 capillary col-
umn (Supelco 30 m £ 0.25 mm) using a temperature pro-
gram of 215°C initial for 2 min, 4 C/min to 230°C and
hold for 11.25 min.

Lignin composition nitrobenzene oxidation

AIR samples (4–5 mg) were weighed into TeXon vials
(8 ml) and 0.75 ml of 2 M NaOH along with 50 �l nitro-
benzene added before capping tightly and placing into a
larger TeXon reaction vessel (5 vials/tube) with 2 ml of

water and sealing tightly. Reaction vessels were heated in
a forced air oven for 2 h at 170°C. After heating vessels
were removed and cooled under running cold tap water.
Individual reaction vials were opened and contents
quantitatively transferred to culture tubes (25 ml with
TeXon lined caps) using distilled water (total volume
5 ml) and internal standard isovanillin added (25 �g).
Samples were initially extracted with 5 ml of chloroform
before adjusting the pH to < 2 with 12 M HCl and
extracting 2£ with dichloromethane and 1£ with of
ether (5 ml each extract). Ether and dichloromethane
extracts were combined, washed once with acidiWed
water, and the organic phase evaporated to dryness in a
reaction vial (5 ml). Dried samples were derivatized with
BSTFA and analyzed by GC-FID as described in Fuku-
shima and HatWeld (2001).

Gene expression

Two gravity naive plants were collected during the
PESTO harvest #6 (Table 1) in order to assess mRNA
expression using microarray analysis. Due to the limited
number of plants, the leaves of the gravity naïve plants
Wxed in RNALater™ were pooled and extracted using
RNAeasy™ kits from Qiagen (Valencia, CA) using the
protocols of Paul et al. (2004).

A dye-swap experiment was conduced by coupling
Alexa 647 or 555 dyes with reversed transcribed RNA
using protocols of The Institute of Genomic Research
(TIGR) as described by Hegde et al. (2000) and modiWed
by Laundencia-Chingcuanco (personal communica-
tion). BrieXy, the total RNA extracted from each sample
was reverse transcribed using oligo (dT)23 (Sigma O-
4387, St Louis, MO)and SuperScript II reverse transcrip-
tase (Invitrogon, Carlsbad, CA) and ampliWed with PCR
for 1.5 h at 42°C. The Superscript activity was inacti-
vated by incubating at 70°C for 15 min. Random primers
(3 �g/�l Gibco-BRL, Invitrogen, Carlsbad, CA), spiking
controls from the AFGC microarray control set (2.5 ng/
�l; SP1-SP10), and Lucidea ScoreCard mRNA test/refer-
ence mix (Amersham Biosciences, Piscataway, NJ) were
added to the transcription reaction (Fig. 1).

Transcribed RNA was hydrolyzed by adding 250 mM
EDTA (pH 8) and 1 N NaOH, and incubating at 65°C
for 20 min. The solution was neutralized with 1 N HCL
and the aa-cDNA puriWed from the unicorporated aa-
dUTP and free amines with Microcon 30 Wltration (Mil-
lipore, Bedford, MA).

Either Alexa 647 or Alexa 555 Xuorescent dyes
(Molecular Devices, Inc, Sunnyvale, CA) were coupled
to the puriWed Wrst strand cDNA in order to perform a
dye-swap experiment. The dye-coupled cDNA was puri-
Wed following manufacture instructions (Invitrogen,
Carlsbad, FL, Cat #L1014-05) and microgels were run to
conWrm the quality of the dye coupling to the transcribed
RNA (Fig. 1)

Each labeled sample was suspended in hybridization
solution (50% formamide, 10£ SSC, and 0.2% SDS) with
Poly(A)-DNA (4 �g/�l), salmon sperm DNA (10 �g/�l),
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heated for 90°C for 5 min and centrifuged for 1 min. The
hybridization mix was pipetted onto the center of the
HybriSlip™ hybridization cover, and allowed to hybrid-
ize at 42°C for 16–20 h. Following hybridation, the
microarray slides were washed with solutions of increas-
ing stringency, and then air dried (Fig. 1).

