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ABSTRACT. Although plants are envisioned to play a central role in life support systems for future long-duration space 
travel, plant growth in space has been problematic due to horticultural problems of nutrient delivery and gas resupply 
posed by the weightless environment. Iterative improvement in hardware designed for growth of plants on orbital plat-
forms now provides confi dence that plants can perform well in microgravity, enabling investigation of their nutritional 
characteristics.  Plants of B. rapa (cv. Astroplants) were grown in the Biomass Production System on the International 
Space Station. Flowers were hand-pollinated and seeds were produced prior to harvest at 39 days after planting. The 
material was frozen or fi xed while on orbit and subsequently analyzed in our laboratories. Gross measures of growth, 
leaf chlorophyll, starch and soluble carbohydrates confi rmed comparable performance by the plants in spacefl ight and 
ground control treatments. Analysis of glucosinolate production in the plant stems indicated that 3-butenylglucosinolate 
concentration was on average 75% greater in fl ight samples than in ground control samples. Similarly, the biochemical 
make-up of immature seeds produced during spacefl ight and fi xed or frozen while in orbit was signifi cantly different 
from the ground controls. The immature seeds from the spacefl ight treatment had higher concentrations of chlorophyll, 
starch, and soluble carbohydrates than the ground controls. Seed protein was signifi cantly lower in the spacefl ight 
material. Microscopy of immature seeds fi xed in fl ight showed embryos to be at a range of developmental stages, while 
the ground control embryos had all reached the premature stage of development. Storage reserve deposition was more 
advanced in the ground control seeds. The spacefl ight environment thus infl uences B. rapa metabolite production in 
ways that may affect fl avor and nutritional quality of potential space produce. 
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Plants are envisioned to play a role in supporting long dura-
tion space exploration initiatives. It is estimated that a hydro-
ponic growing area of 20–50 m2 would be able to provide the 
nutritional needs of one person on a continuing basis [National 
Research Council (NRC), 1997], using plants specially developed 
to maximize harvest index and to minimize production time and 
energy input. At the same time, gas exchange and transpiration 
by the plants in this growing area would provide two times the 
CO2 scrubbing and oxygen replenishment needs of the person, 
and more than four times the water recycling requirements (NRC, 
1997). While the potential of plants to serve this role has been 

established by extensive ground-based testing and modeling, 
actual data on plant performance in microgravity or reduced 
gravity are scarce. Acquisition of these data has been hampered 
by the considerable horticultural challenges surrounding plant 
growth in microgravity. In particular, fl uid behavior, nutrient 
delivery, and gas resupply within the plant chamber have been 
critical issues that have required incremental improvements in 
hardware design (Porterfi eld et al., 2003). 

In Apr. 2002, the Biomass Production System (BPS) was 
transported to the International Space Station on Space Shuttle 
Atlantis. As part of a hardware verifi cation test (Morrow et al., 
2004), plants of B. rapa ʻAstroplants  ̓were grown in one of the 
hardwareʼs four chambers. Although the goal of the verifi cation 
test was to put the hardware through its paces and determine per-
formance, this was a unique opportunity to continue our general 
studies on the growth and development of plants in microgravity. 
Of special interest was the capability for infl ight manipulations over 
a long-duration mission, making it possible to examine aspects of 
seed development and secondary metabolism in microgravity that 
had not been previously studied. In particular, the capability of 
infl ight freezing allowed us to preserve the biochemical state for 
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post-fl ight analyses, while previously work had been confi ned to 
using fi xed material or tissues harvested postfl ight. We used this 
opportunity to assess spacefl ight effects on the composition of 
seed storage reserves during development and on the production 
and storage of glucosinolates in stem tissue. Other parts of the 
plants were used to verify that general growth, development and 
physiology were proceeding as expected in microgravity.

SEED STORAGE RESERVES. Brassica (Brassica L. spp.) has been 
proposed as a candidate crop for a biological life support system 
because of its value as an edible oil and protein source (Frick et 
al., 1994).  Biochemical analysis of dry seeds from commercial 
brassica indicates that ≈40% of the dry weight is protein (Robbelen 
and Thies, 1980). In a previous long-duration experiment on the 
Mir space station in which we grew B. rapa from seed to seed 
for multiple generations, starch was retained as a major storage 
reserve, suggesting signifi cant consequences for the nutritional 
quality of seeds that would be produced in microgravity (Musgrave 
et al., 2000). Working with dry seeds that had formed in space, 
we found that the total size of protein bodies represented ≈26% 
of the cell in space-produced seeds, compared with 33% in the 
ground-produced seeds. Seed weight was signifi cantly reduced by 
development in microgravity, and as a consequence, so too was 
the vigor of subsequent generations of plants diminished when 
seeds had developed in microgravity. These data put into question 
the application of plants in biological life support scenarios that 
might be proposed for use in transit vehicles. 

