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Preface

xiii

As sessile organisms, plants spend their entire lives at the site of seed germination.
Consequently, they require a suite of strategies to survive very diverse environmental
stresses. Part of this plasticity relies on the ability of most plant organs to grow in direc-
tions that are dictated by specific cues from the environment, seeking out better condi-
tions to fulfill their primary functions. Typical guidance for the growth of plant organs is
provided by gravity, light, touch, gradients in humidity, ions, oxygen, and temperature.
Such directional growth, defined by vectorial stimuli, is called a tropism and is believed
to significantly contribute to plant survival. 

The concept of tropism was introduced 200 years ago, when Knight (1806) postulated
that a plant’s perception of gravity might modulate its ability to direct shoots to grow up-
ward and guide roots downward. Eighty years later, Darwin (1880) made seminal contri-
butions to the field by documenting a wide array of tropic responses and identifying re-
gions of the root and shoot specialized for the perception of light and gravity. He also
predicted the existence of auxin by proposing the presence of a plant growth regulator
(hormone) whose gravity-induced redistribution across the tip of an organ might signal
differential growth. 

Since these discoveries, our analysis of tropic growth has expanded to include meas-
urements of responses to light, touch, and gradients in humidity, ions, chemicals, and
oxygen. However, only recently have the data converged to provide a picture of the phys-
iological, molecular, and cell biological processes that underlie plant tropisms. Thus, the
last few years have witnessed a true renaissance in the analysis of tropic response, mainly
driven by the marrying of modern tools and strategies in the fields of forward and reverse
genetics, biochemistry, cell biology, expression profiling, and proteomics, to a very care-
ful analysis of the growth process itself. 

When such analyses have been coupled with the utilization of model systems such as
Arabidopsis thaliana and rice, where their entire genome has been sequenced, these
strategies have provided an unprecedented power of resolution in our analysis of growth
behaviors. Consequently, our conception of tropisms has evolved from their being con-
sidered as simple laboratory curiosities to becoming important tools/phenotypes with
which to decipher basic cell biological processes that are essential to plant growth and
development. Thus, current insight into tropisms is intimately involved in our understand-
ing of auxin transport and response; cytoskeleton organization and its involvement in the
control of anisotropic cell expansion; the perception and transduction of stimuli such as
light, touch, humidity, ions, or oxygen; the biogenesis and function of organelles such as
plastids and vacuoles; and even the control of vesicular trafficking, to name but a few
(Blancaflor and Masson 2003). 

Of the tropic stimuli, our understanding of the mechanisms behind gravitropic and
phototropic response has shown extremely rapid advances in the last few years and, in



Chapter 1, Valster and Blancaflor describe our current models of gravitropic sensing in
plants, a theme further developed in Chapter 2, where Harrison and colleagues discuss
the molecular mechanisms behind transduction of the gravity signal. In Chapter 7, Braun
and Hemmersbach further explore sensing and signaling in plants by comparison to the
wealth of data on how single-celled organisms detect and respond to gravity. Similarly, in
Chapter 4, Mullen and Kiss describe the remarkably detailed knowledge we now have of
the mechanisms whereby plants perceive light and translate that cue into a phototropic
growth.

Despite Darwin’s prediction of the action of auxin in tropic response as early as 1880,
only recently have the mechanisms behind auxin transport and action been defined to the
molecular level. For example, we now understand that the relocalization of auxin trans-
porters is a central component regulating tropic response pathways and critical compo-
nents of the auxin transport pathway have been defined with molecular precision. In
Chapter 3, Muday and Rahman provide an overview of this extremely rapidly evolving
field.

Although individual tropic stimuli are often studied in a controlled laboratory setting,
nature provides a harsh environment where multiple vectorial stimuli often signal con-
flicting information for a plant organ. An important step in our conceptualization of plant
responses to such a complex environment has been the realization that organs not only
perceive and respond to each one of these parameters, but they also have to integrate and
interpret the corresponding environmental information into global “decisions” that man-
ifest themselves into complex growth behaviors. 

The integration of other tropic stimuli with the gravitropic response has recently re-
ceived intense analysis and, in Chapters 5 and 6, Monshausen and colleagues and Gladys
Cassab describe the wealth of tropic responses in plants and specifically how responses
to touch and moisture alter gravitropic response. Such integrated responses to combined
environmental cues appear to involve complex intra- and intercellular communications.
Recent analyses have uncovered some of these fascinating signaling events (Fasano et al.
2002), opening the possibility of, one day, being able to engineer plants that are capable
of using a defined set of directional cues for growth guidance while being oblivious to
other cues. Such engineering accomplishments could find applications in agriculture and
in more futuristic endeavors such as space exploration.