The arrays were scanned with GenePix 4000B
(Molecular Devices Inc, Sunnyvale, Ca) at 635 and
532 nm wavelengths with PMT of 600, and 400 V and
laser power at 3.8 and 3.9 V, respectively. The resulting
signals were analyzed using GenePix Pro 5.1.0.0 (Molec-
ular Devices Inc, Sunnyvale, CA).

Each microarray had a total of 21,500 features, 7,821
of which were genes. The arrays had 48 grids per array
with a matrix of 21 £ 22 spots per array with a nominal
200 �m center spacing and 150 �m spot diameter. Each
sample was spotted at least twice. Controls (4 position
markers, 2 buVer, 12 positive, 26 spiking, and 2 negative)
were included on the Wrst two rows of each grid. Lucidea
score card controls (Amersham BioSciences, Piscataway,
NJ) were included in blocks 7, 18, 31 and 42.

Results

Leaf morphology

There is no diVerence in the leaf transverse thickness
between the �g grown and 1 g ground controls at 14 DAI
(Table 2). There was no change in leaf thickness in the 1 g
ground control plants with increasing age. In contrast,
there was a linear decrease in leaf thickness �g environ-
ment (thickness, mm = ¡0.0075 (DAP) + 0.2103;
r2 = 0.98) with increasing age. This resulted in the leaves
from �g grown wheat being thinner than comparable
aged 1 g ground control tissue at 20 and 24 DAI.

Cell structure

Cell density from 21-day-old, gravity naïve plants was 13%
higher in �g compared to 1 g ground controls (Table 3).
There were no signiWcant diVerences in cell cross-sectional
area of cells from the �g and 1 g samples (Table 2). The cell
structure (cell wall, nucleus, and mitochondria) also
appeared to be normal in both the �g and 1 g samples.

Chloroplast development

There was no diVerence in chloroplast density between
�g and 1 g, and chloroplasts developed in �g conditions
were slightly rounder than those developed in 1 g ground
controls. However, diVerences in the development of the
thylakoid membranes were observed between the �g and
1 g samples. While there was no statistical diVerence in
the number of thylakoids per grana stack, each of the
membranes were stacked approximately 0.9 nm closer in
the tissue developed under �g conditions, relative to the
1 g ground controls (Table 3). While some degradation
of the thylakoid membranes developed in �g was
observed the disruption was isolated and sporadic.

Starch concentration

There were no diVerences in insoluble starch content
between the �g grown and 1 g ground control leaf tissue
of 21-day-old, gravity naive plants harvested on orbit, or
the 14-day-old �g grown plants harvested in 1 g after
landing. The insoluble starch concentration was 13%
lower in 24-day old �g grown plants that were harvested
in 1 g after landing (Table 4). This decrease in starch is
likely due to an environmental anomaly experienced
with this PGC following transfer from ISS to the Space
Shuttle prior to return to Earth when real-time environ-
mental data was not available from space. This lack of
data resulted in the air temperature in the ground con-
trol chamber being »3°C cooler than the Xight chamber
for the last 5 day of development of this chamber. This
would be expected to correspond to a higher respiration
rate which would deplete carbohydrate reserves at a
faster rate.

Cell wall composition

There was no diVerence in the lignin content, composition
of insoluble lignin components, coniferyl, pHB, or sinapyl
or in the proportion of alcohol insoluble sugars of the cell
walls between the 21-day-old, gravity naïve plants and the
corresponding 1 g ground controls (Table 5).