In a separate study on the shuttle orbiter Columbia, we produced 
different aged cohorts of developing B. rapa embryos through 
successive pollination events over a 1-week period. Preparation 
of this material for microscopy immediately post-fl ight and sub-
sequent analyses confi rmed a delay in storage reserve deposition 
in the spacefl ight environment (Kuang et al., 2000a, 2005). The 
present study utilized comparable material that was fi xed or frozen 
while the plants were still in orbit. 

GLUCOSINOLATES AND THE SPACEFLIGHT ENVIRONMENT. Glu-
cosinolates (β-thioglucoside-N-hydroxysulfates) are a class of 
secondary metabolites found mainly in the order Capparales and 
co-exist with endogenous thioglucosidases called myrosinases (EC 
3.2.3.1). Tissue disruption brings glucosinolates in contact with 
myrosinases that are otherwise separately compartmentalized, and 
results in the release of numerous compounds (e.g., isothiocya-
nates, nitriles, and thiocyanates) with diverse biological activities 
(Chen and Andreasson, 2001). These degradation products not 
only account for the distinctive fl avors of cabbage (B. oleracea 
L. var. capitata L.) and condiments including white mustard (B. 
hirta Moench.) and black mustard (B. nigra L.), but also account 
for the anticarcinogenic properties in brassica vegetables (Fahey et 
al., 1997; Zhang and Talalay, 1994) as well as goitrogenic proper-
ties in rape (B. napus L.) seeds [see Mithen (2001) for a review]. 
The composition of glucosinolates determines how fl avorful and 
benefi cial such vegetables will be. Glucosinolate composition is 
largely controlled by genetic makeup (Branca et al., 2002) and 
strongly infl uenced by developmental stage (Brown et al., 2003; 
Fahey et al., 2001, 1997; Petersen et al., 2002) and environmental 
conditions (Champolivier and Merrien, 1996; Ciska et al., 2000; 
Pereira et al., 2002). However, it is not known whether or how 
the spacefl ight conditions would affect the metabolism of this 
important class of secondary metabolites. Insight to this question is 
essential from the perspective of providing astronauts with a more 
fl avorful and functional food with potential as a countermeasure 
against ionizing radiation. In space, where foods reportedly seem 
more bland (Olabi et al., 2002), it will be necessary to have levels 

of fl avor and fragrance compounds in foods at least as high as 
in those grown on Earth. Astronauts are inevitably exposed to a 
high level of ionizing radiation that results in oxidative stresses 
and increasing rate of carcinogenesis (Pence and Yang, 2000). 
Therefore, a diet high in antioxidants (Fang et al., 2002) or anti-
carcinogenic compounds would be preferred. 

Materials and Methods

TISSUE. Brassica rapa ʻAstroplants  ̓(CrGC #1-59; Crucifer 
Genetics Cooperative, Madison, Wis.) were grown on board the 
space shuttle orbiter Atlantis and the International Space Station 
(ISS) in the BPS (Orbital Technologies Corp., Madison, Wis.). The 
BPS provides regulated nutrient delivery, light, carbon dioxide 
levels, temperature, and relative humidity to four 16.5-cm-long 
× 14.7-cm-wide × 18.8-cm-high chambers (for environmental 
data, which were gathered using custom built hardware, see 
Table 1). Environmental parameters were measured as follows: 
light, photodiode (PIN-2PPI; UDT Sensors, Hawthorne, Calif.); 
root temperature, resistance temperature detector (RTD) probe 
(EI1502113/F3141/RTD-860/36in; Omega Engineering, Stam-
ford, Conn.); CO2, infrared sensor (GMM11; Vaisala, Helsinki, 
Finland); rootzone water potential, pressure gauge (MPX 2010; 
Motorola, Denver); air temperature (RTD) and humidity (capaci-
tance) sensors (HIH3602C; Honeywell, Morristown, N.J.). 

Seeds were sown in four rows of 10 seeds in one BPS cham-
ber, and germination was activated on the ground 4 d prior to the 
launch of Shuttle Transport System (STS)-110, which transported 
the BPS to the ISS. Ground control plants were grown in a single 
chamber of a second BPS unit that had been programmed to rep-
licate environmental conditions of the spacefl ight unit and was 
housed in the Orbiter Environment Simulator (OES) at Kennedy 
Space Center. There was a 14-d delay between the fl ight and 
ground BPS units to allow spacefl ight environmental conditions 
to be programmed into the OES. Plants were pollinated on days 
20, 22, and 26 respectively after seeds were planted. On days 13, 
17, and 19 post-pollination, plants (four plants from the ISS and 
four from the ground control) with siliques were fi xed with 3% 
glutaraldehyde in phosphate buffer for examination postfl ight. 
Plants in fi xative were dissected immediately after receipt in the 
laboratory at Univ. of Texas–Pan American. The remaining plants 
were grown for 39 d, after which they were harvested and frozen 
at –25 °C in the ARCTIC (spacefl ight hardware) freezer on ISS. 
Frozen tissue was subsequently transported back to the ground 
at –196 °C in the gaseous N2 freezer. Stem tissue was dissected 
from major portions of leaf, fl ower, silique, and root tissue while 
frozen and set aside for glucosinolate analysis. Leaf tissue was 
set aside for chlorophyll, starch and soluble carbohydrate analy-
ses. Seeds were dissected from frozen siliques and bulked for 
subsequent analyses for protein, chlorophyll, starch and soluble 
carbohydrates. Flight and ground samples were then lyophilized 
and stored between –20 and –80 °C.

