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Induction of hypoxic root metabolism results from
physical limitations in O2 bioavailability in microgravity
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Abstract
Numerous spaceﬂight experiments have noted changes in the roots that are consistent with hypoxia in the rootzone. These
observations include general ultrastructure analysis and biochemical measurements to direct measurements of stress speciﬁc enzymes. In experiments that have monitored alcohol dehydrogenase (ADH), the data shows this hypoxically responsive gene is
induced and is associated with increased ADH activity in microgravity. These changes in ADH could be induced either by
spaceﬂight hypoxia resulting from inhibition of gravity mediated O2 transport, or by a non-speciﬁc stress response due to inhibition
of gravisensing. We tested these hypotheses in a series of two experiments. The objective of the ﬁrst experiment was to determine if
physical changes in gravity-mediated O2 transport can be directly measured, while the second series of experiments tested whether
disruption of gravisensing can induce a non-speciﬁc ADH response. To directly measure O2 bioavailability as a function of gravity,
we designed a sensor that mimics metabolic oxygen consumption in the rhizosphere. Because of these criteria, the sensor is sensitive
to any changes in root O2 bioavailability that may occur in microgravity. In a KC-135 experiment, the sensor was implanted in a
moist granular clay media and exposed to microgravity during parabolic ﬂight. The resulting data indicated that root O2 bioavailability decreased in phase with gravity. In experiments that tested for non-speciﬁc induction of ADH, we compared the response of transgenic Arabidopsis plants (ADH promoted GUS marker gene) exposed to clinostat, control, and waterlogged
conditions. The plants were grown on agar slats in a growth chamber before being exposed to the experimental treatments. The
plants were stained for GUS activity localization, and subjected to biochemical tests for ADH, and GUS enzyme activity. These
tests showed that the waterlogging treatment induced signiﬁcant increases in GUS and ADH enzyme activities, while the control and
clinostat treatments showed no response. This work demonstrates: (1) the inhibition of gravity-driven convective transport can
reduce the O2 bioavailability to the root tip, and (2) the perturbation of gravisensing by clinostat rotation does not induce a nonspeciﬁc stress response involving ADH. Together these experiments support the microgravity convection inhibition model for
explaining changes in root metabolism during spaceﬂight.
Ó 2004 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Plants encounter sources of undocumented stress
during spaceﬂight. Recent experiments have sought to
understand these responses by monitoring the expression and activity of the stress-induced enzyme alcohol
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dehydrogenase (ADH). The ﬁrst of this work was conducted in two separate ﬂight experiments, where plants
were exposed to microgravity during 6 or 11 days of
spaceﬂight (Porterﬁeld et al., 1997). Post-ﬂight analysis
of the Arabidopsis thaliana root samples included measurement of ADH activity, localization, and expression.
When ﬂown for 6 days, root ADH enzyme activity increased 90% in the spaceﬂight roots. Analysis of the root
materials from the 11-day experiment indicated that an
89% increase in enzyme activity was associated with a
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136% increase in ADH mRNA. Dwarf wheat and
Brassica rapa root samples were analyzed and also indicated that ADH activity increased signiﬁcantly as a
result of exposure to the spaceﬂight environment (Porterﬁeld et al., 2000). For dwarf wheat root, ADH activity increased nearly 3-fold, while in B. rapa the
increase was 6-fold when compared with controls. B.
rapa was also studied during the Collaborative Ukrainian Experiment (Stout et al., 2001) and included plants
at various stages of development. Some plants were
germinated in orbit, while others were pre-grown for 13
days before launch. To better understand if the changes
in the ADH activity were due to induction of hypoxic
fermentative metabolism, ADH and pyruvate decarboxylase (PDC) activities were measured. In roots of
plants that were in the vegetative stage, ADH increased
by 50% while PDC activity increased by only 9%. In the
older ﬂowering plants, root ADH and PCD activities
increased by almost 5-fold and 1.5-fold, respectively.
To understand qualitative changes in root ADH gene
expression a transgenic Arabidopsis plant, transformed
with a DNA construct composed of the b-Glucuronidase (GUS) gene driven by the Arabidopsis ADH promoter, was ﬂown in a ﬂight experiment. In the
transgenic Arabidopsis plants exposed to microgravity
the cytochemical staining patterns of GUS activity indicated the ADH promoted gene was activated in the
root tips of the plant during spaceﬂight (Paul et al.,
2001). This is similar to the results observed in previous
experiments (Porterﬁeld et al., 1997; Porterﬁeld et al.,
2000; Stout et al., 2001) obtained using direct cytochemical localization of ADH activity.
Whole plant GUS staining patterns of spaceﬂight
exposed plants were also compared to hypoxic controls
(Paul et al., 2001). The plants that were exposed to
rootzone ﬂooding/hypoxia expressed ADH in the root
tips and the shoot apex, which is consistent with previous reports. Dolferus et al. (1994) showed this identical
pattern of ADH gene expression in rootzone ﬂooded
Arabidopsis plants using the ADH promoted GUS gene.
In comparison to ground hypoxia controls, the spaceﬂight exposed plants diﬀered in the lack of expression in
the shoot apex. This indicates that either the signal
transduction between the roots and shoots is disrupted
in microgravity, or ADH induction in the roots is an
anomaly and not indicative of true root system hypoxia.
In addition to hypoxia and anoxia, ADH can also be
induced by salt, temperature, and soil drying (Dolferus
et al., 1994; Jarillo et al., 1993; Naidoo et al., 1992;
Russell and Sachs, 1992). In all of the spaceﬂight experiments that have been conducted, control treatment
plants were exposed to growth conditions that were
identical to those experienced during spaceﬂight, except
for microgravity and acceleration. Therefore, none of
the known stress factors explain the changes in ADH
activity observed in these spaceﬂight experiments. The

