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Abstract

Genome-wide transcriptional profiling experiments on the International Space Station (ISS) have revealed important
alterations in the gene expression of Drosophila. In contrast, simulated microgravity experiments in Earth-based laboratories,
where the particular constraints and conditions in orbiting spacecraft are absent, show weaker changes in gene expression.
Here we use the “gene expression dynamics inspector” (GEDI) self-organizing maps to investigate the effect of altered gravity
on different populations of Drosophila. We employ diamagnetic levitation and different mechanical techniques to generate
microgravity and hypergravity and compare the changes in gene expression in these modified environments. In addition to
behavioural and reproductive responses detected at the gene expression level, our results also indicate a subtle response of the

transcriptome that is finely-tuned to Earth’s gravity.
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Introduction

Understanding the way in which biological organisms detect and
adapt their molecular systems, particularly their transcriptome,
to microgravity is important for optimising life-support
systems and safety in future space missions. Although previous
investigations [1-5] have not yet led to a consensus on how the
environment in spacecraft affects the genetic behaviour of living
organisms, studies of the overall transcriptome response to
microgravity of some species [6], including Drosophila [7], have
revealed interesting effects.

Two distinct experimental approaches can be used to eva-
luate the effect of altered gravity on living organisms, namely
experiments in orbiting spacecraft, where the force of gravity
is reduced by at least three orders of magnitude, or techniques
that simulate modified gravity using ground-based facilities
(GBF). The latter include mechanical systems such as clinostats,
random positioning machines (RPM), drop towers, plus large
radius centrifuges such as the Large Diameter Centrifuge (LDC)
located at the ESA Research Centre in The Netherlands (ESTEC)
[8-13] that allows minization of shear forces. An alternative
ground-based approach is magnetic levitation, in which the
diamagnetic force generated by a powerful magnet balances
the force of gravity [14-20]. Magnetic levitation exploits the
property of diamagnetism in materials such as water, starch,

oils, and fats, which are normally thought to be non-magnetic.
When these materials are placed in a strong magnetic field,
the motion of the bound electrons in the constituent atoms
and/or molecules is slightly modified, generating a magnetic
dipole moment vector which is oriented opposite to the applied
magnetic field. By using a solenoid in which the magnetic field
and its gradient are sufficiently large, the interaction between
this induced dipole and the magnetic field gives rise to a
diamagnetic force which is strong enough to balance the force
of gravity on the atoms and molecules, so that the object under
investigation can levitate freely. When diamagnetic levitation is
used to investigate the effect of modified gravity on biological
matter or living objects, it is necessary to undertake carefully
control experiments to distinguish between effects arising
from the levitation effect alone and those arising from the
presence of the strong magnetic field. For example, the forces
on biologically important paramagnetic molecules and ions
such as O, and Fe’* in strong magnetic field can influence fluid
flow: recent work studying the effects of magnetic levitation on
a liquid bacterial culture concluded that magnetically-driven
convection, arising due to a concentration gradient of dissolved
0, in the culture, influenced growth rates [17]. We label the
points in the magnetic field where the effective gravity acting
on water is precisely zero, 1g and 2g as 0g*, 1g* and 2g* points,
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respectively. The asterisk is used as a reminder that the labels
refer to the effective gravity on water, and also to indicate that
there is a strong magnetic field present (approximately 12T at
the 0g* and 2g* points, and 16 T at the 1g* point). The point
at which flies levitate was determined in [18] to be close to
the stable levitation point of water (i.e. close to a 0g* point).

In this article, we use whole-genome microarray platforms
to investigate how different types of altered gravity conditions
generated by ground-based facilities affect the gene expression
profile of young Drosophila melanogaster female populations
exposed to these conditions for 3-4 days. In addition, we
include a second set of experiments performed on other
populations to confirm the generality of the results. We find
that the exposure of Drosophila to altered gravity produces
a subtle response of the transcriptome which is sensitive to
the environmental conditions and to the particular type of
ground-based facility used. In addition, some effects on the
expression of behaviour-related genes are common to all of
our measurements in GBFs.