MICROSCOPY. Embryos dissected from fi xed siliques were 
further processed for light and electron microscopic observation.  
For scanning electron microscopy, embryos were dehydrated with 
an ethanol series (30%, 50%, 70%, 90%, and 100%, v/v ethanol) 
and critical point dried with liquid CO2. Embryos were then 
mounted on a metal stub and coated with gold-platinum before 
examination with a LEO 435VP scanning electron microscope 
(Carl Zeiss SMT, Thornwood, N.Y.). For light microscopic 
observation, embryos dehydrated with the ethanol series were 
then infi ltrated with and embedded in L.R. White resin (Electron 
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Microscopy Sciences, Fort Washington, Pa.). The embedded em-
bryos were sectioned with a Leica microtome (Leica Mikrosystem 
Aktiengesellschaft, Wien, Austria) and sections (1 μm thick) were 
stained with Periodic Acid Schiffʼs reagent (Carolina Biological 
Supply Co., Burlington, N.C.) for carbohydrates and Aniline 
Blue Black (Carolina Biological) for protein. Stained sections 
were observed and photographed with an Olympus compound 
microscope (Olympus Corp., Melville, N.Y.).

CHLOROPHYLL AND STORAGE RESERVE DETERMINATIONS. Ly-
ophilized leaf and seed samples were extracted in 80% ethanol 
and total chlorophyll determined spectrophotometrically by 
reading absorbance at 665 and 649 nm. Following chlorophyll 
determination the samples were further processed according to 
methods used previously in Stout et al. (2001), to quantify soluble 
carbohydrates and starch. Seed protein was determined as in 
Mansfi eld and Briarty (1996) according to Petersonʼs modifi ca-
tion of the micro-Lowry method using Sigma protein assay kit 
(P5656; Sigma-Aldrich Corp., St. Louis).

GLUCOSINOLATE ANALYSIS. Due to the small quantity of seed 
available for analysis, glucosinolates were extracted from freeze-
dried stems of both space-grown and ground control plants, 
partially purifi ed by using an anion exchange resin, and desul-
phonated according to Kiddle et al. (2001) with the following 
modifi cations: 1) Approximately 20 mg lyophilized stem tissue 
was homogenized with 70% methanol in a freeze-grinding tube 
using a freezer mill (model 6750; SPEX CertiPrep, Metuchen, 
NJ). The homogenate was quantitatively transferred and extracted 
three times (2 × 750 μL and 1 × 500 μL) by incubating the mixture 
at 70 °C for 30 min/extraction in an Eppendorf Thermomixer 
(Brinkmann Instrument, Westbury, N.Y.). Ten microliters of 
3.00-mg⋅mL–1 sinigrin was added to the extraction mixture as an 
internal standard. Extract from all three extractions was pooled. 
Four such extracts (two to three plants/replicate) were prepared for 
each experimental treatment. 2) Anion exchange and desulphona-
tion were performed in a 5-mL Centrex MF-5 centrifugal fi lter 
unit (Schleicher & Schuell, Keene, N.H.) with a 0.45-μm nylon 
fi lter membrane. Each extract was further divided into two equal 
aliquots, and each mixed with 85 (± 6.0) mg DEAE Sephadex 
A-25 (Sigma-Aldrich) pre-swollen in deionized water.  After 20 
min incubation, unretained compounds and solvent were removed 
by centrifugation at 2060 gn. The resin was washed twice with 
800 μL 67% methanol and once with 800 μL deionized water. 
Subsequently, 15 μL of sulfatase solution (3540 units/mL, type 
H-2 from Helix pomatia L.; Sigma-Aldrich) and 800 μL 20 mM 
acetate buffer (pH 5.5) were added to the resin where glucosino-
lates were bound, and incubated overnight in the dark at room 
temperature. Desulphonated glucosinolates were eluted with 2 
× 640 μL 60% methanol. Eluents were evaporated to dryness in 
a vortex evaporator under vacuum at 40 °C, then reconstituted 
in 225 μL deionized water. Samples were stored in a –80 °C 
freezer until analysis. Sinigrin standard (fi ve concentrations) 
was desulphonated in a similar manner to assess the recovery of 
sample preparation procedure. 

