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in Seedlings Grown in Microgravity
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Abstract

In plants, sensitive and selective mechanisms have evolved to perceive and respond to light and gravity. We
investigated the effects of microgravity on the growth and development of Arabidopsis thaliana (ecotype
Landsberg) in a spaceflight experiment. These studies were performed with the Biological Research in Canisters
(BRIC) hardware system in the middeck region of the space shuttle during mission STS-131 in April 2010.
Seedlings were grown on nutrient agar in Petri dishes in BRIC hardware under dark conditions and then fixed in
flight with paraformaldehyde, glutaraldehyde, or RNAlater. Although the long-term objective was to study the
role of the actin cytoskeleton in gravity perception, in this article we focus on the analysis of morphology of
seedlings that developed in microgravity. While previous spaceflight studies noted deleterious morphological
effects due to the accumulation of ethylene gas, no such effects were observed in seedlings grown with the BRIC
system. Seed germination was 89% in the spaceflight experiment and 91% in the ground control, and seedlings
grew equally well in both conditions. However, roots of space-grown seedlings exhibited a significant difference
(compared to the ground controls) in overall growth patterns in that they skewed to one direction. In addition, a
greater number of adventitious roots formed from the axis of the hypocotyls in the flight-grown plants. Our
hypothesis is that an endogenous response in plants causes the roots to skew and that this default growth
response is largely masked by the normal 1g conditions on Earth. Key Words: Gravity—Multicellular life—

Spacecraft experiments—Spaceflight. Astrobiology 11, 787-797.

1. Introduction

PLANTS HAVE BEEN an important part of space biology in-
vestigations over the past few decades for two main
reasons. First, plants likely will be a key component of
bioregenerative life-support systems as generators of oxy-
gen and as a food source for astronauts on long-term space
missions (Ferl et al., 2002; Ferl and Paul, 2010). Second, the
spaceflight environment can serve as a unique laboratory
for the study of the fundamental processes underlying plant
growth and development (Wolverton and Kiss, 2009; Millar
et al., 2010). In the present study, we used the microgravity
environment on the space shuttle in low Earth orbit to
study the development of seedlings of the model plant
Arabidopsis thaliana.

Gravity has been a ubiquitous and unidirectional signal
throughout the evolution of life on Earth and has provided a
directional cue by which plants organize their body plans
(Palmieri and Kiss, 2006). Throughout their entire life cycle,
plants use gravity to orient and coordinate their growth in
order to maximize access to light, water, and nutrients. In

germinating seedlings, gravity is important for orienting
the plant so that shoots grow upward and roots grow
downward.

Plants sense and respond to gravity through the process of
gravitropism, the directed growth in response to this stim-
ulus (Blancaflor and Masson, 2003). Gravitropism can be
divided into three temporal phases: perception, transduction,
and response. Gravity perception or sensing occurs in spe-
cialized cells (i.e., statocytes) in the roots and shoots of all
flowering plants (Kiss, 2000). The putative gravity sensors
are amyloplasts: dense, starch-filled organelles that are lo-
cated exclusively in statocytes and move within the cell in
response to gravity (Saito ef al., 2005).

During the second phase of gravitropism, signal trans-
duction, the dissipation of the potential energy of statolithic
amyloplasts results in the production of chemical signals that
ultimately trigger a growth response (Morita, 2010). Many
subcellular structures have been implicated in gravity signal
transduction, including the vacuole, endoplasmic reticulum,
and the cytoskeleton (Blancaflor and Masson, 2003). The final
(i.e., response) phase of gravitropism is characterized by
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directed growth in response to gravity (Perrin et al., 2005).
This growth response is elicited by auxin concentration
gradients that form across reoriented organs such that more
of this hormone is present in the lower portion, as compared
to the upper portion of the organs.

Several studies have used the microgravity environment
aboard orbiting spacecraft to identify downstream elements
in signal transduction (reviewed in Correll and Kiss, 2008).
An experiment with lentil roots was performed to identify
the role of the actin cytoskeleton in amyloplast movement in
microgravity (Driss-Ecole ef al., 2000). Other ground-based
studies with drugs that disrupt the actin cytoskeleton have
also demonstrated that the cytoskeleton is involved in
gravity responses, although results from these studies are
often conflicting and depend on the organ, plant species,
drug dosage, and experimental conditions (Palmieri and
Kiss, 2005).

