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ABSTRACT: Expression of the Arabidopsis TCH genes is markedly upregulated in response to a variety 
of environmental stimuli including the seemingly innocuous stimulus of touch. Understanding the 
mechanism(s) and factors that control TCH gene regulation will shed light on the signaling pathways that 
enable plants to respond to environmental conditions. The TCH proteins include calmodulin, calmodulin-
related proteins and a xyloglucan endotransglycosylase. Expression analyses and localization of protein 
accumulation indicates that the potential sites of TCH protein function include expanding cells and 
tissues under mechanical strain. We hypothesize that at least a subset of the TCH proteins may 
collaborate in cell wall biogenesis. 
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INTRODUCTION 

 
 Plants are very sensitive to environmental stimuli and can undergo changes in physiology and development 
that acclimate them to their particular surroundings. For example, in response to gravistimulation, plant roots will 
turn to grow towards the gravity vector, while shoots will turn away. A more overall growth response occurs 
following mechanical stimuli such as touch and wind. Plants generally grow shorter and stockier and often become 
stronger or more flexible. These developmental changes, called thigmomorphogenesis, enable plants to withstand 
further environmental challenges, such as wind gusts. To begin to investigate how plants sense and respond to 
various environmental stimuli, we focus on the regulatory and functional characteristics of the Arabidopsis touch 
(TCH) genes. These genes are powerful molecular tools that enable an investigation into the mechanism(s) and 
signaling components involved in regulating plant gene expression in response to external stimuli. 
 In addition, the regulatory behavior of these genes indicates that the TCH gene products may function to alter 
physiology and development in ways to make plants more adapted to their environment. In this report, progress in 
the study of the regulation and functions of the Arabidopsis TCH genes is summarized. 
 
Complexity of TCH gene regulation of expression 
 The TCH genes were discovered serendipitously through experiments designed to identify differentially 
expressed genes (Braam and Davis, 1990). Control experiments led to the discovery that these genes were 
upregulated in expression by seemingly innocuous mechanical stimuli, like touch, wind and water spray. 
Subsequently, it was found that TCH gene expression is also induced by stimuli that do not appear to share 
mechanical properties, such as darkness and temperature shocks (Braam and Davis, 1990; Braam, 1992; 
Polisensky and Braam, 1996). Expression of at least a subset of the TCH genes is also upregulated by applying 
auxin and/or brassinosteroid to plants (Antosiewicz et al., 1995; Xu et al., 1995). Regulation of TCH gene 
expression by the various inducing stimuli has three salient characteristics, as illustrated in the example shown in 
Fig. 1.  
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Fig. 1. Rapid, strong and transient upregulation of TCH gene expression. Plants were left alone as controls (lane 0) or stimulated by spraying 
with water and harvested at the time points indicated above each lane. The RNA was purified, size-separated on formaldehyde gels, blotted to 
filters and hybridized with the cDNA probes listed at left. Tubulin is used as a control to demonstrate that similar amounts of RNA are loaded in 
each lane. From Braam and Davis 1990 

 
 The increase in TCH mRNA levels following stimulation is of high magnitude. TCH gene induction of 
expression occurs very rapidly in stimulated plants; however, the kinetics of expression vary depending upon the 
particular TCH gene and the inducing stimulus. Increased levels of TCH mRNAs are apparent by Northern analysis 
within 10 min (the shortest time assayed) of treating plants with stimuli (Braam and Davis, 1990; Braam, 1992). 
Induction of expression is transient; in the example shown, TCH mRNAs return to steady-state levels by 1-3 h. This 
behavior indicates that the TCH mRNAs must have high turnover rates. Therefore, in response to unrelated stimuli, 
TCH gene expression is strongly and rapidly turned on and, at least in part as a consequence of rapid RNA 
turnover, gene expression is rapidly turned off. 
 