Desulphonated glucosinolate preparations and standards were 
fi ltered through a 0.45-μm syringe fi lter into silanized high-pres-
sure liquid chromatography (HPLC) vial inserts and analyzed using 
a HPLC system equipped with a quaternary pump, thermostated 
autosampler, and photodiode array detector (Thermo Separation 
Products, San Jose, Calif.). Separation was carried out on a Supel-
cosil LC-18 column (250 × 4.6 mm, 5 μm; Supelco, Bellefonte, 
Pa.) by injecting 20-μL samples using an acetonitrile:water linear 
gradient at a fl ow of 1.5 mL·min–1. The mobile phase composition 

is 0% acetonitrile initially, and increases to 40% at 30 min with 
a ramping rate of 1.5% per minute, and holds for 10 min. Signal 
was recorded at 227 ± 7 nm. Compounds eluted from the HPLC 
were also introduced onto an ion trap mass spectrometer (Thermo 
Finnigan LCQdeca; Thermo Electron Corp., San Jose, Calif.) via 
an atmospheric pressure chemical ionization (APCI) interface. 
Both normal mass scan and collision induced dissociation (CID) 
experiments were performed to obtain information for chemical 
structure deduction.

STATISTICAL ANALYSIS. The concentration of each putative 
desulfoglucosinolate was calculated based on a relationship 
between the chromatographic peak area and amount of sinigrin, 
expressed in sinigrin equivalents (ng·mg–1 dry weight) of that 
compound. Averages from the two analytical replicates of each 
sample were used as individual data points (n = 4) in a two-tailed t 
test to determine if there were any signifi cant differences between 
fl ight and ground control samples in concentrations of individual 
desulfoglucosinolates.

Results

Growth conditions and plant development
Brassica rapa plants developed along the expected timetable 

in the BPS hardware, whether in microgravity on the ISS (Fig. 
1) or at 1-g in the lab at Kennedy Space Center. Environmental 
parameters within the chambers were recorded every 2 min 
throughout the mission. These data indicate that the ground-
based control provided very similar temperature, humidity and 
light regimens to those in the spacefl ight treatment (Table 1). 
The BPS does not have CO2 scrubbing capability, and due to the 
relatively small amount of leaf tissue on the B. rapa plants, CO2 
concentrations higher than setpoint (1000 μmol·mol–1) prevailed 
in both fl ight and ground control chambers early and late in the 
growth cycle (Table 1). Ethylene scrubbing by the hardware kept 
chamber ethylene in the 25–40 nmol·mol–1 range (ISS atmosphere 
ethylene ranged from 40–70 nmol·mol–1).

 Hand pollination on orbit by an astronaut initiated develop-
ment of siliques (Fig. 1, bottom) in the fl ight treatment that were 
comparable to those produced in the ground control. Final plant 
height (determined post-fl ight from fi xed and frozen samples), 
silique size and number of seeds per silique were not different 
between the fl ight and ground control treatments (Table 2). Leaf 
chlorophyll and carbohydrate content were also not different 
between the two treatments (Table 3), indicating that general 
plant growth and development were occurring normally in mi-
crogravity.

Glucosinolate accumulation
Glucosinolates consist of β-thioglucose residue, a sulfonated 

oxime and a side chain. Under negative APCI mass spectromet-
ric conditions, desulphoglucosinolates are expected to have a 
molecular type ion [M-H]- with an even mass to charge (m/z) 
and probably a product ion derived from breakage of labile thio 
bond with m/z 195. These characteristics were used for initial 
screening of the HPLC peaks (Figs. 2 and 3). Results indicate that 
there are two detectable glucosinolates (Fig. 2C) in both ground 
control and space-grown tissues. The spacefl ight environment did 
not induce any novel synthesis of glucosinolate (no difference in 
glucosinolate profi les shown in Fig. 2 A and B), but altered the 
abundance of the component eluted at retention time 8.3 min. The 
mass spectrum of the peak at 8.3 min (Fig. 3B) was strikingly 
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similar to that of sinigrin (5.8 min; Fig. 3A) with 14 u (CH2) higher 
than the corresponding ions in Fig. 3A except the most abundant 
ion (∆m/z 28) and m/z 195 belonging to a common moiety (thio-
glucose) of glucosinolates. Collision induced dissociation (CID) 
of the selected ions m/z 575 and 324 from the full mass scan of 
sinigrin resulted in ions m/z 278 and 195 that are the molecular 
type ion for sinigrin and glucosinolate signature ion, respectively. 
This allowed us to confi dently assign m/z 575 and 324 as the 