We performed spaceflight experiments to study the effects
of microgravity on the structure and organization of the actin
cytoskeleton in plants. These studies were performed on
space shuttle Discovery during mission STS-131 in April
2010 by utilizing the Biological Research in Canisters (BRIC)
hardware system, which was placed in the middeck region
of the orbiter (Kern et al., 1999). The specific objectives were
to investigate the role of the cytoskeleton in statocytes in
microgravity by cytological methods and to study effects of
microgravity on actin cytoskeleton-related gene expression
by gene profiling. However, in this paper, we will first focus
on (1) the implementation of the BRIC system to study the
development of Arabidopsis seedlings during spaceflight and
(2) the analysis of the overall morphology of the root system
of seedlings that developed in microgravity. Based on our
data, we propose that an endogenous response in seedlings
causes the roots to skew toward one direction and that this
default growth response is largely masked by the normal 1g
conditions on Earth.

2. Materials and Methods
2.1. Spaceflight hardware

Seedlings of Arabidopsis thaliana (ecotype Landsberg) were
grown on nutrient agar in Petri dishes in the BRIC hardware
system (Fig. 1). This hardware was developed at NASA’s
Kennedy Space Center, and many of the detailed specifica-
tions have been described in previous technical publications
(Kern et al., 1999; Wells et al., 2001). In each Petri Dish
Fixation Unit (PDFU) of the BRIC, specimens first were
grown in one chamber with a single Petri dish followed by
an in-flight fixation with fluids from another chamber (Fig.
1A). All components of the PDFU were autoclaved to ensure
axenic conditions of the samples.

Standard laboratory Petri dishes (60 x 15 mm) were placed
into a PDFU with a polycarbonate body. Only the lower half
of the Petri dish was used; the top cover was discarded and
replaced by a PDFU manifold (with a mesh), on top of which
was placed a PDFU cover (Fig. 1A). The PDFU fluid chamber
was filled with one of three fixatives as described below. The
fixation and specimen chambers were separated by a check
valve to prevent early fixation of the biological material, and
each sealed PDFU provided two levels of containment as
defined by NASA standards. Figure 1B illustrates a ground
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control in which seedlings are growing in a Petri dish with
the PDFU manifold and cover removed.

In general, six PDFUs can be placed into one BRIC unit
(Fig. 2A), which is an anodized aluminum container (total
mass=1.8kg) with one level of containment (Wells et al.,
2001). However, in the BRIC-16 project (April 2010), there
were five PDFUs per BRIC, and the sixth slot had a battery-
operated temperature recorder termed HOBO (Kern et al.,
1999). Following the flight and ground controls, temperature
data were downloaded from the HOBO data recorder.

An actuator tool (Fig. 2B) was used by the astronauts to
terminate the experiment in flight by fluid fixation. While it
was possible to inject two types of fluids, in BRIC-16, we
used the entire fluid chamber (volume=13mL) for a single
fixation. Eight BRIC units were placed into a tray (Fig. 2C),
which fit into the volume of one-half of a standard middeck
locker of the space shuttle.

2.2. Characteristics of the spaceflight experiment

The BRIC-16 experiment was performed on space shuttle
mission STS-131 on the orbiter Discovery, which was laun-
ched on 5 April 2010 and landed at Kennedy Space Center on
20 April 2010 (total mission elapsed time=15 days, 2h,
47 min). The BRIC payload in a similar configuration with
the PDFUs had flown on missions STS-87 in November—
December 1997 (Kern and Sack, 1999) and STS-107 in January—
February 2003 (Kern et al., 2005). Although Discovery was
docked to the International Space Station during the STS-131
mission, the BRIC-16 experiment was performed in the
middeck area of the space shuttle.