fact that ADH activity increases can be elicited by other
types of environmental stress does support the interpretation that ADH increases may be the result of a
non-speciﬁc stress response (Paul et al., 2001), possibly related to the plantÕs inability to detect a gravity
stimulus.
The work presented here was designed to diﬀerentiate
between two competing hypotheses to explain spaceﬂight induction of ADH. The biophysical oxygen limitation (BOL) hypothesis states the ADH is induced in
microgravity due to spaceﬂight hypoxia caused by the
alteration of normal gravity dependent behaviors in
liquids and gases. Fundamental to this is the disruption
of gravity-dependent buoyancy-driven thermal convection. Without such mechanisms to facilitate gas exchange for metabolism, the bioavailability of O2 to the
roots would be limited to diﬀusional ﬂux. Alternatively,
the observed root ADH changes could result from a
non-speciﬁc stress response initiated by the plants inability to sense gravity. Since ADH can be induced by
other forms of environmental stress, it is possible that it
could be induced non-speciﬁcally as part of a general
response. Furthermore the plants inability to orient
growth by gravity sensing might initiate such a nonspeciﬁc response. We have tested these hypotheses in a
series of two diﬀerent experiments. First, we developed a
new sensor technology to measure root oxygen bioavailability, and used it during a KC-135 ﬂight experiment to determine if microgravity does inhibit gas
exchange. We also conducted experiments with transgenic Arabidopsis plants (ADH promoted GUS reporter
gene) to determine if disruption of gravity sensing by
clinostat rotation can induce ADH.

2. Materials and methods
2.1. Root oxygen bioavailability sensor
Given the fact that the oxygen concentration does not
change in microgravity, a standard oxygen concentration sensor could not be used, as it would not detect
changes in non-diﬀusionary transport. Instead, a sensor
was constructed that simulates the relative oxygen consumption activity and geometry of a growing root tip.
Because of these design criteria we would expect that
this root oxygen bioavailability (ROB) sensor would be
sensitive to changes in convective oxygen transport, as
would an actual root. For these experiments, a generic
ROB sensor was constructed according to the diagram
in Fig. 1. A gold wire with a diameter of 500 lm is used
as the cathode and a silver wire with a diameter of 250
lm, electroplated with chloride ions, is used as a reference. During operation the cathode is polarized to )750
mV and the resulting current is related to oxygen
transport and availability in the surrounding media.
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constructed using a 5% polyacrylimide gel made with
l00 mM KCl.
Basic calibration experiments with these sensors
demonstrate that the sensor does report changes in oxygen bioavailability associated with mechanical convection and oxygen concentration (Fig. 2). Later experiments
were conducted to directly measure root oxygen bioavailability as a function of gravity during a KC-135
microgravity experiment (Monje et al., 2000). During the
experiment the KC-135 ﬂew four groups of 10 parabolas.
The sensor was embedded in a container with water
saturated arcillite plant growth medium and the
sensor readings were recorded along with data from an
accelerometer.
2.2. Clinostat experiments

Fig. 1. Construction of a root oxygen bioavailability sensor. Both the
reference and cathode are contained within a common solution and
membrane allowing the sensor to operate in both aqueous and aerial
environments. The gel membrane system and the geometry of the
cathode are designed to allow the sensor to consume oxygen in a
manner that simulates the activity of an actual root.