molecular and formic acid adducts, respectively. Furthermore, 
CID of the selected ion m/z 278 gave rise to product ions m/z 
195 and 116 and confi rmed the fragmentation pathway as shown 
in Fig. 5. The same analysis was performed on m/z 585, 338 and 
292, producing product ions with a ∆m/z of 14 u and a common 
ion m/z 195 (data not shown). These data strongly suggest that 
the component at RT 8.3 min has a butenyl side chain in contrast 
to the propenyl side chain in sinigrin. The position of the double 
bond was uncertain, but tentatively assigned to C-3 based on the 
fact that 3-butenyl (not 2-butenyl or 1-butenyl) is commonly pres-
ent in brassica and related plants (Kiddle et al., 2001). The same 
analytical strategy leads to tentative identifi cation of the component 
at RT 5.5 min as 4-methylsulfi nylbutyl glucosinolate (Fig. 5). As 
shown in Table 4, 3-butenyl was the predominant glucosinolate 
and increased by 75% in spacefl ight-grown B. rapa stem, while 
4-methylsulfi nylbutyl glucosinolate, a minor component, was not 
signifi cantly affected by the spacefl ight environment.

Seed development and storage reserve composition
Using scanning electron microscopy (SEM), a wide range 

of developmental stages was observed in the embryos of the 
spacefl ight seeds fi xed on the ISS (Fig. 6A–H) while seeds from 
the ground control were exclusively in the pre-mature stage of 
development (Fig. 6I–K). A number of the immature seeds fi xed 
on orbit showed extension of the radicle; this premature germi-
nation was not observed in the fi xed samples from the ground 
control. Interestingly, frozen embryos examined did not show 

Fig. 1. View from within the Biomass Production System chamber on the 
International Space Station, showing B. rapa ʻAstroplants  ̓plants 8 (A), 18 
(B), and 34 d (C) after planting. Images were acquired inside the plant growth 
chamber at a rate of 12 images/d. Siliques, seen at different distances from the 
camera, are indicated by arrowheads in panel C. Scales along the side and back 
walls are in centimeters.

Table 1. Environmental parameters within the Biomass Production System 
hardware plant growth chambers in the spacefl ight and ground control 
treatments. Lights (cool-white fl uorescent) were on continuously 
in the chambers. Data (mean ± SD) are derived from environmental 
measurements taken every 2 min over 37 d (data were not taken for 
the fi rst 2 d of the 39-d growth period). 

Treatment Flight Ground
Air temperature (°C) 24.6 ± 0.6 25.2 ± 1.5
Root temperature (°C) 28.6 ± 1.3 28.2 ± 1.8
Relative humidity (%) 90.6 ± 2.8 90.8 ± 3.1
Light intensity (μmol⋅m-2⋅s–1) 223.1 ± 32.4 233.7 ± 28.0
Carbon dioxide (μmol⋅mol–1) 4174 ± 3486 2600 ± 1593

Table 2. Plant height, size of siliques, and number of seeds per silique 
in B. rapa ʻAstroplants  ̓grown in spacefl ight on the International 
Space Station or in the ground control, determined from frozen and 
fi xed samples (mean ± SE; n = 17, except when indicated). Differ-
ences between the fl ight and ground control treatments were not 
statistically signifi cant.  

Treatment Flight Control
Plant height (cm) 6.4 ± 0.6 7.0 ± 0.9
Silique length (mm)z 20.3 ± 2.7 20.4 ± 3.4
Seeds per silique (no.) 6.7 ± 1.2 7.1 ± 1.6
zn = 8

Table 3. Analysis of leaf chlorophyll and carbohydrates from B. rapa 
ʻAstroplants  ̓leaves frozen in fl ight on the International Space Sta-
tion and in the ground control (mean ± SE, n = 3). No statistically 
signifi cant differences were found between the treatments.

Treatment Flight Control
Leaf chlorophyll (μg⋅mg–1) 11.4 ± 1.0 11.0 ± 0.8
Leaf starch [glucose equivalents
    (μg⋅mg–1)] 12.6 ± 2.3 16.3 ± 5.1
Leaf soluble carbohydrate 
   [glucose equivalents (μg⋅mg–1)] 21.5 ± 4.4 22.1 ± 1.7
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Fig. 2. HPLC/UV 227 nm chromatograms (A and B) and selected ion m/z 195 chromatogram (C) of B. rapa ʻAstroplants  ̓extracts show no difference in glucosinolate 
profi les between ground control and fl ight grown plants, but differences in their abundance. Since m/z 195 ion is characteristic of glucosinolates, chromatogram 
C indicates that there may be three quantifi able glucosinolates in addition to sinigrin, the internal standard (ISTD). However, the mass spectrum of the peak at 
retention time (RT) 16.17 is very noisy and different from that of a typical glucosinolate. The peak at RT 16.17 is also not considered as a glucosinolate because 
there is no corresponding peak on the HPLC/UV traces.