Materials and methods

Ground based facilities

Two mechanical GBFs were used to simulate altered gravity
at the DESC/ESTEC Laboratory, Noordwijk, The Netherlands;
microgravity was simulated using a mechanical random
positioning machine (RPM, real random mode at maximum
angular speed of 60 rpm) and hypergravity conditions were
simulated with the large diameter centrifuge (2g*, where
* denotes mechanically-induced simulated gravity). We
used an external 1g* control in all three GBF experiments.
At the University of Nottingham, a specially-designed high
magnetic field superconducting solenoid system was used
to simulate both microgravity by diamagnetic levitation (0g*,
where * denotes that a high magnetic field is applied during
the simulations) in the upper part of the magnet bore and
simulated hypergravity (2g*) in the lower part of the bore
where the magnetic force vector is directed downwards, thus
adding to the force of gravity. In these positions, the flies also
experienced a field B = 12.5T. Additionally, we investigated
simultaneously the effect of a strong magnetic field (16 T)
in the presence of normal gravity (1g*) at the centre of the
magnet bore. However, an optimal complementary control
in the 1g* position would have been with a field of 12.5
T, corresponding to that in the 0g* and 2g* positions. This
additional control cannot be done simultaneously in the
magnet and it was not carried out because it would have
required an additional lengthy round of experiments which
time and budget constraints did not allow.

Biological materials

We performed the same experiment in the three GBF (young
female Drosophila melanogaster Oregon R exposed to altered
gravity for 3-4 days), but secondary experiments with different
populations (males or mature imagoes) were also carried

out in each simulator. To analyze the transcriptional profile
of Drosophila, at least two biological replicas including 8
(females) to 12 (males) imagoes from each condition that
passed the normal quality tests of the extracted RNA were
used in a microarray analysis. A summary of the conditions
and samples is given in Table 1. All samples were processed
using Affymetrix Drosophila (Drosophila Genome2) chips
covering near the whole fly coding genome. A validation of
this approach, including qRT-PCR has been already published
by our team [7].

Gene expression data analysis

A clustering, GEDI analysis was made using version 2.1 of
this free software. First, we applied the RMA algorithm for
background correction, normalization and expression level
summarization of the arrays (see above) using GeneSpring
software (Agilent Technologies) giving 18952 probe sets
common probe sets to all conditions. Next, we calculated the
average signal ratios for each experimental condition versus
the proper control (1g except in the magnet Il experiment
in which 1g/24°C condition was toke), and used this value
for GEDI analysis. Mosaics of 20 x 16 grid size (average of 59
genes/tile) were obtained using the following settings of
the software:

Training iterations: first phase: 60 second phase: 120
Neighborhood radius: first phase: 4.0 second phase: 1.0
Learning factor: first phase: 0.5 second phase: 0.05
Neighborhood block size: first phase: 4 second phase: 2
Conscience: first phase: 3.0 second phase: 3.0

Random seed:1 Distance metrics:Euclidean Linear Initialization
Method

Gene lists affected by the treatments were extracted by hand
from the GEDI images. Gene Ontology enrichment analysis
of them was performed using Gene Spring Software using
araw p-value < 0.001.

Results

Simulated microgravity/hypergravity produce subtle
effects in the overall gene expression pattern in
Drosophila imagoes

Populations of Drosophila with different gender and age were
exposed to modified gravity using mechanical techniques
or diamagnetic levitation. The experimental designs are
summarized in Table 1, which also includes the microarray
identification names for the hybridized Affymetrix Drosophila2
genome arrays used in the experiments. To obtain an overview
of the transcriptome response to the different environments,
we analyzed the microarray data with the “Gene Expression
Dynamics Inspector” (GEDI) program [21]. GEDI is a “Self
Organizing Map” based software that permits the visualization
of gene expression patterns in mosaics of n x m tiles. Each
tile corresponds to a cluster of genes that behaves similarly
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Table 1. Description of the 50 CEL files used (Accession number GEO NCBI GSE33801).