Indeed, spaceflight has offered researchers a unique opportunity to dissect tropic re-
sponse in the absence of the effects of gravity. However, in space, in addition to exposure
to microgravity, organisms also suffer from a lack of convection, growth-space limita-
tions, lower light exposures, and increased radiation levels. Hence, the spaceflight envi-
ronment appears quite unfavorable to plant success, and tropic responses are likely to be
altered accordingly. Because plants have been identified as an ideal choice for utilization
in bioregenerative life-support systems during long-term space exploration missions,
there is a definite need for a better understanding of their growth behavior and sustain-
ability during long-term exploration travels in order to prevent or overcome potential cat-
astrophic system breakdowns in the midst of a mission.

Recognition of this need recently fueled efforts at developing orbit-based experiments
on plant growth behavior and gravitropic sensitivity, eventually leading to the design and
building of the International Space Station where such studies can be carried out. Space
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experiments have added new information on plant growth responses to directional cues
such as gravity, light, or oxygen gradients and, in Chapter 8, Correll and Kiss describe
the opportunities that spaceflight has provided to understand how a range of such tropic
responses operate. 

However, spaceflight experimentation has also been plagued by a variety of constraints
that have diminished their potential scientific value. Hence, a combined approach, in-
cluding both ground- and orbit-based research, is necessary to gain a better understand-
ing of the behavior of plants and their organs under micro- or hypergravity environments
in the hope of being able to, one day, engineer cultivars that are better-adapted to the con-
ditions likely to be encountered during space exploration missions. 

Thus, the field of plant tropisms has received considerable attention in the last few years
for its impact on both basic understanding of plant growth and development and applied
aspects, such as crop response or application to spaceflight. We hope this book will pro-
vide a comprehensive yet integrated coverage of our current state of knowledge on the mo-
lecular and cell biological processes that govern plant tropisms, with major emphasis on
gravitropism (one of the most extensively studied plant tropisms). Our understanding of
tropic responses is rapidly increasing and, with each new insight, the potential to engineer
new traits into plants moves closer. Therefore, for the last chapter of the book we asked
Chris Brown and colleagues to present a vision for how our increasingly detailed under-
standing of these plant growth responses might translate into designing plants to sustain
human endeavors in perhaps the most inhospitable environment for life imaginable—
space.

Simon Gilroy
Patrick H. Masson
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1 Mechanisms of Gravity Perception in Higher Plants

Aline H. Valster and Elison B. Blancaflor*

3

1.1 Introduction

Plant growth and development is influenced by a multitude of exogenous and endogenous
signals. Among the signals a plant encounters during its lifetime, gravity is one that re-
mains constant throughout development. Since the plant needs to orient its organs to po-
sition itself within available environmental resources such as light and soil nutrients, the
gravity stimulus is significant for its survival. From the moment the seed germinates, the
seedling orients its emerging root such that it grows downward, toward the gravity vec-
tor, whereas it directs its shoot to grow upward, opposite the gravity vector. This phenom-
enon, referred to as gravitropism (geotropism in the older literature) requires the coordi-
nated response and interaction of different cell types. Furthermore, an array of cellular
structures and endogenous molecules, which in turn are modulated by a variety of envi-
ronmental stimuli including light, moisture, oxygen, and touch, eventually determine the
final manifestation of the gravity response (Blancaflor and Masson 2003; Morita and
Tasaka 2004; Perrin et al. 2005; Esmon et al. 2005).

Gravitropism has traditionally been divided into a series of events: gravity perception,
signal transduction, and the growth response (Sack 1991; Kiss 2000). In higher plants,
these events appear to take place in spatially distinct regions of the organ, in contrast to
tip-growing cells such as rhizoids of the green algae Chara and protonemata of moss and
Chara where, as discussed in Chapter 7, all phases of gravitropism occur within the same
cell (Sievers et al. 1996; Schwuchow et al. 2002). Since gravity must ultimately work on
a mass to exert its effect on a given biological system, it has been widely accepted that
plants sense gravity through falling organelles (statoliths) within specialized cells (stato-
cytes). Through the years, this model of plant gravity perception has been refined and al-
ternative hypotheses have been proposed, including the possibility that the settling of the
whole cell protoplast rather than sedimenting organelles is responsible for gravity sens-
ing (Staves 1997). A number of excellent articles which provide a historical perspective
on gravity perception in plants include Sack (1991, 1997) and Kiss (2000). The reader is
referred to these articles for an in-depth discussion and critical analysis of the experimen-
tal data that have led to current models on how plants sense gravity. 