The time line of the spaceflight experiment as performed is
shown in Fig. 3. The experiment was done in darkness. Petri
dishes with seeds on a nutrient agar were prepared at the
Space Life Sciences (SLS) laboratory at Kennedy Space
Center (FL, USA) approximately 36h before the launch of
STS-131, and the BRIC units were integrated into Discovery
23h before the launch. During the pre-launch period (in-
cluding the time in the orbiter on the launch pad), the BRIC
units were held so that the surface of the agar (with seeds)
was maintained in a vertical orientation at 22°C. Seedlings
developed for approximately 309 h in microgravity, at which
time the experiment was terminated by fixation in one of
three fluid solutions: paraformaldehyde, glutaraldehyde,
and RNAlater. Samples remained in the fluids for 53 h until
landing (which was delayed for 24h due to poor weather
conditions at the Kennedy Space Center). Samples remained
in fixatives for an additional 9.5h following the landing of
Discovery.

The primary ground control was done in identical hard-
ware with the same time line as the flight experiment in an
incubator at 22°C with controlled humidity at the SLS lab-
oratory at Kennedy Space Center. There was a 24h delay
relative to the spaceflight experiment due to the difficulty
(i.e., a resource limitation) of building the flight and ground
hardware with seeds simultaneously. The BRIC units in the
ground control were placed so that the surface of the agar
was maintained in a vertical orientation throughout the time
course of the experiment. An additional ground control was
performed in which seedlings were grown in 60X 15mm
Petri dishes with an open atmosphere in darkness in stan-
dard laboratory conditions rather than in the sealed PDFU.
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FIG. 1. Petri Dish Fixation Unit (PDFU) overview. (A) An individual PDFU as used during the BRIC-16 project on space
shuttle mission STS-131. The lower half of a standard polystyrene Petri dish (PD), with dimensions of 60 x 15mm, is placed
into a PDFU, which has a chamber (Ch) for the dish and a fluid chamber (FC) filled with fixative. The Petri dish is directly
covered with a manifold (M), and an additional cover (C) is attached to the PDFU polycarbonate body via a set of screws. (B)
Arabidopsis seedlings grown on nutrient agar in a PDFU in darkness in a ground control. The covers have been removed to

show that seedlings exhibited vigorous growth.

2.3. Preflight preparation

At the SLS laboratory, seeds of Arabidopsis thaliana (eco-
type Landsberg) were surface sterilized in 70% (v/v) ethanol
(with 1 drop Triton X-100 per 100 mL) for 5 min, followed by
two 1min rinses in 95% (v/v) ethanol. An additional wash
with 1 drop Triton X-100 in 100 mL nanopure water was
followed by four final rinses in water. Prepared seeds were
stored in water at 4°C for up to 2 days prior to sowing on
agar. Under sterile conditions within a laminar flow hood, 40
seeds in one row were sown into 60x15mm Petri dishes
with 1.2% (w/v) agar, containing one-half-strength Mura-
shige and Skoog salts with 1% (w/v) sucrose and 1 mM MES
at pH 5.5. During the sowing process, the quality of each

seed was assessed by using a stereomicroscope, and dam-
aged seeds were discarded. Seeds were not oriented (with
respect to the micropyle) but were randomly placed on the
surface of the nutrient agar. Petri dishes then were wrapped
in Parafilm and placed in a sterile box in darkness at 4°C
before integration into the BRIC-PDFU flight hardware (Fig.
1). An identical set of Petri dishes with seeds was prepared
for the ground control. Both flight and ground experiments
were performed in darkness.

Our group had 13 PDFUs flown in microgravity (Table 1).
In terms of fixation fluids (13 mL per PDFU), the following
three solutions were used: (1) 4% (v/v) glutaraldehyde in
100 mM Soérensen’s phosphate buffer at pH 7.2; (2) 3% (v/v)
paraformaldehyde with 300 uM MBS (100 mL) in PME buffer
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FIG. 2. BRIC hardware overview. (A) A BRIC unit shown with the cover (C) on and off. The BRIC is an anodized aluminum
container and houses six PDFUs. (B) The actuator tool (AT) is used by the astronauts in flight to release fixatives from the
fluid chamber to the Petri dish chamber. (C) During the BRIC-16 project, eight BRIC units (labeled A-H) were placed into
foam inserts that fit into a standard half-middeck locker on the space shuttle. Scale: length of a BRIC unit is 17.3 cm.
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FIG. 3. The time line of the BRIC-16 experiments as performed on mission STS-131. Seeds were sown onto a nutrient agar in
Petri dishes on the ground (experiment activation), and dishes were placed into PDFUs, which then were placed into the
BRIC units. Seeds imbibed for 36 h on the ground prior to launch of Discovery; during this time the BRIC units were held so
that the agar surfaces (with seeds) were maintained in a vertical orientation. Seedlings developed for 309 h in microgravity
and then were fixed in flight in an aldehyde or RNAlater. The fixed specimens remained in microgravity for 53 h prior to
recovery on the ground after the landing of Discovery at the Kennedy Space Center. Solid lines=1g, and the dashed
line = microgravity. For the ground control (which was delayed by 24 h relative to flight), the BRIC units were held so that the