Table 2 Cross-sectional thickness (mm) of T. aestivum leaves devel-
oped in �g and comparable aged 1 g ground controls

Sections from the leaf samples were obtained from leaves that devel-
oped in �g and were Wxed in 3% glutaraldehyde either onboard
International Space Station or within 9 h of landing. Mean separa-
tion analyzed using paired t test
DAI Days after imbibition, NS non-signiWcant
**P > 0.01, ***P > 0.001

�g 1 g P > 0.05

14 DAI 0.203 0.202 NS
21 DAI 0.195 0.205 **
24 DAI 0.188 0.202 ***

Table 3 Cell morphology and chloroplast development characteris-
tics of 21-day-old T. aestivum leaves developed in �g and compara-
ble 1 g ground controls

Sections from the leaf samples were obtained from leaves that devel-
oped in �g and were Wxed in 3% glutaraldehyde onboard Interna-
tional Space Station. Mean separation analyzed using paired t test
NS Non-signiWcant, L length, W width
**P > 0.01, ***P > 0.001

Measurement �g 1 g P > 0.05

Cell density (#/mm2) 1,786 1,581 ***
Cell area (�m2) 72.8 79.8 NS
Chloroplast density (#/cell) 10.4 9.8 NS
Chloroplast area (�m2) 0.534 0.522 NS
Chloroplast L/W 2.06 2.23 **
Thylakoid density (#/grana) 12.23 11.4 NS
Thylakoid spacing (nm) 18.4 19.3 **
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Gene expression

A total of 820 genes represented on the arrays were
found to be expressed in the leaves of both the �g and 1 g
ground control tissue. However, there was no evidence of
diVerential expression in these genes between the �g and
1 g ground treatment. Any variation that was seen was
below the twofold cutoV (Fig. 2).

The microarray chips were developed from cDNA
sequence derived from Weld wheat lines and did not rep-
resent the full gene complement of the wheat genome
(Morris, personal communication). None-the-less, the
arrays do contain genes representing most of the primary
biochemical pathways and represent the most complete
arrays available at the time. The full list of genes
expressed in the �g grown and 1 g ground control tissue,
and the intensity of expression, is included as supplemen-
tary material.

Discussion

These experiments represent the Wrst direct, replicated
comparison of cell structure, carbohydrate and gene
expression of wheat in a well controlled spaceXight

environment with a controlled ground environment.
These data suggest that spaceXight conditions alter leaf
development, cell structure, and chloroplast morphol-
ogy, but that these morphological changes do not com-
promise their physiological function. This result is
consistent with the results of Stutte et al. (2005) and
Monje et al. (2005), who showed that canopy level gas
exchange and dry mass accumulation of these plants
were not negatively impacted by the �g environment
experienced during Increment IV onboard ISS.

At 14 DAI, there were no diVerences in the cross sec-
tional area of leaves between the �g grown and the 1 g
grown ground control tissue. There was also no diVer-
ence in the thickness of the leaves between 14 and
24 days in the ground controls. In contrast, the cross-sec-
tional thickness of the Xight grown tissue decreased line-
arly over the same 10-day period, resulting in
signiWcantly thinner leaves between the �g and 1 g tissue
at 20 and 24 DAI. At 21 DAI, the cell density was »12%
greater in the �g grown plants than in the 1 g ground
control tissue. Although more densely packed, there was
no diVerence in the cross sectional area of the individual
cells between �g and 1 g. There was a tendency for the
cells developed in �g to be more ovoid than those devel-
oped at 1 g but this diVerence could not be statistically
resolved. Similarly, there was no statistical diVerence in
the speciWc leaf mass between the �g (0.212 mg mm¡2)
and 1 g (0.204 mg mm¡2) grown leaves. However, the
trend towards slightly higher speciWc leaf mass is consis-
tent with the increased cell density and reduced thickness
of the tissue developed in �g. These structural changes
are consistent with morphological observations of the
plants previously reported by Monje et al. (2005) and
Stutte et al. (2005).

At the chloroplast level, there were no diVerence in
the number of chloroplast, size of chloroplast, or thyla-
koid density of cells developed in either �g or 1 g. How-

Table 4 Starch concentration (mg gDM¡1) of T. aestivum leaves
developed in �g and either onboard International Space Station or
within 9 h of landing

Mean separation analyzed using paired t test
NS Non-signiWcant
*P > 0.05

�g 1 g P > 0.05

Harvested on orbit
21 DAP 11.2 10.9 NS
Harvested after landing
14 DAP 10.9 11.8 NS
24 DAP 10.6 12.2 *