Identities and functions of the TCH gene products 
 TCH1 encodes calmodulin. The TCH genes are rapidly and dramatically upregulated by environmental stimuli; 
therefore, the TCH gene products may have roles in the developmental and physiological responses of Arabidopsis 
to the environment. Sequencing of the TCH cDNAs revealed that TCH1 encodes one of the Arabidopsis CaMs 
(Braam and Davis, 1990). Zielinski and colleagues (Ling et al., 1991; Perera and Zielinski, 1992; Gawienowski et 
al., 1993) have found that there are at least six expressed CaM genes in Arabidopsis, and at least three of these 
are inducible by touch stimulation (Braam and Davis, 1990; Ling et al., 1991; Perera and Zielinski, 1992). 
 Calmodulin has four Ca

2+
 binding sites and is a major Ca

2+
 receptor in cells (for review, see Roberts and 

Harmon, 1992). When cytoplasmic [Ca
2+

] increases, CaM binds Ca
2+

 and undergoes conformational changes such 
that it interacts with and modifies the activity of a variety of target proteins. In this way, CaM is thought to mediate 
many of the cellular changes evoked in response to [Ca

2+
] flux. Thus, TCH1 and the other Arabidopsis CaMs likely 

have roles in cellular signal transduction. 
 TCH3 is a novel Ca

2+
-binding protein. We deduced the TCH3 amino acid sequences from the TCH3 cDNA 

(Sistrunk et al., 1994) and found that TCH3 has six potential Ca
2+

 binding sites of the EF-hand type. Each site is 
composed of the appropriate amino acids required to coordinate Ca

2+
 (Strynadka and James, 1989). Using a Ca

2+
 

specific electrophoretic mobility-shift assay, we demonstrated that TCH3 is capable of binding Ca
2+

 (Sistrunk et al., 
1994). The amino acid sequence of TCH3 is significantly different from that of CaM, indicating that if TCH3 
functions by modulating target protein activities, these targets would likely be distinct from those of CaM. It is 
possible that TCH3 has other, presumably Ca

2+
-dependent, functions. For example, it may bind Ca

2+
 so as to 

sequester or transport the ion; these activities have been attributed to other CaM-related proteins (for review, see 
Heizmann and Hunziker, 1991). To gain insight into the physiological roles of TCH3, we investigated the 
expression pattern of the TCH3-uidA reporter gene constructs and the immunolocalization of the TCH3 protein. 
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The patterns of TCH3-driven uidA expression and TCH3 protein accumulation were very similar, indicating that the 
results from these analyses most likely reflect endogenous TCH3 expression patterns (Sistrunk et al., 1994; 
Antosiewicz et al., 1995). Several of the sites of accumulation of TCH3-controlled GUS activity and TCH3 protein 
are locations where significant mechanical strain would be expected. 
 For example, TCH3-uidA (Sistrunk et al., 1994) is expressed and TCH3 protein accumulates (Antosiewicz et 
al., 1995) where secondary branches and cauline leaves emerge from the primary stem; these attachment points 
likely experience mechanical strain due to the weight of the branching structure. In addition, TCH3-uidA expression 
(Sistrunk et al., 1994) and TCH3 protein accumulation (Antosiewicz et al., 1995) are strong in the cells of the 
vascular tissue; these tissues are subjected to pressure and tension. Therefore, it is possible that TCH3 expression 
is upregulated not only in response to exogenous mechanical stimuli, but also in response to mechanical stress 
that develops during morphogenesis. 
 Furthermore, TCH3 may function to generate changes in cells and/or tissues that result in greater strength or 
flexibility. Touch-induction of TCH3 expression may also play a role in thigmomorphogenesis, the physiological 
changes that occur in plants following touch or wind stimulation (for reviews, see Jaffe and Forbes, 1993; Mitchell 
and Myers, 1995). The TCH3-uidA reporter gene is also expressed in regions of growth (Sistrunk et al., 1994) and 
TCH3 protein accumulates in cells undergoing expansion (Antosiewicz et al., 1995). The protein TCH3 

accumulates in developing trichomes and in expanding cells that give rise to the midrib area of developing leaves. 
In the roots, TCH3-uidA is most strongly expressed in the elongation zone.  
 

CONCLUSION 
 

 Regulation of TCH expression may be a common and rapid response to diverse stimuli that could represent 
one of the earliest steps in plant adaption to environmental stress. Determining the mechanism(s) and regulatory 
factors involved in TCH gene expression and understanding the biochemical and cellular functions of the TCH 
gene products will shed light on how plants which are bombarded by diverse and changing environmental stimuli 
undergo appropriate physiological alterations that enable survival. 
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