
Summary. Gravity is a fundamental factor which affects all living or-
ganisms. Plant development is well adapted to gravity by directing roots
downward and shoots upwards. For more than a century, plant biologists
have been fascinated to describe the molecular mechanisms underlying
the gravitropic response of plants. Important progress towards signal
perception, transduction, and response has been made, but new tools are
beginning to uncover the regulatory networks for gravitropic control. We
summarise recent progress in study of gravitropism and discuss strate-
gies to identify the molecular basis of the gravity response in Arabidop-
sis thaliana. This will put us on a road towards the molecular systems
biology of the Arabidopsis gravitropic response.
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Introduction

Gravitational force is one of the few constants in the evo-
lution of life on Earth which played an important role in
the development of flora and fauna. Although there is a
huge and obvious difference between animals and plants,
they share a broad basis of genetic repertoire related to
developmental and physiological processes. This makes
plants the perfect research object for the effects of gravity
on living beings: as sessile organisms they cannot move
like animals, but instead respond by growth and develop-
ment. Hence the effect of gravity can be more easily moni-
tored. Studies on plants and their responses to gravity
have focussed over many years on the responses elicited
by the direction of the gravity vector and how plants then
change their pattern of growth and development. A well
studied topic was, for example, how plant stems and roots
alter their growth direction to maintain a set angle with
the gravity vector (gravitropism). An important research

topic was also the question whether growth and develop-
ment of plants are impaired by the absence of gravity and
whether metabolic processes are altered under conditions
of reduced gravity. Another important question in this
context was to define whether gravity is indeed essential
for exertion of metabolic processes, regardless of the di-
rection of the gravity vector. Finally, over the past few
years, space agencies were pushing work aiming to grow
plants successfully in space either for experimental pur-
poses or for human consumption on long-term missions in
case lunar or mars colonisation are ever set up. Conditions
have been assessed that achieve optimal crop yields, the
best plants have been defined to grow in space and we
have to learn about the problems that are inherent to
plants growing in a gravity-free and totally enclosed sys-
tem. Despite numerous relevant accomplishments in all
these different areas, we need further research as many
problems and questions are still unanswered. Though it is
clear that the gravitational force has a crucial influence on
a number of biological processes, there is only little
known yet about the molecular mechanisms with which
higher plants perceive gravity and about the influence of
gravity on the substances that transmit the information
within these organisms.

Focus on model species

Major progress has been made in the past few years using
Arabidospis thaliana as a model for gravity research (Perrin
et al. 2005). This plant has many advantages for large-
scale molecular research. The short generation time, large
number of offspring, mutants in literally every gene, and a
small, fully sequenced genome make it an ideal research
object (Somerville and Meyerowitz 2001). Molecular ex-
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ploration of signal transduction pathways is now starting
to shed light on the major pathways that affect gravity sig-
nal transduction, particularly on how the plant hormone
auxin controls the curving of plants in response to light
and gravity. Several excellent recent reviews have been
published over the past few years (Boonsirichai et al.
2002, Blancaflor and Masson 2003, Teale et al. 2005).

Therefore, we will only discuss recent progress in un-
derstanding gravitropism in Arabidopsis and then outline
where future research activities should be focused in order
to understand the gravity response in a Biosystems context
(Kitano 2005). Particularly, we need to understand how
plants like Arabidopsis monitor a wide range of external
and internal signals and compute appropriate developmen-
tal responses. How do Arabidopsis plants translate these
myriad signals to an appropriate response integrating these
signals to reach a finely balanced physiological reaction?
As they respond by irreversible growth to many of these
signals, their signal transduction systems must compute
each developmental decision with care. The huge number
of receptor kinases encoded by their genome may indicate
that these processes are regulated by complex networks.
Good research on the long way to understand gravity per-
ception and transduction have been recent studies focusing
on questions like the following. What is the role of auxin
in gravity-mediated growth processes (reviewed by
Wolverton et al. 2002)? Does gravity drive the expression
of particular classes of genes? Does microgravity inhibit or
induce particular classes of genes? Does gravity influence
the expression of the same genes in different organs, like
roots and shoots? Does gravity lead to changes in protein
localisation and/or delivery, and if so, what is the role for
molecules involved in auxin transport and/or signalling?
Arabidopsis thaliana has served as an ideal model and will
provide a basis for Biosystems approaches and mathemati-
cal modelling of gravity responses.