D.e vice & Final age Gender Condition Name of CEL file replicates
environment (from hatching)
Sim pg’ 90A 90B 90C
Females
RPM (random 1g 91A 91B 91C
positioning machine) 5 days
(96h'/14°C) Sim pg’ 90E 90F 90G 90H
Males
1g 91E 91G 91H
0g* 30D 30E 30F
1g* 31D 31E 31F
Magnetic levitator I
(72h/14°C) 5 days Females | 2g* 32D 32E 32F
1g (14°C) 3cD 3cF
1g (24°C) 30D 30E 30F
0g* 30G 30H
1g* 31G 31H
Magnetic levitator IT
(80h/14°C) 5 days Females | 2g*
1g (14°C)
1 (24°C) 30G 30H 30l
2¢ H2V H2X H2Y H2Z
5 days Females | 1¢ HOQ HOR
LDC (Large 1g H1Q HIR
Diameter Centrifuge)
(72h/220C?) 2 L2v L2X L2Y 127
20 days Females | 1¢* L0Q LOR
1g L1Q LIR

Main comparison experiment was performed in similar conditions in the three devices, while secondary
experiments (shaded in grey in the table) has been done with different set ups in the three simulators.

1. Due to the technical constrains RPM experiments last 1 day longer than the others but final age was similar.
2. The hypergravity centrifuge (LDC in ESTEC) was still on the trial period of operation when this experiment
was done so a higher mandatory temperature was used in days-long experiments. * means the presence of a
high magnetic field. # means the presence of mechanical/rotational disturbances.

across conditions, so it is considered as a unit (centroid). The
different colours correspond to the average gene expression
intensity of a centroid for each environment; in our case, the
average log2 ratio of the genes contained in the cluster/
centroid in each environment compared to 1g controls. The
GEDI program locates similar centroids close to each other
in the mosaic, creating an image of the transcriptome and
facilitating its analysis as an entity by simple visualization
and through different conditions. The GEDI analysis clustered
18952 probe-sets which were placed in 20 x 16 mosaics with
an average of 59 genes per centroid, as in Figure 1.

At first sight, the transcriptome shows a subtle and
variable response to altered gravity. By focusing on the log2
expression change ratio scale in the bottom right-hand corner
of Figure 1, we note that the changes in expression which
can be differentiated have a signal ratio of up to 1.40 for the
increased probe sets and 0.73 for the decreased probe sets.
This indicates that the observed changes in the figures would
not usually be detectable with a classical approach in which
changes between a ratio of 2 and 0.5 are treated as random
noise and are neglected. Using a clustering analysis, even small
individual gene expression variations are coherent within
each cluster and thus, remain statistically meaningful. Globally,

these results imply that repressed and over-expressed genes
are not balanced in these experiments. This is indicated in the
middle point of the graph scale (1.06 ratio), which shows that
there are more clusters of over- expressed genes than clusters
of repressed genes. Also, a subtle over-expression of the
overall transcriptome (green general background) is produced
by exposure to altered gravity, as revealed in Figure 1A,
especially for exposure at 22°C in the large diameter centrifuge.
Note, however, that the opposite effect is produced in the
RPM microgravity simulator (blue general background).

The effect of mechanical simulators on gene expression
depends upon the gender and age of the Drosophila

population

The two simulated microgravity panels in the first column of
Figure 1A correspond to exposure in the RPM of females (upper
row) and males (lower row). Note the differences between

the two genders in over-expression (red areas) and that, for
one gender, the over-expressed areas correspond to down-
regulated areas for the other gender. This opposite effect for
males and females, which has been observed previously in

our complementary experiments [18], can also be seen in less-
expressed areas of the image. This suggests a global effect in
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Figure 1. GEDI 20x16 clustering analysis based on the six altered gravity experiments.