Table 5 Concentration of lignin (g gCW¡1), alcohol insoluble com-
ponents of lignin (�mol g lignin¡1 gCW¡1), and alcohol extractible
components of cell walls (�g gCW¡1) from gravity naive leaves of T.
aestivum cv. USU Apogee compared to 1 g ground controls

Mean separation analyzed using paired t test
pHB p-hydroxybenzaldehyde

Component Flight Ground P > 0.05

Lignin 0.69 0.062 NS
Alcohol insoluble components
Coniferyl 1.68 1.65 NS
pHB 0.52 0.57 NS
Sinapyl 0.61 0.58 NS
Alcohol extractable components
Rhamnose 2.17 2.10 NS
Fucose 0.94 0.50 NS
Arabinose 8.98 10.40 NS
Xylose 100.20 117.50 NS
Mannose 1.14 1.29 NS
Galactose 8.08 8.81 NS
Glucose 320.10 344.90 NS

Fig. 2 Assessment of diVerential gene expression in between T. aes-
tivum cv. USU Apogee leaves of developed �g and 1 g ground con-
trols. Alaxa labeled total RNA was extracted from leaves that were
grown in �g environment and Wxed in RNALater™ onboard the
International Space Station and hybridized to wheat arrays (cour-
tesy of M. Giroux, Montana State University). Flip dyes were used
for replicate hybridizations. The solid lines represent a diVerence of
a factor of 2
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ever, the chloroplasts were somewhat more ovoid in the
cells that developed in �g than in cells developed in the
1 g ground controls. Similarly, the thylakoid spacing in
chloroplasts developed in �g was slightly less than in
comparable 1 g ground controls. While statistically sig-
niWcant, this change in chloroplast structure did not
impact the Fv/Fm, PSI, PSII or WCE activity at a light
intensity of 280 �mol m¡2 s¡1 (Stutte et al. 2005). This
suggests that the changes in leaf and cell morphology
associated with the �g environment were not suYcient to
induce physiological changes, or if they did, they may
oV-set each other. Alternatively, it is possible that the
physiological functions had acclimated to the �g condi-
tions, and the changes could not be detected in the tis-
sues sampled.

The latter hypothesis is not supported by the chemical
analysis of the tissue, however. No diVerences in the leaf
starch concentration of between leaves developed in �g
and 1 g environments were observed. There was a slight
reduction in starch concentration in the 24 DAI plants
that were grown in �g and harvested at 1 g, but it is likely
that this was associated with lower light penetration into
the canopy of �g plants because they were slight taller
than the 1 g controls (Monje et al. 2001, 2005). The
increase in cell density of the �g grown plants was not
associated with a change in either the total amount of
lignin in the cell wall, or the composition of the cell wall.

While the lack of changes in cell structure of leaves
developed in �g contrasts with the observations of Cow-
les et al. (1984) and Nedukha (1996) they are consistent
with many later observations showing no diVerence in
cell structure of wheat (Levine et al. 2001), A. thaliana
(Musgrave et al. 1998; Kraft et al. 2000), Brassica rapa
(R.C. Morrow, personal communication), potato (Cook
and Croxdale 2003) and rice (Soga et al. 2002). The
diVerences in cell structure from early spaceXight experi-
ments were likely related to secondary eVects of the �g
environment, caused by inadequate ventilation and lim-
ited environmental control of the plant chambers during
spaceXight (Brown and Piastuch 1994; Musgrave et al.
1998; Monje et al. 2003). Similarly, the Wnding that cell
wall lignin content or its composition is unchanged in
cells developed under �g conditions contrasts with
results reported from the early spaceXight experiments
(Cowles et al. 1984; Nedukha 1996), but is consistent
with results reported for plants grown in well-ventilated
systems with good environmental control in �g (Levine
et al. 2001; Kraft et al. 2000).

Although changes in leaf morphology of the leaves
developed in �g were observed, there is only limited data
to suggest any negative physiological impacts on photo-
synthetic function. The total insoluble starch concentra-
tion was the same in leaves developed in �g and 1 g and
no diVerences in the soluble sugar content were observed
(data not shown). It should be noted that the starch con-
centrations are relatively low compared to Weld grown
plants, but likely represents the attenuation of light in
the canopy (Monje et al. 2005) since the concentrations
are low in both environments.