Auxin transport

Since the early days of Darwin and later Cholodny and
Went, auxin transport has been thought to be a central
component of the gravitropic signalling mechanism. The
polar auxin transport stream mediates basipetal, long-dis-
tance movement of auxin from its apical site(s) of synthe-
sis. Local auxin transport streams within the root apex
redistribute auxin acropetally amongst the rapidly divid-
ing and growing cells of the meristematic and elongation
zones. On the basis of the identification of key factors of
both auxin influx and efflux, the role of auxin transport in
root gravitropism could be studied more closely in Ara-

bidopsis (Chen et al. 1998, Gälweiler et al. 1998, Müller
et al. 1998, Friml et al. 2002b). Specific emphasis was
given to use auxin efflux and influx carriers as tools to ob-
tain a comprehensive view on the flux of auxin from the
site of gravity perception to the growth region. Important
questions were which proteins besides the auxin influx fa-
cilitator AUX1 (Bennett et al. 1996) and the auxin efflux
facilitator PIN2 are involved in this process and whether
biosensors which might allow a direct visualisation of the
auxin transport stream could be developed. Another ques-
tion was directed towards the dissection of gene expres-
sion networks affected by gravity on earth and in space
using microarray gene chips covering the full transcrip-
tome of Arabidopsis.

Mutants – tools to dissect gravity-mediated signalling

Arabidopsis mutants were a major tool to dissect the molec-
ular basis of gravitropic signalling (Wisman et al. 1998). It
allowed the use of mutations within components of the Ara-
bidopsis root gravity perception and signalling machinery
for analysis. Physiological analysis of auxin transport
clearly suggests a role for auxin influx and efflux carriers,
which probably act in larger protein complexes (Noh et al.
2003, Vicente-Agullo et al. 2004). Genetic strategies led to
the identification of mutants with defects in polar auxin
transport. Of particular relevance were the aux1 and pin1
mutants (Gälweiler et al. 1998, Swarup et al. 2001). Both
mutations typify candidate genes for the auxin influx and
efflux carrier. In order to assess the role of AUX1 and mem-
bers of the PIN family in gravitropic control, it was neces-
sary to clarify in which root cells members of these families
were expressed (Paponov et al. 2005). In order to assess
their roles in auxin influx and efflux, their location within
individual cells needed to be determined. Moreover, mark-
ers that allowed to visualise relative auxin contents at cellu-
lar resolution, and thereby the direction of auxin transport,
had to be developed. Finally, gene expression profiles in the
presence and absence of gravity vectors needed to be deter-
mined both on ground and in space.

Analysis of auxin influx and efflux facilitator families

Despite the fact that final biochemical proof of AUX1
function as an auxin uptake carrier is still lacking, several
lines of evidence support the involvement of AUX1 in
auxin influx. The strongest support came from a detailed
analysis of the aux1 mutant phenotype. Moreover, this
phenotype can be mimicked by growing seedlings on a re-
cently isolated inhibitor of auxin influx. The AUX1 pro-
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teins are related to a small subfamily of amino acid trans-
porters (amino acid/auxin:proton symport permeases
AAAP) which show homology to bacterial permeases.
AUX1 was localised within Arabidopsis root tissue by an
epitope-tagging approach. The AUX1 protein was de-
tected in a remarkable pattern in a subset of stele, col-
umella, lateral root cap, and epidermal cells exclusively in
the root tips. Disruption of AUX1 caused changes in cell-
specific auxin accumulation associated with tissues medi-
ating basipetal auxin transport. AUX1 was localised with
PIN1, the efflux facilitator at opposite cellular positions
suggesting a role of AUX1 protein in steering the bulk
flow of auxin via the protophloem to the root apical
meristem and thus indicating the first molecular connec-
tion between polar and nonpolar auxin transport routes.