A) Mechanical simulators results (RPM/LDC). B) Magnetic simulator results (MAG). A comparable experiment in similar
populations (young females, 5 days old) is shown in the first row and experiments in secondary populations are shown in the
second row (note that in the last MAG row the 1g control was done at 24°C). Colors in the main panels indicate the average

1,06

1

GEDI
(20x16
training)
18952 probesets

(Average tile size
59 probesets)
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1

signal ratio level of each cluster in this condition compared to 1g controls, following the down-right scale. The down-right panel
indicates the number of probesets included in each cluster, following the scale at the bottom. Each column represent an effective
gravity level (0g*, 1g* or 2¢*) but also some additional comparisons (subpopulation and temperature analyses) have been added

N

for discussion. Some areas containing genes of potential interest have been bordered and named from A to E

/

the Drosophila transcriptome. The major areas of change in
Figure 1A are marked with an A for over-expression of males
in the RPM and a B for females.

The remainder of Figure 1A shows the results obtained
using the centrifuge. We use g* to refer to the modified
gravity induced by the centrifuge or by mechanical rotation
rather than magnetic levitation. The internal control column
corresponds to 1g* where the sample is placed in the central
axis of the centrifuge; the hypergravity column corresponds
to 2g* (pooled analysis with four 2g* arrays versus three 1g
arrays) and the last two columns are separate analyses of the
2g* samples to check reproducibility (2vs3 and 2vs3 arrays).
As can be seen from the first row of Figure 1A, we see very
little effect of the modified gravity apart from the extended
green background when young females are exposed to 2g*;
both subanalyses are similar. In the second row of Figure 1A,
there is a small but observable effect when we expose mature
females to modified gravity, suggesting a higher sensitivity of
the mature females to centrifugation. The subanalysis exhibits

’

some variations; the red area of over-expression in the first
row of images is noticeable in subpopulation | but hardly
visible in subpopulation Il. Nevertheless, the overall pattern
is similar, suggesting that variations within individuals are
not an important issue using our methodology.

In high magnetic field experiments, the effect of the
magnetic field dominates the gene expression of
Drosophila

We performed experiments in the bore of our magnetic
levitation cryostat to compare the changes in gene expression
with those obtained in the random positioning machine
and the large diameter centrifuge. In the magnetic field
experiments, young females were exposed to altered gravity
and high magnetic field conditions in the bore of the magnet
for 3 days at 14°C. The flies were contained in three tubes,
one enclosing the 0g* stable levitation point of water, one
enclosing the 1g* point and one enclosing the 2g* point. The
results are shown in Figure 1B. As expected, the transcriptome
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Table 2. Top ten GO Biological processes in the probesets included in selected areas of interest (A to F).

A area (RPM p-Value Barea (RPM p-Value C area (Overall p-Value D area (Overall p-Value  Farea (1g* p-Value
increased in males) increased in magnet repressed) magnet over position only

females) expressed) over expressed)
GO:7049: 7,44E-23  GO:45297: 2,31E-21 GO:6139: nucleobase, 4,05E-82  GO:6091: generation ~ 4,55E-24  GO:45861: 8,30E-05
cell cycle post-mating nucleoside, nucleotide of precursor negative

behavior and nucleic acid metabolites and regulation of

metabolism energy proteolysis
GO:279: 7,67E-23  GO:7617: mating 1,27E-13  GO:43283: 9,92E-69  GO:6118: electron 3,74E-20  GO:7617: 0,000437
M phase behavior biopolymer transport mating behavior
metabolism