The lignin concentrations are also much lower than
those commonly reported in Weld-grown wheat straw
(HatWeld and Fukushima 2005). This is likely due to the
young age of the wheat and rapid growth rate (Stutte
et al. 2003) under relatively low light conditions.
Although the PPF level of 280 �mol m¡2 s¡1 PAR is near
the limit available in existing spaceXight certiWed plant
growth chambers, it is only 10% of what is commonly
observed under ambient Weld conditions. Although the
concentration of lignin is lower than typically observed
from the Weld, the composition is similar to Weld grown
tissue, suggesting that the observed result is a function of
the plant growth environment.

There were no examples of diVerential gene expres-
sion unique to either �g or 1 g ground control samples,
suggesting that environmental and physiological stresses
were below threshold levels to induce major changes in
gene expression, and ultimately, physiological function.
There have been two A. thaliana Xight experiments that
examined genome-wide patterns of gene expression in
response to the spaceXight environment. Transgenic A.
thaliana plants were launched for a 5-day mission on
orbiter Columbia (STS-93) in 1999. Reporter gene analy-
ses indicated that at the minimum, there was diVerential
expression of alcohol dehydrogenase in root and shoot
tissues compared to the ground control plants, and that
the spaceXight environment impacted calcium mediated
signal transduction (Paul et al. 2001). Follow-on experi-
ments evaluated genome-wide patterns of native gene
expression utilizing the Agilent Technologies DNA array
of 21,000 A. thaliana genes (Paul et al. 2005a, b). Probing
the arrays with RNAs made from Xight and ground con-
trol A. thaliana shoot tissue revealed 182 genes that were
diVerentially expressed in excess of fourfold, although
only 50 genes from that set were expressed at levels high
enough to be considered further by the authors. Among
the 50 highly diVerentially expressed genes were those
related to heat shock. However, the pattern of expression
was not that of a typical heat shock response, nor were
there any excursions into high temperatures recorded for
either Xight or ground controls. Chlorophyll binding
proteins were down regulated in the Xight compared to
the control samples. Although some of the examples of
diVerential expression were signiWcant, the data indicate
that the environmental stress imposed by spaceXight is
minimal when the orbital growth systems are optimized
for aeration, hydration and conWned volatiles.

The limited stress responses demonstrated by these
wheat arrays and the STS-93 A. thaliana arrays is in
marked contrast to results reported by Link et al. (per-
sonal communication) in A. thaliana grown on ISS dur-
ing Increment IV. They reported that several hundred
genes were diVerentially expressed in the space grown tis-
sue. An unknown percentage of the genes that were
detected to be either up or down regulated in the �g
samples may be associated with environmental factors
aVecting diVerences in growth conditions between the �g
and 1 g plants. The plants grown in �g during that
experiment experienced water logging, which delayed
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germination and development, resulting in stunted growth
on ISS. The water logged conditions were not replicated in
the ground control plants used to probe for diVerential
gene expression (B. Stankovic, personal communication).

DiVerential expression of 141 genes within 30 min of
g-stimulation and mechanical stimulation has been
reported in A. thaliana by Moseyko et al. (2002) in 3-
week old seedlings using the AVymetrix (Santa Clara,
CA) 8 K Gene Chips. There was a signiWcant overlap in
the genes activated by mechanostimulation and g-stimu-
lation suggesting that common pathways are induced by
the two stimuli. Moseyko et al. (2002) suggested that
gene expression in A. thaliana is very sensitive to both
stresses and that caution must be used in interpreting
results, because of the limited number of genes, and the
use of whole plants.

Kimbrough et al. (2004) conducted a more detailed
study of gravity perception in root tips of A. thaliana by
probing for changes in transcript abundance using the
microarrays containing the entire genome of 22,744 genes.
They reported transient responses within 2 min of the
stimulation. As with Moseyko et al. (2002), the vast major-
ity (96%) of the diVerentially expressed genes responded to
both stimuli. DiVerential expression of genes in the root
tips, the site of g perception would not be detected in the
PESTO samples since only leaf tissues were used.