agar surfaces were maintained in a vertical orientation.

(100 mM Pipes, 8 mM MgSO,, 20mM EGTA) at pH 6.9; (3)
RNAlater (Ambion, Austin, TX, USA). Seedlings in these
fixatives were prepared for analysis by using (1) transmis-
sion electron microscopy, (2) confocal microscopy, and (3)
gene profiling, respectively.

2.4. Postflight recovery of samples and processing

Following in-flight fixation, samples remained in the fix-
atives for 53 h (in microgravity) plus an additional 9.5h on

TABLE 1. SEED GERMINATION AND SEEDLING LENGTH
IN THE GROUND CONTROL AND THE SPACEFLIGHT
EXPERIMENT ON STS-131

Ground Flight
PDFU Seed germination (%)
1 95.0 77.5
2 72.5 90.0
3 80.0 95.0
4 92.5 90.0
5 100.0 87.5
6 85.0 82.5
7 85.0 97.5
8 100.0 77.5
9 85.0 82.5
10 95.0 95.0
11 97.5 95.0
12 87.5 95.0
13 100.0 92.5
Mean 90.9 89.0
N 520 520
Seedling length (mm=*SE)
Mean 47.4+1.5 47.2+1.9
N 29 31

Germination in both the 13 individual PDFUs and the mean are
reported, as well as the mean length of seedlings. Forty seeds were
placed in each Petri dish per PDFU. A small subset of the seedlings
was randomly selected and removed from Petri dishes to make
detailed length measurements. N=sample size; SE=standard error.

the ground. The BRIC PDFUs were opened in the SLS lab-
oratory by NASA staff; then the specimens in Petri dishes
were returned to the investigators. Samples were photo-
graphed immediately in the Petri dishes retrieved from the
PDFUs (and then placed into fresh fixatives). From these
images, we gathered information on seed germination,
growth, and seedling morphology. A small subset of the
specimens were removed from the original Petri dishes for
detailed length measurements with Image Pro Plus (Media
Cybernetics, Bethesda, MD, USA). Each parameter obtained
from flight and ground samples was compared with a Stu-
dent t test by using Sigma Plot 11.0. If the data were not
normally distributed, a Mann-Whitney rank sum test was
performed.
Following photography, samples were transported to our
ome laboratory for further processing. Results from the
cytological and gene profiling studies will be reported in
future publications; the methods used were similar to those
utilized in our previously published papers (Guisinger and
Kiss, 1999; Yamamoto and Kiss, 2002; Stimpson et al., 2009).

3. Results

The temperature of the eight individual BRIC units (Fig. 4)
was monitored throughout the course of the spaceflight ex-
periment on STS-131 (Fig. 3). While there was some variation
among the eight units, the temperature was within 22-25°C
during the growth phase of the seedlings, and these tem-
perature ranges were favorable for the growth of seedlings of
Arabidopsis thaliana. The temperature range was somewhat
greater (i.e.,, 20-27°C) prior to launch of the space shuttle
when seeds were imbibing, but this broader range did not
have a deleterious effect on seed germination (Table 1).

Seed germination was 90.9% for ground and 89.0% for
flight samples (Fig. 5, Table 1). The mean seedling length was
not significantly different (P>0.05) when comparing ground
and flight conditions (Table 1). Seedlings in both flight and
ground controls exhibited an etiolated appearance (Fig. 5)
that is typical for plants grown in darkness (i.e., elongated
hypocotyls).
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FIG.4. The temperature profile of individual BRIC units in microgravity as determined with a HOBO temperature recorder
during the flight of STS-131. The individual BRIC units were labeled A-H.