GO:6259: DNA 1,90E-21  GO:19098: 2,06E-13  GO:6259: DNA me- 3,55E-58  GO:42773: ATP 8,98E-18  GO:19098: 0,000582
metabolism reproductive tabolism synthesis coupled reproductive

behavior electron transport behavior
GO:6260: DNA 5,22E-21 GO:18991: 4,69E-11 GO:50794: regulation 1,15E-46  GO:6119: oxidative 4,30E-15  GO:51248: 0,000689
replication oviposition of cellular process phosphorylation repression

of protein
metabolism

GO:7067: 1,12E-20  GO:45434 GO:7621: 5,05E-09  GO:51244: regulation 2,08E-46  GO:51606: 6,53E-14  GO:8063: 0,000792
mitosis female receptivity of cellular physiological detection of stimulus Toll signaling

negative regulation, process pathway

pre & post-mating
GO:19953: 1,21E-18  GO:50795: 1,55E-08  GO:50791: regulation 2,46E-44  GO:9581: detection 1,23E-13  GO:7614: short-  0,000885
sexual regulation of of physiological process of external stimulus term memory
reproduction behavior
GO:7292: 6,20E-17  GO:46008: 3,50E-08  GO:50789: regulation 2,68E-41 GO:6120: 3,71E-13  GO:6118: 0,000949
female gamete regulation of female of biological process mitochondrial electron
generation receptivity, post- electron transport, transport

mating NADH to

ubiquinone
GO:9993: 1,22E-16  GO:7320: 2,07E-07  GO:7049: cell cycle 9,07E-39  GO:7602: 6,52E-13  --- -
oogenesis insemination phototransduction
(sensu Insecta)
GO:3: 1,78E-16  GO:45924: regulation  2,07E-07  GO:6350: transcription ~ 2,60E-35  GO:9582: 9,23E-13  --- -
reproduction of female receptivity detection of abiotic
stimulus

GO:7276: 6,71E-16  GO:50876: 2,07E-07  GO:279: M phase 5,63E-34  GO:9583: 3,15E-12  --- ---
gametogenesis reproductive detection of light

physiological process stimulus

Overlapping GO groups has been omitted. E area does not offer any statistically meaning result using Gene Spring based GO analysis.

responds more strongly when this suboptimal temperature is
used in combination with the magnetic field. There is a clear
difference between the lower half of the images (indicated
by a dash line within Figure 1B first row panels, very similar
for the fourimages including also the comparison with a 24°C
control to detect the temperature effect) and the clusters
located above the dashed line, (in which is possible to locate
parts C and D as areas of the transcriptome that appear to
behave oppositely at the 0g* and 2g* positions). A similar
but more pronounced effect of magnetic field is observed
in flies from the tube in the 1g* position compared to the
0g* or 2g* positions. This could be because the magnetic
field intensity is stronger (B=16T) in the 1g* position than
for the 0g* or 2g* (127T).

For the experiment on Subpopulation Il (last row Figure 1B),
it is also interesting to note that although the gene expression
of flies in the 0g* and 1g* positions share a similar pattern
due to the temperature effect, there are also over-expression
and repression areas in the 0g* position which also appear in
the 1g% 5 day-exposure rotational control using the LDC, as

shown in the E boxes in Figure 1. An interesting over-expressed
area (area F in Figure 1) consistently appears in both magnet
experiments in the 1g* position but not in the 0g* position.

Gene ontology analysis reveals a relation between
behavioral patterns in altered gravity conditions and
gene expression profile

To determine the groups of genes that are more related in their
response to altered gravity, we performed a Gene Ontology
(GO) analysis based on the gene lists extracted from the
areas selected in Figure 1. Table 2 summarises these results. A
full list of GO groups with a raw p-value <0.001 is presented
as Supplementary Material. Two biological processes are
detected in area A (genes over-expressed in RPM females),
namely mitosis/cell division and reproductive behaviour
(Table 2). Only the second element, mating-related genes, is
also detected in area B. Area C (including area A) contains
the mitosis/cell division GO groups together with enhanced
transcriptional activity of the cells. Area D (over-expressed in
the 1g* position of the magnet and in the temperature control)
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is related to energy metabolism and mitochondrial elements.
Area E is small and contains an insufficient number of genes
to produce GO enrichment results, but Area F (over-expressed
justin both 1g* magnet controls) provides a relevant mixture
of energy-related genes and mating/reproductive behaviour
GO groups (Table 2).