This design is a modiﬁcation of a Clark-style electrode;
however with some signiﬁcant innovations. Both the
Clark and Whalen style electrodes are constructed to be
stir-insensitive by application of a gas permeable membrane over a very small cathode. This eﬀectively increases the resistance of the electrode to a level where the
consumption of oxygen in the electrode can no longer
signiﬁcantly impact the concentration of oxygen in the
medium that is being measured (Schneiderman and
Goldstick, 1978). In other words, it is diﬀusion limited
and thereby stir-insensitive. This modiﬁcation, which
renders the electrode stir-insensitive, is necessary to insure that the electrode does not actually change what it
is supposed to be measuring. In microgravity the actual
concentration of oxygen does not change, but what does
potentially change is the activity or bioavailability. So
the requirement of the application to microgravity research requires a drastically diﬀerent approach. The
ROB sensor is designed to be stir-sensitive, just as an
actual root is. This insures the sensor is sensitive to
changes in oxygen activity, or bioavailability, as well as
direct changes in oxygen concentration. Again, it is the
changes in bioavailability that we are concerned with in
microgravity. This modiﬁcation is achieved by increasing the cathodic surface area and by using a new conductive gel membrane system. The gel membrane is

Transgenic Arabidopsis plants containing the ADH
promoted GUS construct were graciously provided by
Rudy Dolferus (Dolferus et al., 1994). Dry, vernalized
seeds were sterilized in microcentrifuge tubes with a 60 s
wash in 70% (v/v) ethanol, followed by a wash in a 30%
(v/v) bleach solution (1.576% sodium hypochloite) with
approximately 1 ll/ml triton X-100 surfactant for 15
min. The bleach solution was removed in a laminar ﬂow
hood with a sterile transfer pipette, and then the seeds
were rinsed 8–10 times with sterile water.
The seedlings were germinated and the plants grown
on the vertical surface in petri plates containing solid
phytagel media containing Murashige and Skoog basic

Fig. 2. The use of a root oxygen bioavailability sensor to measure and
report changes in convection based oxygen transport in an aqueous
medium. Note the diﬀerence between oxygen availability in stirred
(rapid mechanical convection) and air bubbled (moderate mechanical
convection) conditions. For this particular experiment, a generic sensor was used to test basic construction techniques and the performance
of the conductive gel membrane system.
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salts according to the procedures described by Paul
et al., 2001). Plants were grown in continuous light (300–
400 lmol m2 s) at 24–26 °C prior to the experiments.
During the experiment the plants were exposed to one
of three treatments that included: (1) clinostat rotation
of 1 rpm, (2) root zone hypoxia accomplished by
ﬂooding with nutrient solution to submerge the roots,
and (3) control plants that were maintained in the vertical position without ﬂooding. The three sets of plants
were assayed at 0, 12, 24, 36 and 48 h. For the enzyme
activity assays, the roots were homogenized in extraction buﬀer (50 mM NaPO4 [pH 7.0], 10 mM EDTA,
0.1% sarkosyl, 0.1% Triton X-100, and 10 mM bmercaptoethanol). The homogenate was centrifuged in a
microcentrifuge for 15 min, and the supernatant was
used for both the GUS and ADH assays. GUS was
measured using the procedures outlined by Jeﬀerson
et al. (1987), while the ADH assays were performed
according to the method described by Xie and Wu
(1989).

3. Results
The ROB sensor technology was used in the KC-135
ﬂight experiment to test the buoyancy-driven convection
hypothesis. The objective was to make direct physical
measurements of the changes in oxygen bioavailability
that may occur in a root matrix due to microgravity
inhibition of bioavailability. The ROB sensor biosimulates the relative oxygen consumption activity and geometry of a growing root tip. Because of these design
criteria the ROB sensor is sensitive to changes in connective oxygen transport, in a manner that is equivalent
to an actual root. The results of this experiment aboard
the KC-135 show that oxygen bioavailability is directly
modulated in phase with the microgravity/gravity proﬁles measured by the accelerometer on the KC-135 aircraft (Fig. 3). During the experiment, data was recorded
while the KC-135 ﬂew four groups of 10 parabolas.
Upon initiation of the ﬁrst parabola the sensor output
immediately responded by showing a marked decrease

Fig. 3. Data showing the direct measurement of root oxygen bioavailability (top panel) as a function of gravity (bottom panel) during a KC-I35
microgravity experiment. During the experiment data was recorded while the KC-135 ﬂew four groups of 10 parabolas.