Fig. 3. Negative atmospheric pressure chemical ionization (APCI) normal scan mass spectra of peak at retention time (RT) 5.8 min (A) and at RT 8.3 min (B) and 
assignment of ions that were confi rmed by experiments of collision induced dissociation (CID) of selected ions. 
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Fig. 4. Collision Induced Dissociation (CID) mass spectra of selected ions m/z 557 (A), 324 (B), and 278 (C) confi rm the origin and assignment of these ions 
indicated in Fig. 3.

Fig. 5. Glucosinolate fragmentation pathway and ions observed.

any signs of precocious germination as was seen in the seeds 
fi xed in fl ight. 

Cytochemical staining showed that seeds produced on ISS 
exhibited variability with regard to their storage reserves. In young 
seeds (Fig. 6A–D), embryo cells do not contain storage reserves 
(Fig. 7A), while some seeds at a later developmental stage (Fig. 
6E–F) contain starch grains both in cotyledon cells (Fig. 7B) and 

radicle cells (Fig. 7C). Only a few seeds (Fig. 6G–H) were advanced 
enough to show the presence of protein bodies in cotyledon cells 
(Fig. 7D) and radicle cells (data not shown) but those protein 
bodies were stained less densely compared to protein bodies 
in the ground control seed (Fig. 6I–K). Starch grains were also 
present and large vacuoles occupied large portion of the cotyledon 
cells, indicating that cells were at younger developmental stages 
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Table 4. Stem tissue concentrations of glucosinolates identifi ed in B. rapa 
ʻAstroplants  ̓grown under spacefl ight and ground control conditions 
(mean ± SE, n = 4). Treatment differences were determined statisti-
cally using a two-tailed t test.

 Glucosinolate concn [sinigrin 
 equivalents (ng⋅mg–1 dry mass)]

Treatment Flight Ground P
3-butenylglucosinolate 2210 ± 415 1250 ± 184 0.073
4-methylsulfi nylbutylglucosinolate 110 ± 53.8 80.7 ± 21.5 0.59

 

compared to the ground control seeds. In all ground control seeds 
(Figs. 6I–K), both cotyledon and radicle cells were enriched with 
protein bodies and also contained starch grains, indicating that 
seeds were at the premature stage (Fig. 7E–F).

Results of the SEM and cytochemical staining studies were 
confi rmed quantitatively through biochemical analysis of the 
developing seeds that had been frozen at the time of the fi nal 
plant harvest, 39 d after planting. Weights of the lyophilized 

Fig. 6. Scanning electron micrographs of embryos dissected from B. rapa 
ʻAstroplants  ̓seeds produced on the International Space Station (ISS) and in 
the ground control. Embryos from seeds produced on ISS were at different 
developmental stages (A–H). Most embryos were at curled and elongated 
cotyledon stages (A, C, D, E, and F) and a few of them at an earlier developmental 
stage (B). Most of those embryos have elongated radicles (C, D, E). A few of 
embryos (3 of 17 embryos) developed on ISS were at the premature stage and 
appeared similar to the ground control seeds (G). In contrast, all embryos from 
seeds produced in ground plants showed that radicles were tightly packed in 
folding cotyledons, indicating that seeds were at the premature stage (I, J, K); 
bars represent 33 μm.

seeds produced on ISS were about half those produced in the 
ground based control (Table 5), in agreement with the smaller, less 
developed embryos observed by SEM (Fig. 6). The spacefl ight 
seeds were visibly greener and maintained more than twice the 
chlorophyll concentration of the ground based controls. Starch 
and soluble carbohydrates were present in greater quantities in 
the developing seed tissue of the spacefl ight material than in the 
ground controls, and seed protein accumulation was depressed 
in the spacefl ight material (Table 5). 

Discussion

Like our previous seed-to-seed growth of B. rapa in a well-
ventilated chamber on the Mir space station, the performance 
of B. rapa ʻAstroplants  ̓in the BPS on ISS was good. Plant dry 
weight, previously reported, was not statistically different in 
spacefl ight and ground control treatments (Morrow et al., 2004). 
Vegetative growth was vigorous and supported normal fl owering 
and seed initiation (Fig. 1). Analysis of plant growth, leaf tissue, 
number of fruits and seeds all indicated comparable performance 
to ground-based controls (Tables 2 and 3).