The PIN efflux facilitator family from Arabidopsis con-
sists of 8 members (reviewed in Paponov et al. 2005). Ho-
mologous genes were found throughout the plant kingdom,
indicating a highly conserved gene family unique to plants.
Regions of identity are restricted to the amino and carboxyl
termini with about ten potential transmembrane domains,
five at the amino terminus and five others at the carboxyl
terminus. The internal segment of the protein is less con-
served in sequence than the putative membrane spanning
domains. The amino acid sequence of the auxin efflux facili-
tator proteins indicates that they could transit the secretory
pathway to the plasma membrane and suggests relationships
with a major facilitator group of membrane transporters,
many of which are known to be involved in removal of toxic
compounds from the interior of bacterial cells.

Mutants were isolated for each member and analysed
for phenotypes. Besides pin2 also pin3, pin4, and pin7
had altered gravitropic responses. Multiple mutants have
been generated lacking different PIN genes as well as
AUX1. Predictably, certain combinations of mutants re-
vealed the role of auxin transport in different processes
such as cell division, cell elongation, pattern formation,
and cell differentiation (Blilou et al. 2005).

Localisation of auxin influx and efflux carriers

New technologies allowed high-resolution monitoring of
PIN1 and AUX proteins simultaneously. Most importantly,
it was possible to monitor PIN3 localisation in root col-
umella cells in direct response to gravity vector changes. It
was shown that PIN3 accumulated predominantly at the
lateral plasma membrane surface of columella cells and to
vesicles that cycle in an actin-dependent manner. Upon
gravistimulus, PIN3 rapidly relocalised laterally suggest-
ing that actin-dependent relocalisation provides a mecha-

nism for redirecting auxin flux to trigger asymmetric
growth. Several other PIN proteins (i.e., PIN1, PIN4,
PIN7) act in concert with PIN3. It was further demonstrated
that PIN4 is important for generating a sink for auxin below
the quiescent centre of the root meristem which is essential
for auxin distribution (Friml et al. 2002a, b; Geldner et al.
2001; Steinmann et al. 1999).

Visualisation of auxin transport in roots

The presence of lateral auxin gradients in root tips after
gravistimulation has not been verified convincingly be-
fore. Therefore, a fluorescent biosensor was developed
that allowed monitoring of auxin levels at cellular resolu-
tion. The green-fluorescent protein (GFP) was fused to an
endoplasmic-reticulum (ER) retention signal so that it was
targeted to the ER. Expression of this fluorescent fusion
protein was controlled by a synthetically constructed
auxin-responsive promoter derived from elements of an
auxin early-responding gene. In the absence of stimuli,
GFP signals appeared almost exclusively in the quiescent
centre, columella initials, and the columella cells, where
gravity is perceived via amyloplasts (starch-filled plastids)
containing statoliths. Upon gravistimulation the signal
also appeared in the distal lateral root cap (LRC) at the
lower side of the roots. Subsequently it spread to the en-
tire LRC at the lower side, including the proximal LRC. A
change in the signal could already be observed when roots
were subjected to gravity stimuli for only 15 min. By exa-
mining the gravitropic response of roots in the presence of
natural and synthetic auxins, it was found that roots dis-
played gravitropic curvature even when auxins were ex-
ogenously applied to roots at concentrations that inhibit
root growth. This was one of the most vulnerable points
of the Cholodny–Went hypothesis because exogenous
auxins are likely to dissipate gradients of auxin, which are
predicted to be formed by gravity stimuli. This theory
was independently developed in the 1920s by Nicolai
Cholodny and Frits Went to explain how roots and stems
curved in response to light or gravity. When stimulated by
light or gravity, auxin was proposed to be transported lat-
erally in the tip, producing a lateral gradient of auxin con-
centration. Subsequently, the auxin gradient is brought to
the elongation zone by basipetal transport of auxin, result-
ing in differential growth between the two sides of roots
or stems. Although this model has been popular since it
was first proposed, it remained a hypothesis for 70 years
because almost no knowledge was available on the mole-
cular machinery that facilitates the basipetal and lateral
transport of auxin, which is crucial for this model.
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Using the auxin biosensor DR5-GFP to monitor auxin
concentration, the gravitropic response of roots was exam-
ined in the presence of natural and synthetic auxins, such
as indole-3-acetic acid, 1-naphthaleneacetic acid, and 2,4-
dichlorophenoxyacetic acid. It was observed that gravity-
induced GFP signal asymmetry within the root cap was
detected already 15 min after gravistimulation. Gravistim-
ulation led to a shift of signal distribution with the LRC
region. In the presence of exogenous auxins like 1-naph-
thaleneacetic acid, strong signal asymmetry was observed
indicating that externally applied auxins do not dissipate
auxin gradients within roots. From simultaneous treat-
ments of roots with either indole-3-acetic acid or with
auxin influx and efflux inhibitors it became clear that the
reporter was clearly auxin responsive. It was found that
efflux and influx carriers differentially contributed to the
graviresponse. Lateral auxin transport in the root cap ex-
clusively required efflux carriers, whereas basipetal auxin
transport depended on both auxin influx and efflux. These
findings were consistent with the localisation of the auxin
efflux facilitator protein PIN3 in the columella and the in-
flux facilitator in the LRC.