Several major morphological differences in seedlings were
observed in flight seedlings compared to those in the ground
controls (Fig. 5). First, there was a significant difference in the
overall growth patterns of roots. In the flight samples, the
roots showed an extreme skew to one direction of the Petri
dish. This skew can be considered to the left when the
seedlings are viewed through the lid of the Petri dish (Ru-
therford and Masson, 1996). While there was a slight skew to
the left in the ground control, the magnitude of the left
skewing of the roots from flight seedlings was much greater
(Fig. 5). The skew was quantified (Fig. 6) by considering the
angle of the root apex and the angle in the proximal root
(6 mm from the root-hypocotyl junction). Both types of root
angles were significantly greater (P<0.05) in the seedlings
from the flight samples compared to the ground controls. In
addition, while the overall magnitude of skewing was less in
hypocotyls compared to roots, there still was a greater skew
in hypocotyls of space-grown seedlings compared to those of
the ground control samples (Fig. 6).

An additional control was performed to determine the
effect of growing seedlings in the closed BRIC PDFU (Fig. 7).
In this control experiment, seedlings were grown in Petri
dishes in darkness in standard laboratory conditions with an
open atmosphere (i.e., not in the sealed PDFU). In this control
(Fig. 7), seed germination, seedling length, and root mor-
phology were similar to these parameters in the ground
control in which seedlings were in a BRIC PDFU (Fig. 5).

Another major morphological difference in flight versus
ground samples was the system of adventitious roots that
developed from the axis of the hypocotyl. Adventitious roots
form from shoot tissues, not from another parental root as do

lateral roots (Sorin et al., 2005). Flight seedlings that devel-
oped in microgravity had adventitious roots derived from
the hypocotyl (Fig. 8). While six adventitious roots were
detected in the ground 1g control samples, we observed 18
adventitious roots in the spaceflight-grown seedlings in mi-
crogravity (Fig. 9). Due to some displacement of the hypo-
cotyls of seedlings following the retrieval from the BRIC
hardware, there may have been an undercount of the total
number of adventitious roots from both flight and ground
control specimens. However, this potential undercount was
approximately equal for ground and flight samples, and
there clearly were a greater number of adventitious roots in
the spaceflight-grown seedlings.

4. Discussion

4.1. Seedlings of Arabidopsis thaliana exhibited
vigorous growth in the BRIC spaceflight hardware

Seedlings of Arabidopsis thaliana grown on a nutrient agar
in the BRIC hardware in darkness exhibited good seed ger-
mination as well as vigorous growth during our spaceflight
experiments in the shuttle middeck on mission STS-131 (Fig.
5). The BRIC payload (Figs. 1 and 2) in a similar configura-
tion had been used on missions STS-87 and STS-107 (Kern
and Sack, 1999; Kern et al., 2005). However, in these experi-
ments, light was provided from a red LED, and cultures of
the moss Ceratodon purpureus were grown in the BRIC
spaceflight hardware (Kern et al., 1999). Because of these key
differences, prior to the BRIC-16 project, it was not un-
equivocally known whether the BRIC-PDFU system could be
successfully used for growth and development studies of the
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FIG. 5. Photographs of fixed seedlings following the ground (GR) control and flight (FL) experiment in the BRIC PDFUs. In
both types of samples, the seedlings exhibited vigorous growth. In the FL samples, the roots showed an extreme skew to the
left of the Petri dish (when viewed through the lid of the Petri dish). While there was a slight skew to the left in the GR
control, the magnitude of skewing to the left was much greater in roots of FL seedlings. In the GR control, the gravity vector
is toward the bottom of the photographs. Scale: the diameter of the Petri dish is 60 mm.

model plant Arabidopsis thaliana in spaceflight experiments,
particularly under dark-grown conditions.

Due to mission constraints, power was not available to the
BRIC tray in the middeck locker on the space shuttle. Thus, it
was important to verify that our seeds could germinate in
complete darkness. Previous studies had shown that there
are differences in light requirements for seed germination
among ecotypes of Arabidopsis (Penfield and King, 2009), and
variations in growth rates among Arabidopsis ecotypes in
microgravity conditions also were noted (Kiss et al., 2000).
Preflight testing in our laboratory and during the Payload
Verification Test at the SLS laboratory at Kennedy Space
Center demonstrated that the ecotype Landsberg readily
germinated on nutrient agar in complete darkness. However,

in the BRIC-16 experiment as configured during STS-131, it
was important not to use other common Arabidopsis ecotypes
such as Columbia, which have a light requirement for opti-
mal germination (Penfield and King, 2009).