Despite this normal vegetative development, seed develop-
ment inside the closed siliques was apparently delayed in the 
microgravity setting. Embryos from ISS exhibited a range of 
developmental stages (Figs. 6 and 7), and biochemical analysis 
of developing seeds frozen while still on orbit confi rmed that 
less dry weight had accrued in the spacefl ight tissue (Table 5). 
Spacefl ight embryos had 24% less protein than their earth-pro-
duced counterparts and starch was 117% more abundant in the 
seeds than in the ground-based controls (Table 5). These fi ndings 
agree with cytochemical localization studies performed on mature 
dry seeds of B. rapa that were produced on the Mir space station 
(Musgrave et al., 2000), in which starch grains were retained at 
maturity in the spacefl ight material. During normal seed develop-
ment in B. rapa, initial storage of reserves as starch is gradually 
supplanted by storage in lipid and protein bodies, and mature 
seeds lack starch grains (Kuang et al., 2000a, 2000b). Recently 
we provided cytochemical localization data to show that changes 
in storage reserve deposition in microgravity are already manifest 
13 d after pollination (Kuang et al., 2005), and that the differences 
are more pronounced in the more interior tissues, consistent with 
a gas exchange limitation. Similar accumulation of starch was 
observed during anther development in B. rapa in microgravity 
(Kuang et al., 2005). We hypothesize that B. rapa seed storage 
reserve deposition is disrupted in microgravity due to alteration 
of the closed gaseous microenvironment around the developing 
seeds (Kuang et al., 2000b; Musgrave et al., 1997). The results 
of our biochemical analyses on frozen developing seeds confi rm 
the strong effect of the spacefl ight environment on seed storage 
reserves (Table 5), and hence on the potential nutritional quality 
of seeds produced in microgravity. Briarty and Maher (2004) 
recently reported differences in storage reserve utilization in seeds 
of Arabidopsis thaliana (L.) Heynh. germinating in microgravity 
and concluded that the stagnant microenvironment around the 
seeds was altering metabolism.

The surprising fi nding of precocious germination in the imma-
ture seeds preserved by fi xation (Fig. 6) (but not in those preserved 
by freezing) while on orbit leads us to speculate that fi xative 
action proceeds at a different rate in microgravity. For immature 
seeds inside intact siliques, penetration of glutaraldehyde may 
have been quite slow in microgravity, where buoyancy driven 
convection is absent and cohesive properties of fl uids dominate. 
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The value of having the frozen material for comparison and to 
provide tissue for biochemical determinations was emphasized 
by this fi nding. 

This is the fi rst report of glucosinolate identifi cation and quan-
tifi cation in B. rapa ʻAstroplantsʼ. That 3-butenylglucosinolate 
was found to be a predominant component in the stem of both 

ground control and space-grown plants is in agreement 
with previous fi ndings (P. H. Williams, personal com-
munication) that this glucosinolate accounts for 86% of 
the total glucosinolates in whole shoot tissue of rapid-
cycling B. rapa [CrGC-#1; Williams and Hill (1986)], 
the parent material for ʻAstroplantsʼ. However, only 
one minor glucosinolate (4-methylsufi nylbutyl gluco-
sinolate) was detectable in this experiment in contrast 
to six found in the whole shoot tissue. Glucosinolates 
tend to occur at higher concentrations in reproductive 
organs (e.g., fl owers, seeds) and younger tissues (e.g., 
meristems, new leaves) (Brown et al., 2003; Petersen 
et al., 2002), both of which were excluded from the 
present analysis of stem tissue but included in Williams  ̓
analysis (of whole plants). Interestingly, the level of 
3-butenylglucosinolate was dramatically enhanced in 
the spacefl ight material, while 4-methylsulfi nylgluco-
sinolate remained unchanged. 

Because the environmental conditions in spacefl ight 
were similar to ground control (Table 1), the large 
increase in glucosinolate content in the spacefl ight 
material (Table 4) is diffi cult to explain as a response 
to standard environmental factors of light, temperature 
or moisture status. It is possible that distribution of 
water within the root zone may have differed between 
the two treatments because although the water delivery 
system pressure was the same, water distribution in 
the root zone in microgravity differs from that at 1-g 
(for review, see Musgrave, 2002). Plant response to 
CO2 enrichment in the 2000–4000 μmol·mol–1 range is 
largely unstudied, however, the absence of difference in 
starch accumulation in the leaves or in leaf chlorophyll 
content (Table 3) suggest that the recorded differences 
in CO2 concentration between the fl ight and ground 
control treatment chambers (Table 1) were not physi-
ologically signifi cant for the plants. Our prior studies 
with A. thaliana in microgravity showed these foliage 
characteristics to be very sensitive indicators of plant 
status during spacefl ight (Musgrave et al., 1998).