Discussion

It is established that Drosophila imagoes exhibit a marked
enhancement in motility when they are exposed to altered
gravity conditions, due in part to their misorientation relative
to the gravity vector [18,22,23]. Recent work has shown that
differences in the age and gender of the imagoes can influence
the degree of responsiveness to altered gravity, and suggested
that altered motility can have a consequence by reducing
mating/sexual behaviour and increasing energy metabolism
and aging [24]. Microgravity conditions in spacecraft [25,26]
and hypergravity [27,28] are also known to have a strong
impact on the aging process of Drosophila.

Gene ontology enrichment analysis suggests that changes
in mating behaviour and energy metabolism-dependent
motility experienced by Drosophila in microgravity and
hypergravity can also be detected at the molecular level in
simulated modified gravity experiments. Interestingly, the
internal controls used in the ground-based facility experiments
described here also reveal some effects on the gene expression
profile, possibly due to magnetic stresses in levitation or
subtle mechanical forces in the RPM such as vibrations, other
than those which compensate gravity. Nevertheless, these
results, in combination with earlier experiments in real or
simulated microgravity conditions [7,29], indicate that the
transcriptome is finely tuned to Earth’s gravity and that the
synergic effects exerted by microgravity and environmental
suboptimal conditions may be explained by this “out of tune”
state of the transcriptome in microgravity.

The original expectation of our analysis was that a common
group of gravity-responding genes would be identified, as was
the case for simpler unicellular systems [30]. However, the case
of Drosophila is not as straightforward. Our data show that
some genes respond dramatically to the different simulations
but the effect seems to be more related to behavioural
changes resulting from artefacts of the microgravity simulation
technique, i.e. additional forces unique to the particular
simulation technique, rather than from effects of microgravity
and hypergravity on the cells.

Previous analyses of microgravity effects on gene expression
have been limited by the usual constraints of experiments
in spacecraft [31,32]. Limited amounts of oxygen, light and
suboptimal temperature was even stronger in spaceflight
microgravity samples. Some of the genes detected in those
experiments and also in the experiments reported here appear
to be related to a coordinated response of the organism under
an undefined stress condition. Microgravity is a stimulus that
biological organisms have never experienced during the

millions of years of their biological evolution on Earth. It is
possible that the observed energy-related components, heat
shock proteins, external/abiotic stimuli sensors and assembly
machinery are stimulated because the microgravity conditions
indirectly affect the cell cycle and proliferation. In Drosophila,
Hsp70 seems to be a mediator of the aging-protective effect
induced by mild hypergravity [28], a relation also highlighted
in mammals [33,34]. A preliminary genome scale analysis
of spaceflight response in nematodes [6] has also detected
stress links, though this is the first time that microgravity
conditions have been linked to a genome-scale stress related
response in Drosophila.

Future studies should extend the findings reported here.
The availability of improved instrumentation on the ISS,
especially now that the European Columbus and the Japanese
Kibo modules have been launched and installed, will allow
similar experiments to be performed in real microgravity
conditions, but with fewer constraints than in previous
spaceflight experiments. Until these facilities are available,
ground-based microgravity simulation facilities continue to
be useful. Future experiments, which employ a wider range of
gravity levels than those used here, will identify the low and
high gravity thresholds for these overall genome effects and
confirm whether a key set of gravity-affected genes and also
the phenotypic consequences of their modified expression
can be identified. This approach will optimise the use of
ground-based facilities for informing the design of the much
more expensive experiments in space.
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