The ground controls used to evaluate the diVerential
expression of wheat in PESTO were grown in Xight hard-
ware under environmental conditions identical to those
of the gravity naïve plants grown on ISS. While the high
Wdelity environmental control suggests that no genes
unique to the �g environment were induced in the leaves,
it is possible that the arrays used (courtesy of Montana
State University) did not include probes for genes which
had been diVerentially expressed in the �g grown leaves.
The wheat arrays utilized for these assays were devel-
oped using cDNA from Weld wheat (which is not semi-
dwarf), and may therefore exhibit a diVerent gene proWle
than the Apogee wheat used in this experiment (R.J. Ferl
and A-L. Paul, personal communication). This suggests
the need to develop gene arrays speciWc for the wheat
cultivars used in spaceXight experiments in order to eVec-
tively assess the entire range of genomic responses to the
spaceXight environment.

The lack of physiological changes in starch concentra-
tion, lignin content, lignin composition, and gene expres-
sion for tissue grown in �g compared to 1 g is consistent
with the lack of response of canopy level photosynthesis
and biomass accumulation rates to �g that has been pre-
viously reported for these plants. Stutte et al. (2005)
reported that the Pnet of plants initially germinated less
than 1 g conditions and developed in �g were identical to
Pnet from gravity naïve plants. In addition, no diVerences
in canopy level photosynthetic rates of wheat grown in �g
for up to 24 days under elevated CO2 and moderate
(280 �mol m¡2 s¡1) PPF conditions. Stutte et al. (2005)
also reported no diVerence in the chlorophyll content of
wheat leaves developed in �g or 1 g for 14 or 24 days. The
Fv/Fm of the leaves was > 0.77 for all samples.

Monje et al. (2005) reported that the individual leaf
blade developed �g was »25% less than comparable 1 g
controls and that the plant height was »2 cm taller in the
�g (10%) of these same plants. The decrease in leaf thick-
ness is consistent with an increase in plant height, with-
out a corresponding decrease in total plant DM or
canopy level Pnet (Stutte et al. 2005). The change in den-
sity in thylakoid stacking density may partially explain
the 12–16% reduction in PSII, PSI, and WCE activity of
isolated chloroplasts in the 24-day old �g grown plants
over the 1 g ground controls reported by Stutte et al.
(2005) in T. aestivum cv. USU Apogee and Tripathy et al.
(1996) for T. aestivum cv. Super Dwarf. The changes in
photosynthetic eYciency associated with thylakoid pro-
cesses are typically manifested at high PPF levels
(> 850 �mol m¡2 s¡1 PAR), and are not expected to be
observed at the PPF used in this experiment.

These results suggest that morphological changes
occur in developing wheat leaves grown under well-con-
trolled environmental conditions in �g environment. We
found no evidence of developmental, physiological, or
genomic changes associated with the indirect eVects of �g
associated with lack of convective currents or poor envi-
ronmental control of air temperature, relative humidity,
or CO2 concentration (PorterWeld 2002; Monje et al.
2003). Especially signiWcant is the presence of adequate
environmental control to overcome the deleterious impact
of secondary eVects related to poor ventilation, low light
levels, and insuYcient CO2 concentrations present in the
chambers used in earlier spaceXight plant growth experi-
ments. The eVectiveness of this control is evidenced not
only by the environmental monitoring data, but from the
lack of expression of hypoxia or water stress induced
genes in leaf tissues and no changes in canopy dry mass
(Monje et al. 2005; Stutte et al. 2005). Although the
expression of hypoxia or water stress induced genes could
not be analyzed in root tissues, any changes that may have
been induced were not signiWcant enough to altered bio-
mass accumulation rates (Stutte et al. 2005) The high
Wdelity environmental control of the BPS chambers, and
the replication of the growth cycles in microgravity, pro-
vides support to the conclusion that physiological func-
tion can be is maintained in photosynthetic tissue of �g
grown wheat at the light levels used in this experiment.
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