Thus, for the first time, auxin transport was shown at cel-
lular resolution and it became possible to differentiate be-
tween gravity-induced lateral and basipetal auxin transport.
Experimental pharmacological blocking of the lateral auxin
transport together with PIN3-dependent relocalisation sug-
gested regulation at the level of posttranslational protein
targeting. The road map of auxin flux from the stele
through the quiescent centre and columella into the lateral
root cap cells raises new questions as to how the positional
information provided by the statolith sedimentation affects
regulation of auxin carrier location and activity. While pre-
vious analysis clearly showed that a range of physiological
responses like pH control or ion transport processes are
rapidly mediated by gravity, the underlying signal transduc-
tion pathways and regulatory networks remain unclear.
Therefore, further systematic genomewide analysis of grav-
ity-mediated gene regulation need to be undertaken.

Role of lateral root cap and epidermal cells

From the report by Ottenschläger et al. (2003), it became
clear that LRC and epidermal cells play important roles in
the lateral and basipetal transport of auxin. These roles
have been recently elegantly confirmed by Swarup and
co-workers (2005). They mapped those tissues that func-
tion in auxin transport during the gravitropic response.
The expression of AUX1 was visible in specific tissue do-
mains in aux1 roots. In addition, they examined the rescue

of the mutant’s agravitropic phenotype, and indeed, ex-
pressing HA-AUX1 in columella, LRC, and epidermal tis-
sues successfully rescued aux1 gravitropism, while
expression of HA-AUX1 in stele and columella did not
rescue aux1 gravitropism. Domains of root tissues that are
required to express AUX1 were thus defined. It appears
that expressing AUX1 in LRC and expanding tissues res-
cued aux1 gravitropism, whereas by contrast, expressing
AUX1 just in the LRC did not. Taken together these re-
sults are consistent with auxin acting as intercellular sig-
nal that requires AUX1 to facilitate its transport via LRC
and expanding epidermal cells during gravitropic re-
sponse. Therefore, expanding epidermal cells are required
to perform both auxin transport and response functions,
whereas the LRC is required for auxin transport following
gravitropic stimulus. For the first time, the authors also
developed a mathematical model simulating the outer elon-
gating-zone tissues and incorporating known auxin influx
or efflux carrier expression and localisation patterns. They
simulated the gravitropic signal by supplying an auxin
asymmetry to the apical end of the virtual root model and
then monitored the movement of lateral auxin through the
elongation-zone tissues. The model is in agreement with
previous experimental observations, highlighting its rele-
vance for prediction of new experiments.

Gene networks underlying graviresponse

The simple question of how plants grow has challenged
scientists for more than 100 years. In roots, new cells
arise continually at the meristem and enlarge slowly in the
meristem and then more rapidly when they move out of
the meristematic region. An enormous increase in cell vol-
ume of up to 100-fold can occur, depending on internally
and environmentally controlled conditions. But despite
descriptive analysis, not much is known so far about the
underlying mechanisms that determine growth and partic-
ularly the control of differential growth so that roots in-
hibit growth on the side directed towards gravity and
speed up growth on the opposite side. This implicates a
need for both transcriptional and translational regulation
in the control of the gravity response. One way to start to
obtain a blue print on which genes are active in the grow-
ing zones is using microarrays and to study the transcrip-
tional regulation of the full complement of genes in
response to gravity.