Although this is the fi rst report of glucosinolate 
accumulation being affected by microgravity, simi-
lar results have been reported with another class of 
secondary metabolites. Levine et al. (2001) found 

enhanced accumulation of isofl avonoids in hypocotyl and root 
tissue of etiolated soybean [Glycine max (L.) Merr.] seedlings 
germinated in microgravity on the space shuttle, compared to 
ground-based controls. They concluded that the spacefl ight 
environment had altered only the partitioning of the secondary 
compound, since a concomitant decrease in isofl avonoids had 
occurred in the spacefl ight cotyledon tissues, while total plant 
isofl avonoid concentration was the same in spacefl ight and 
ground control tissue. 

Taking into consideration that seed development was delayed 
in the spacefl ight treatment, we speculate that the increased 
glucosinolate level is the consequence of 1) greater transport 
of glucosinolates to the stem compared to the seed; and/or 2) 
reduced glucosinolate turnover as a result of reduced expression 
of myrosinase. Since the highest concentrations of glucosinolates 
are found in seeds (Brown et al., 2003), the developmental delay 
in the spacefl ight seeds may explain the higher concentration seen 
in the stems. Petersen et al. (2002) found that both mature seed 
and siliques of A. thaliana share similar parent glucosinolates, and 
they deduced that the major amount of glucosinolates in seeds is 

Table 5. Analysis of immature B. rapa ̒ Astroplants  ̓seeds frozen in fl ight 
on the International Space Station and in the ground control (mean ± 
SE; n = 4, except when indicated otherwise). Treatment differences 
were determined statistically using a two-tailed t test.

Treatment Flight Control P
Weight (mg/seed) 0.37 ± 0.04 0.81 ± 0.08 0.003
Chlorophyll (μg⋅mg–1) 1.75 ± 0.23 0.71 ± 0.37 0.05
Starch [glucose (μg⋅mg–1)] 59.1 ± 5.4 27.2 ± 3.0 0.002
Soluble carbohydratez 107.9 ± 35.5 60.3 ± 2.3 0.23
Total carbohydratez 166.9 ± 34.5 87.5 ± 1.9 0.06
Protein (μg⋅mg–1)y 298.8 ± 23.5 390.6 ± 30.3 0.075
Protein (μg/seed)y 132.7 ± 28.5 279.9 ± 31.1 0.025
zGlucose equivalents (μg⋅mg–1).
yn = 3

Fig. 7. Light micrographs of B. rapa ʻAstroplants  ̓ embryo tissues that were stained with 
aniline blue black for protein and periodic-acid Schiffʼs reagent for carbohydrate (magenta 
color). (A–D) Embryo tissues of spacefl ight seeds. In tissues of a young embryo (A), cells 
do not contain storage reserves. In an embryo at a later developmental stage, starch grains 
(seen here as magenta-colored granules) are present in both cotyledon cells (B) and radicle 
cells (C) but no storage protein bodies (blue globular or near globular shaped objects) were 
observed in the spacefl ight material except for lightly-staining ones in a few seeds, as shown 
in (D), from a cotyledon.  Protein bodies are present as a major storage reserve of embryos 
at the latest developmental stage as shown in cotyledon (E) and radicle (F) tissues of ground 
control seeds; bars represent 10 μm. 
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synthesized de novo in siliques. However there is also evidence 
supporting the idea that glucosinolates in seeds are synthesized 
in the leaves and subsequently translocated. Glucosinolates (both 
intact or desulphonated) may be translocated in all organs of 
brassica plants, but the capacity for de novo biosynthesis varies 
between organs at different stages (Chen et al., 2001; Chen and 
Andreasson, 2001, and references cited therein).

The ability to use brassica produced in microgravity to supple-
ment crew rations has been tested on the Mir space station using 
the open plant growth hardware, greenhouse Svet, to grow young 
plants. A series of experiments was conducted over a 10-year 
period, with incremental improvements in plant yield (Levinskikh 
et al., 2001). In taste trials of four leaf vegetables produced in 
microgravity in 2000, Russian cosmonauts indicated a preference 
for ʻRed Giant  ̓red mustard (B. juncea L.) and mizuna [B. rapa 
var. nipposinica (Bailey) S. Kitamura] over two other botanical 
varieties of B. rapa (Levinskikh et al., 2001). Given the changes 
found in the glucosinolate content of B. rapa ʻAstroplants  ̓ in 
microgravity in this study, it would be interesting to determine if 
similar changes occur in these very closely related leaf vegetables, 
and how this might infl uence taste preferences. 

These spacefl ight-induced changes in the nutritional quality 
of brassica seeds and vegetative material have implications for 
NASA̓ s use of plants for food and life support purposes in the 
agencyʼs exploration initiative. Additionally, our fi nding on the 
presence of 4-methylsulfi nylbutyl glucosinolate [a precursor of 
a potent Phase II anticarcinogenic inducer; Mithen (2001)] and 
potential increase of its level in vegetative tissue in the space-
fl ight environment give insight on the phytonutritional value of 
future space crops since the species B. rapa represents several 
horticultural crops.  
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