In this chapter, we revisit the topic of gravity perception mechanisms, focusing prima-
rily on roots and shoots of higher plants. Although we occasionally refer to some of the
older literature, this chapter will highlight recent findings that are leading to new, testable
models explaining how plants sense gravity.

*Corresponding author



1.2 Identification and Characterization of Gravity Perception Sites in Plant Organs

Gravity has been shown to regulate the orientation of different plant organs such as roots,
shoots (Fukaki et al. 1998; Morita and Tasaka 2004; Perrin et al. 2005), leaves (Mano et
al. 2006), inflorescence stems (Weise et al. 2000), cereal pulvini (Perera et al. 2001), and
peanut gynophores (Moctezuma and Feldman 1999). The response to gravity in the ma-
jority of these plant organs is manifested as differential cell growth between opposite
flanks of the organ, leading to upward or downward bending. Since not all cells within
the organ undergo differential growth (Sack et al. 1990), an important question in grav-
itropism research is how the different cell and tissue types within the organ contribute to
the gravity response. A more specific question is whether the machinery for sensing grav-
ity occurs in the same sites as the responding tissues. 

To address these questions, research spanning two centuries has focused on elucidat-
ing the spatial regulation of gravitropism. For example, work that began with Charles
Darwin in the late 1800s and followed-up by several other investigators in the 1900s iden-
tified the cap as the major gravity perception site in roots (reviewed by Konings 1995;
Boonsirichai et al. 2002). These early experiments showed that surgical removal of the
root cap tissue inhibited the gravitropic curvature without affecting overall root growth.
In this section, we briefly review experimental evidence that has further reinforced the
existence of specific gravity-sensing sites, distinct from the responding tissues, in the
best-studied multicellular plant organs, namely roots, dicot stems, and grass pulvini.

1.2.1 Roots

As noted earlier, gravity must work on a mass to elicit a specific biological response.
Therefore, cells that would be prime candidates for perceiving gravity are those which ex-
hibit a distinct structural polarity with respect to the gravity vector. Indeed, detailed ultra-
structural studies of the cap of vertically growing roots in a variety of plant species re-
vealed that the central region of the cap (called the columella) contains cells with
organelles that are consistently positioned at the bottom of the cell (reviewed in Sack 1991,
1997). These organelles, later identified as starch-containing plastids called amyloplasts
(Figure 1.1A and Color Section), would rapidly change position (i.e., sediment) when the
root was reoriented. The sedimentation of amyloplasts is the most widely accepted expla-
nation for how plant organs sense gravity, a model currently known as the starch-statolith
hypothesis (refer to The Starch-Statolith Hypothesis section later in this chapter).

The identification of the cap, particularly the columella, as a major gravity-sensing site
in roots led many researchers to utilize roots as a model system for studying mechanisms
underlying plant gravitropic responses. This is because the apparent physical separation
of the gravity-sensing cells in the cap from the responding cells in the elongation zone in
angiosperm primary roots could, in theory, facilitate the analysis of individual phases of
gravitropism. For instance, more than a century after Darwin first reported on the neces-
sity of the cap for root gravitropism, laser ablation of Arabidopsis root cap cells allowed
a more detailed spatial analysis of specific cells within the columella region that con-
tributed most to the gravity response (Blancaflor et al. 1998). In this study, ablation of the
most centrally located root cap cells, namely the second story (S2) columella cells
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(Figure 1.2), had the strongest inhibitory effect on the gravity response—identifying
those specific cells of the cap as the most important for gravity sensing. Destroying the
lower part of the cap in horizontally positioned roots with heavy-ion microbeams also in-
hibited gravitropism, possibly by interfering with the cap tissue responsible for transmis-
sion of the gravity signal from the columella (Tanaka et al. 2002). 