To determine which genes are up-regulated and which
ones are down-regulated during the time course of minutes
and hours after gravity stimulation, gene expression profiles
were obtained from the early stage of the Arabidopsis root
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gravitropic response with high-density oligonucleotide probe
microarrays representing about 23,000 Arabidopsis genes.
This corresponds to almost the full Arabidopsis genome.
Several attempts were undertaken to obtain first views on the
transcriptional networks of gravity stimulation in the Ara-
bidopsis root apex after reorientation, monitoring transcript
levels of 22,744 genes in a time course during the first hour
after the stimulus (Moseyko et al. 2002, Kimbrough et al.
2004). The majority of the gravity-regulated genes belonged
to well known categories of genes important in oxidative
stress and plant defence, heat shock, metabolism, transcrip-
tion, cell wall/plasma membrane, signal transduction, and
hormonal control. 7.6% of the genes were altered after grav-
ity stimulation and a similar number was measured in re-
sponse to mechanical stimulation. Both responses share
many genes, but 65 were found to be exclusively up-regu-
lated under the conditions used by Kimbrough et al. (2004).
Interestingly, several of these genes encode transcription fac-
tors like MYB and KNAT and proteins involved in coping
with environmental stresses like cold, dehydration, and
pathogen responses. Under conditions of gravitropic and me-
chanic stimulation, cell cycle activities, cell wall biosynthe-
sis, and production of new cytoskeletal elements were all
down-regulated, whereas energy metabolism, electron trans-
fer, defence mechanisms, and transcriptional processes were
up-regulated. However, in most instances genes were not
simply switched on or off, but rather their relative expression
levels seemed to be modulated.

The most surprising response was the up-regulated ex-
pression of a large group of genes belonging to the func-
tional category of oxidative burst and plant defence. A
functional significance of this, however, remains to be
determined. Similar, but more detailed studies are in
progress on many of the stimuli-specific regulated tran-
scripts in an effort to elucidate their function in the mech-
anism of response to gravity and mechanical stimulation
(P. Wolff and K. Palme unpubl.). Follow-up localisation
studies and mutant analysis will allow us to determine
whether the differentially regulated genes are really essen-
tial for gravity sensing and/or response. Further identification
of the effectors regulating fast and transient gravity-induced
gene expression will aid in determining the initial signal
transduction events responsible for gravity sensing in plant
root tips.

New approaches: chemical genetics 
and RNA interference

Apart from the classical genetic and advanced molecular
studies, new strategies have been recently applied to study

gravitropic growth. Chemical genomics is a powerful way
to circumvent problems associated with lethality and re-
dundancy when dissecting dynamic and complex pathways
(Darvas et al. 2004, Shogren-Knaak et al. 2001, Torrance
et al. 2001). Complex gene networks like those identified
by transcriptional profiling of gravitropic responses call for
such approaches. As many mutations in the endomem-
brane system can result in agravitropic phenotypes similar
to those found for auxin, a 10,000-member small com-
pound library was screened for substances causing aber-
rant gravitropic responses (Surpin et al. 2005). By
microscopic inspection of vacuole morphology, 219 chem-
icals were identified as primary hits, from which 199
seemed to inhibit and 20 seemed to promote the gravi-
tropic response. One of the chemicals was found to be
structurally related but not identical to 2,4-dichlorophe-
noxyacetate, a synthetic auxin. This chemical is probably
hydrolysed to active auxin, thereby inhibiting root and
shoot gravitropic responses. The other chemicals were un-
related to auxin but still affected gravitropism and vacuole
morphology in a tissue-specific manner, suggesting a close
link between the endomembrane system and the gravi-
tropic response. Interestingly, one of the chemicals was an-
tagonistic to the response of roots to auxin and another
chemical corresponded to phyocyanin, a bacterial metabo-
lite important for endomembrane targeting in yeast cells.