In Arabidopsis thaliana, seed germination of greater than
80% is considered very good (Botto et al., 1996). In our
BRIC-16 experiment, overall seed germination for the
ground control was 90.9%; and for the spaceflight experi-
ment, germination was 89.0%. Thus, we consider these
germination values (N=520 each for ground and flight ex-
periments) to be excellent. Seedling length, which was not
significantly different (P>0.05) in flight and ground samples
(Table 1), indicated vigorous growth in the BRIC spaceflight
hardware.
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FIG. 6. Quantification of root and hypocotyl skewing (to
the left) in flight and ground seedlings. The skew was
measured by mean angles of the root apex, proximal root
(5mm from the root-hypocotyl junction), and the proximal
hypocotyl region. Angles were significantly greater (P <0.05)
in the seedlings from the flight samples compared to the
ground controls. Bars=standard error. For flight samples, N
was 56 to 74. For ground samples, N was 62 to 105.

It is likely that the radicle emerged from most of the seeds
in a 36h period prior to launch of the spacecraft in the
spaceflight experiment (Fig. 3). While it is important to note
that seeds from both ground and flight samples received 1g
for 36 h prior to launch, in the space specimens, the majority
of the development time (309 h) was in microgravity.

e

FIG. 7. Photographs of living seedlings in an additional
ground control (GR-dish), which were grown in Petri dishes
in darkness in standard laboratory conditions with an open
atmosphere. The seedlings are comparable to the samples in
the PDFU ground control (Fig. 5) in that they exhibited
similar growth and the roots showed a slight skew to the left
of the Petri dish. The diameter of the Petri dish is 60 mm, and
the gravity vector is toward the bottom of the image. (Note
that this image is of living seedlings, whereas seedlings
shown in Fig. 5 have been fixed.)
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FIG. 8. Photographs of adventitious roots (R) from seed-
lings fixed during the flight experiment. These adventitious
roots developed from the hypocotyl (H). Asterisks indicate
the origin of the root from the hypocotyl axis, and the arrows
point to the root tip.

An additional control was performed to determine the
effect of growing seedlings in the closed BRIC PDFU. In this
control experiment, seedlings were grown in Petri dishes in
darkness in standard laboratory conditions (i.e., not in the
sealed PDFU). In this control (Fig. 7), seed germination,
seedling length, and root morphology were similar to these
parameters in the ground control in which seedlings were in
a BRIC PDFU (Fig. 5).

Another potential concern of growing Arabidopsis seed-
lings in the BRIC PDFUs was the biological effect of accu-
mulation of cabin gases. In particular, ethylene gas has been
shown to alter the structure of plants grown in spaceflight
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FIG. 9. The total number of adventitious roots observed in
all flight and ground seedlings from fixed samples.

hardware (Guisinger and Kiss, 1999). Ethylene induces the
characteristic triple response in seedlings, which includes
thickening and shortening of hypocotyls with an exagger-
ated apical hook, which is very distinctive in dark-grown
seedlings of Arabidopsis (Kiss et al., 1999). In the present
study, we did not observe any of the morphological features
associated with elevated ethylene in the ground control or in
the spaceflight-grown seedlings. In addition, there were no
significant morphological differences between the seedlings
in the ground control in the (sealed) PDFU and the control in
which seedlings were grown in standard Petri dishes. Thus,
we are convinced there were no ethylene effects since Ara-
bidopsis with its classic triple response provides a particularly
sensitive bioassay for even low amounts of ethylene (Kiss
et al., 1999).