Another set of studies implicating the root cap in the gravitropic response employed a
genetic approach to remove root cap cells. A protein synthesis inhibitor (diphtheria toxin
A) was expressed under a root cap specific promoter in Arabidopsis, killing the express-
ing cells (Tsugeki and Fedoroff 1999). In addition to having altered morphology, the re-
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Figure 1.1 (also see Color Section). A. Longitudinal section of the root cap of Medicago truncatula show-
ing the centrally located columella cells (c) containing starch-filled plastids (a, amyloplasts). Note that the
columella cells are highly polarized with the nucleus (n) located at the upper side of the cell and amyloplasts
(a) sedimented on the bottom side. B. Hypocotyl of a Medicago truncatula seedling bends upward when po-
sitioned horizontally. Longitudinal section of the reoriented hypocotyl shows amyloplasts (a) sedimented to
the new bottom side of the cell. White arrow indicates the direction of gravity. 

Figure 1.2. Brightfield and corresponding fluorescence micrograph of an Arabidopsis root cap expressing
the actin binding domain (ABD-2) of Fimbrin. Actin filaments in the centrally located columella cells, sto-
ries 2 and 3 (S2, S3) appear to have a finer structure than the peripheral cap (PC) and tip cells (TC). Bar =
20 µm.



sulting roots were agravitropic, providing further evidence that the cap is the primary site
of gravity perception in roots.

Despite overwhelming evidence supporting the cap as a major gravity-sensing site in
roots, there are sparse reports demonstrating that the root cap might not be the only tis-
sue that is able to perceive gravity. Early experiments employing centrifugation methods
suggested that the elongation zone might also be involved (reviewed in Boonsirichai et
al. 2002). However, these experiments are difficult to interpret because the centrifugation
technique itself possibly introduces mechanical effects that could contribute to the bend-
ing response of the root. More recently, Wolverton et al. (2002a) devised a method
(named ROTATO) that allowed different regions of the root outside the cap to be main-
tained at a defined angle to the vertical (continuously gravistimulated). If a section of the
elongation zone of the root was kept at a defined angle, curvature of the root persisted
even after the root cap had reached its normal vertical position. From these experiments
it was concluded that the elongation zone can contribute to gravitropic sensing, although
to a lesser extent than the root cap. It was estimated that 20% of the total rate of curva-
ture originates from the distal elongation zone or the apical portion of the central elonga-
tion zone.

The finding that the elongation zone contributes to root gravitropic sensing might ex-
plain why roots sometimes curve past the vertical and why starchless mutants of
Arabidopsis still have a residual gravitropic response (Wolverton et al. 2002a, b). In sup-
port of the notion that other tissues outside the cap can sense gravity was the recent ob-
servation that gravitropic curvature in decapped roots of maize can be restored by myosin
and actin inhibitors. This indicates the existence of a mechanism for gravity sensing out-
side the cap that relies on a dynamic cytoskeleton (Mancuso et al. 2006; see The
Cytoskeleton in Gravity Perception section). Although these new findings continue to
support the conclusion made more than a century ago that the root cap is a major site for
gravity perception, it appears that it may not be the sole site. The availability of
techniques such as ROTATO should allow more detailed investigations into alternative
gravity-sensing sites in roots.

1.2.2 Hypocotyls and Inflorescence Stems (Dicotyledons)

In contrast to roots, shoots exhibit negative gravitropism, meaning that they grow up-
ward. In shoots of dicots, sedimented amyloplasts were often observed in endodermal
cells adjacent to the vasculature, leading to the proposal that the endodermis might be the
primary gravity-sensing tissue in shoots (reviewed in Kiss 2000; Morita and Tasaka 2004;
see Figure 1.1B). However, it was not until the late 1990s that a better appreciation of the
importance of the endodermis for shoot gravitropism was realized. This was due to the
fact that, unlike the cap in roots, which is easy to microsurgically remove, the endoder-
mal cells in shoots are physically difficult to manipulate because of their internal loca-
tion within the organ. The isolation of a series of Arabidopsis mutants with defects in
shoot gravitropism (sgr) facilitated the genetic analysis of gravity-sensing and signaling
mechanisms in shoots (Morita and Tasaka 2004). Of particular importance was the iden-
tification of two Arabidopsis mutants (sgr1 and sgr7) that were allelic to the radial pat-
tern mutants scarecrow (scr) and short-root (shr), respectively. sgr1 and sgr7 were shown
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