Altogether these and other attempts clearly demonstrate
the power of chemical genomics to investigate the func-
tion, modification, and interaction of proteins and modula-
tors of complex signalling pathways in plants (Zouhar
et al. 2004, Armstrong et al. 2004). Such investigations
will be particularly useful for the study of proteins which
differ with respect to their dynamic cellular localisation.
RNA interference, a posttranscriptional method of gene si-
lencing, discovered in Caenorhabditis elegans (Fire et al.
1998), also proved an important tool for deeper under-
standing of gene networks and signalling pathways. In the
animal research field, RNA interference technology is of-
ten used for disruption of specific targets or cellular path-
ways followed up by further analysis of specific changes in
gene expression in cells (Boutros et al. 2004). In concert
with chemical compound screens where small molecules
mimic specific RNA interference disruption profiles, small
interfering RNA molecules could be extremely useful to
define mechanisms, networks, and rules involved in gravi-
tropic response at cellular as well as at whole-organ levels
(MacBeath et al. 2001). These approaches will comple-
ment established genetic methods such as mutation genet-
ics or knockout organisms as the small molecules will
react rapidly within spatially restricted areas, because re-
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versible biological effects thereby enable transient studies
of protein function with tuneable and conditional degrees
of phenotype expression. As gene knockouts in important
pathways are frequently lethal and not easily accessible,
chemical genomics provides unique opportunities to probe
and investigate gravitropism in future.

Perspective

Important advances have been made over the past few
years to unravel the mysteries of gravitropic signal per-
ception and transduction that enable the root cells to dis-
tinguish their position within the organ and with respect to
the gravity vector. A novel fluorescent biosensor makes
possible the visualisation of in vivo changes in auxin lev-
els and links them to differential growth responses with
elongation rates on the upper side being faster than those
on the lower side of the tissue. In addition, transcriptional
response mechanisms were delineated from whole-
genome microarray analyses of Arabidopsis root apices
after gravity stimulation. Functional gene categories were
determined for up- and down-regulated transcripts and
rapid transient changes in the relative abundance of spe-
cific transcripts detected and clustered in coordinating
regulated genes related to specific events.

Molecular systems biology in gravitational research

However, identifying all the genes and proteins, i.e., the
system elements that are important for gravitropism, is
like listing all the parts of a technical product like an auto-
mobile. No matter how complete such a list may be, by it-
self it will never allow an understanding of the complex
machinery underlying the graviresponse. What we really
need to know before we can understand the Arabidopsis
gravitropism is how all the system elements integrate this
response. Systems biology is a new branch of biology that
attempts to discover and understand biological properties
that emerge from the interactions of many system ele-
ments. The major reason why systems biology is gaining
so much interest today is that progress in molecular biol-
ogy, particularly in high-throughput genomics and pro-
teomics, has allowed us to collect comprehensive data sets
on a wide variety of organisms and responses which now
need to be put into a functional context. The power of join-
ing biology with mathematics and modelling and the syn-
ergies resulting from these interdisciplinary activities are
enormous. We therefore need methods which allow to
generate quantitative data on the graviresponse suitable
for systems analysis and to integrate this knowledge at the

molecular, cellular, and organismal level; that is, to gain a
systems level understanding. As the Arabidopsis root has
a unique architecture which lends itself very well to sys-
tems biology approaches, we will profit from high-
throughput experimental tools to gather and configure
highly specific sets of data ready to be integrated into in-
teractive models. We need methods to study interacting
proteins, metabolites, and cellular processes dynamically
and quantitatively. We need to organise and store massive
data sets in standard and easily accessible format and we
must be able to create model simulations of key root
processes. First steps into this direction have been suc-
cessfully taken but we now need to convince funding
agencies to support activities in the area of integrative and
systems biology.

Root growth constitutes a complex biological system in
which the four different phases of gravity response, namely,
perception, transduction, transmission, and response need
to be described in quantitative terms. Future activities need
to define a gravity process pipeline starting with standard-
ised quantitative and qualitative data collection and integra-
tion of data for reconstruction and mathematical modelling.
Due to the precisely defined architecture of Arabidopsis
roots, analysis of root growth will be the key model for
quantitative understanding of plant growth in which part
lists generated by several “omics” technologies will be inte-
grated, opening up a new area for a systems-based analysis
of these important pathways.
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