J. Liao et al. / Advances in Space Research 34 (2004) 1579–1584

in output. The output of the probe then shows 10 individual cycles corresponding to the 10 parabolas followed by a return to 1 g and the slow recovery of the
sensor back to the original ambient 1 g value. This
pattern was repeated during three more groups of 10
parabolas that show similar responses. These are direct
physical measurements, which show that, for a root
growing in a partially wet clay matrix nutrient delivery
system, the impact of inhibiting the convective component of oxygen transport to the root surface is
substantial.
To determine if disruption of gravity sensing could
initiate a non-speciﬁc stress response involving ADH,
we conducted clinostat experiments using transgenic
Arabidopsis plants. In the experiment we exposed plants
to 48 h of clinostat rotation, rootzone hypoxia, or static
control conditions and measured resulting GUS and
ADH activity. GUS activity (Fig. 4, Panel A) increased
signiﬁcantly in roots exposed to hypoxia and was statistically diﬀerent from both the clinostat and control
plants. The clinostat and control did diﬀer statistically in

Fig. 4. GUS and ADH root activities in plants exposed to clinostat,
ﬂooding or control conditions. For each sampling three replicate
measurements of ﬁve roots each were conducted. The data was analyzed by ANOVA (P 6 0:05) and statistically signiﬁcant values are
indicated by diﬀerent letters.
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the 12 and 24 h sample but not in the 36 and 48 h materials. ADH activity (Fig. 4, Panel B) also increased as
a result of rootzone ﬂooding. In contrast the clinostat
and control plants were statistically the same as one
another at all sampling times and did not indicate that
there was any stress response in the tissue. We also examined the qualitative changes in whole plant ADH
promoted GUS staining (data not shown). The analysis
indicated that there was no GUS staining in the roots or
shoots of either the control or clinostat rotated plants.
In comparison the hypoxically treated plants expressed
staining in both the root and shoot tips.

4. Conclusions
The ROB sensor was designed to measure oxygen
bioavailability as opposed to concentration. This is important because the absolute oxygen concentration is
not inﬂuenced by gravity. The sensor biosimulates the
general consumption parameters of an actual root and is
dependent upon non-diﬀusionary, gravity dependent
mechanism to transport oxygen within the soil medium.
The sensor reported that there were indeed measurable
changes in oxygen bioavailability in microgravity. These
changes occurred in phase with the data obtained from
the accelerometer. The clinostat experiments allowed us
to determine if ADH can be induced as part of a nonspeciﬁc stress response resulting from the plantsÕ inability to sense gravity. The results indicate that this was
not the case as neither quantitative nor qualitative
measurements of ADH and GUS activity revealed any
signiﬁcant diﬀerence between clinostat and stationary
control plants. Furthermore both of these treatments
were statistically diﬀerent from plants exposed to
rootzone hypoxia.
These experiments sought to better understand the
nature of ADH induction in spaceﬂight exposed roots
by directly testing two conﬂicting hypotheses to explain
this phenomenon. Based on the results presented here
we can conclude that the induction of ADH in spaceﬂight is not part of a non-speciﬁc stress responses, but
instead is indicative of true spaceﬂight hypoxia caused
by microgravity induced biophysical limitations.
What is the nature of the biophysical limitations of
space and why does it induce spaceﬂight hypoxia in the
roots? The exchange of small molecules, including ions,
gases, and water, between plants and the environment
are subject to the physical behavior of molecules outside
of the plant. Gravity exerts signiﬁcant inﬂuence on this
process and thereby mediates much of the exchange of
small molecules by the plant. Buoyancy driven thermal
convection is driven by gravity and directs bulk movement of ﬂuids and gases in the environment. Without
this process availability of gases or dissolved solutes
becomes limited to that which can be provided by
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diﬀusion. This is especially important in plants fungi,
bacteria, and any other biological systems that cannot
mechanically ventilate to drive gas exchange. The impact of diﬀusion limited exchange is signiﬁcant. For
example, a candle ﬂame will take on a spherical shape
and will burn for only 30–40 s (Ross et al., 1991) before
being extinguished by lack of available oxygen. Without
gravity, oxygen availability to the ﬂame becomes diﬀusion limited and does not provide for adequate environmental exchange. Similar limitations in mass
transport and exchange do occur in biological systems
exposed to microgravity, as shown in physical mathematical models (Porterﬁeld, 2002).
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