4.2. Exaggerated skewing of roots and increased
adventitious root formation occurred in microgravity

Roots of Arabidopsis seedlings grown on agar surfaces can
show two distinct growth patterns, which include skewing
(also termed slanting) to one direction of the Petri plate and
waving or undulate growth (Oliva and Dunand, 2007). Typ-
ically, the Petri plate needs to be tilted from the vertical for
the expression of the skewing phenomenon in roots (Ru-
therford and Masson, 1996, Mullen et al., 1998). Some vari-
ation in the skewing growth pattern occurs among ecotypes
of Arabidopsis. For instance, roots of the Landsberg and
Wassilewskija strains show a much more distinct skewing
compared to the roots of the Columbia strain (Rutherford
and Masson, 1996). The age of the seedling and the concen-
tration of agar on the Petri plate may also alter the skewing
pattern (Migliaccio and Piconese, 2001).

What causes this distinct skewing growth in Arabidopsis
roots? One hypothesis is that skewing results from an in-
teraction between circumnutation, an endogenous pattern of
oscillatory growth in plant organs (Kiss, 2009), and gravi-
tropism, directed growth in response to gravity (Simmons
et al., 1995; Mullen et al., 1998). Others also have suggested
that thigmotropism, directed growth in response to tactile
stimuli, plays a role in the skewing growth of roots (Mullen
et al., 1998; Olivia and Dunand, 2007). According to this latter
hypothesis, when the root tip runs into the agar surface, it
experiences a touch stress that causes a change of direction
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that ultimately leads to one-sided slanting growth or skew-
ing of the roots.

In our spaceflight studies on STS-131, we found that roots
of the seedlings grown in microgravity had an increased
slant or skew to the left compared to the ground control (Fig.
5). While some degree of skew was noted in the control, the
skew was greatly exaggerated in the flight-grown plants
(Fig. 6). Interestingly, the roots did not exhibit random
growth in the spaceflight experiment as has been reported by
others (Johnsson et al., 1996; Mortley et al., 2008). Thus, our
data suggest that there is an endogenous response in seed-
lings that causes the roots to skew toward one direction and
that this endogenous, default growth response is largely
masked by the normal 1g¢ conditions on Earth.

Previous investigators had shown that protonemata of the
moss Ceratodon purpureus exhibited nonrandom spiral
growth in microgravity, which is similar to our observation
that an endogenous response is masked by gravity (Kern
et al., 2005). In a different spaceflight experiment, these
workers also noted that amyloplasts were grouped into
subapical clusters in the moss protonemata in the flight
samples as another nonrandom growth response (Kern et al.,
2001).

We also found that there were a greater number of ad-
ventitious roots from hypocotyls of seedlings grown in mi-
crogravity compared to the ground controls (Figs. 8 and 9).
Adventitious roots develop from the pericycle, a site of in-
tense mitotic activity. Since previous spaceflight studies have
shown that cells in microgravity have an enhanced prolif-
eration rate (Matia et al., 2010), it is possible that micro-
gravity induced an increase in mitosis in the pericycle, which
led to the expression of a larger number of adventitious roots
in the space-grown plants compared to the control. Taken
together, the previous and present studies suggest that the
growth of plants in microgravity induces alterations in es-
sential cellular functions that may be related to cell cycle
regulation (reviewed in Wolverton and Kiss, 2009).

4.3. Conclusions and future prospects

To date, two major conclusions can be drawn from our
spaceflight studies on STS-131. First, seedlings of Arabidopsis
thaliana can be successfully grown with the BRIC hardware
system and then fixed in flight by using fluids such as al-
dehydes and RNAlater. Second, plants have a novel, en-
dogenous growth pattern that is largely masked in normal
1 g conditions on Earth based on our observations of roots of
plants in microgravity exhibiting a developmental pattern
that is not apparent in ground controls.

We currently are analyzing the cytological features, with a
focus on the interaction between the cytoskeleton and sta-
tolithic amyloplasts, of seedlings grown in microgravity by
light and electron microcopy. In addition, studies on micro-
gravity effects on actin cytoskeleton-related gene expression
via microarray analyses also are in progress. The overarching
goal is to directly correlate results from cytological investi-
gations and gene profiling in order to understand the nature
of the actin cytoskeleton in mechanisms of gravity percep-
tion. More broadly and beyond these experiments, the suc-
cess of this project to date demonstrates that the modified
BRIC system can be used by other investigators to study the
cellular and molecular responses to microgravity of the
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model plant Arabidopsis on platforms such as the Interna-
tional Space Station (Wolverton and Kiss, 2009).
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