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A b s t r a c t. The gravity-induced mechanical touch stimu-
lus can affect plant root architecture. Mechanical touch responses 
of plant roots are an important aspect of plant root growth and 
development. Previous studies have reported that Arabidopsis 
TCH1-3 genes are involved in mechano-related events, how- 
ever, the physiological functions of TCH1-3 genes in Arabidopsis 
root mechanoresponses remain unclear. In the present study, we 
applied an inclined hard agar plate method to produce mechani-
cal touch stimulus, and provided evidence that altered mechanical 
environment could influence root growth. Furthermore, tch1-3 
Arabidopsis mutants were investigated on inclined agar surfaces 
to explore the functions of TCH1-3 genes on Arabidopsis root 
mechanoresponses. The results showed that two tch2 mutants, 
cml24-2 and cml24-4, exhibited significantly reduced root length, 
biased skewing, and decreased density of lateral root. In addition, 
primary root length and density of lateral root of tch3 (cml12-2) 
was significantly decreased on inclined agar surfaces. This study 
indicates that the tch2 and tch3 mutants are hypersensitive to 
mechanical touch stimulus, and TCH2 (CML24-2 and CML24-4) 
and TCH3 (CML12-2) genes may participate in the mechanical 
touch response of Arabidopsis roots.

K e y w o r d s: mechanical touch stimulation, TCH1-3 genes, 
root growth, Arabidopsis

INTRODUCTION

Mechanical stimulus experienced by roots induces con-
tinuous root response as roots are growing in soil (Gleeson 
et al., 2012). In natural environment, the main sources of 
mechanical stimulation for plants are wind, touch, rain and 
obstacle (Coutand, 2010). Higher plant roots change their 
growth patterns in response to these mechanical stimuli 
(Okada et al., 1990). When root tips encounter obstacles 
in soil, they avoid the obstacles by changing the direction 

of their growth (Monshausen and Gilroy, 2009b). Besides, 
the positive gravitropism and touch stimuli can affect many 
growth patterns of plant roots on the surface of agar, such 
as waving, skewing, helix and circumnutation (Chehab 
et al., 2009; Migliaccio et al., 2013; Okada and Shimura, 
1990; Silverberg et al., 2012). Therefore, exploring the cel-
lular and molecular basis of roots mechanoresponses is of 
great importance for fundamental plant biology and agri-
cultural practice.

Gravity-induced touch stimulus can give rise to two 
characteristic root growth patterns of Arabidopsis, waving 
and skewing, when Arabidopsis seedlings grow on impene-
trable and inclined agar surface (Okada and Shimura, 1990; 
Rutherford and Masson, 1996). This altered growth beha- 
viour is proposed to be a touch-induced resistance based 
on gravity perception or response and may enable the fine 
navigation ability of plant roots during growth through soil 
(Massa and Gilroy, 2003). In addition, root branching can 
also be affected by mechanical forces (Richter et al., 2009). 
Previous studies have reported that lateral roots emerge 
from the convex side of a curved root, whether the curva-
ture is formed by waving or physical bending (Ditengou 
et al., 2008; Richter et al., 2009). Despite these many 
mechanical-induced root growth behaviours, the molecular 
mechanisms of mechanoresponse remain largely unknown 
(Monshausen and Gilroy, 2009a,b). 

In order to explore the molecular mechanisms of me- 
chanoresponses in Arabidopsis root, Braam and Davis 
(1990) isolated four touch-induced TCHs (touch induc-
ible genes). Among the four genes, TCH1-3 genes 
encode Calmodulin (CaM) and Calmodulin-like (CML) 
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proteins, which suggests potential involvement of Ca2+ 
and potential Ca2+ receptors in Arabidopsis mechano- 
responses (Braam and Davis, 1990). Although recent re- 
ports implicate intracellular Ca2+ as the second message 
in plant mechano-transduction pathways leading to appro- 
priate mechanoresponses, such as primary root elongation 
and lateral root initiation (Monshausen et al., 2009; Richter 
et al., 2009), mechano-related functions of TCH1-3 genes 
have not been investigated.

The effects of numerous genes on mechanoresponses 
of roots have been demonstrated (Braam, 1992; Braam and 
Davis, 1990; Lee et al., 2005), however, the functions of 
TCH1-3 in the mechanoresponses are still unclear. Thus, 
in the present work, we took advantage of root length, ske- 
wing degree, and the density of lateral root (DLR) assays 
to explore the potential mechanoresponses functions of 
TCH1-3 genes in Arabidopsis root behaviours using a re- 
verse genetic approach. We found that the tch1-3 mutants 
roots tested showed distinct phenotypic consequences on 
inclined agar surface. This study indicated that tch2 and 
tch3 mutants were hypersensitive to increased levels of 
mechanical stimuli, namely the normal function of the 
TCH2 (CML24-2 and CML24-4) and TCH3 (CML12-2) 
might be necessary for Arabidopsis primary root in response 
to mechanical touch stimulus.

MATERIAL AND METHOD

The wild-type (WT) tch1 (cam2-1 and cam2-3), tch2 
(cml24-2 and cml24-4) and tch3 (cml12-2) Arabidopsis 
mutants were used in this study (Tsai et al., 2007). 
Arabidopsis seeds were surface-sterilised with 75% etha-
nol for 1 min and half-strength bleach for 10 min. Sterilized 
seeds were cold-treated at 4oC for 2 days before being sown 
on a growth medium containing half-strength Murashige 
and Skoog and 1.5% (w/v) sucrose, and solidified with 
1.2% (w/v) agar (Sigma, product No. A4675), pH 5.8. The 
plates were sealed with micropore tape and grown at 22°C 
with a 16 h light/8 h dark cycle before imaging. 

In the present study, mechanical touch stimuli were 
performed as previously described (Okada and Shimura, 
1990). The 2 days cold-treated Arabidopsis seeds were 
sown on the agar surface of the growth medium (each plate 
with 8 seeds in a row). The plates were placed in racks 
where they were maintained at 0, 15, 30, 45, and 60° angles 
from the gravity vector (Fig. 2A), and then incubated at 
22oC with a 16 h light/8 h dark cycle before imaging.

On inclined agar plates, the hard agar surface presents 
a barrier that mechanically impedes the root, while at the 
same time downward growth in response to gravity causes 
the root tip to continuously push against the agar surface. 
The resulting mechanical cues influence the primary root 
growth and development and primary root tip direction, 
as well as the lateral root formation. To test the mechano- 
response behaviour of tch1~3 mutants under mechanical 

stimuli, we took the average length and skewing angle of 
primary roots and lateral root density into consideration. 
The primary root length and root skewing were measured 
after 7 days of cultivation. Photographic images were taken 
above each plate with an Olympus FE-320 digital camera. 
Primary root length (mm) was defined as the actual length 
starting from the shoot-root junction to the root tip. Root 
skewing degree was defined as the angle between the gravi- 
tational vector and the growth vector starting from the 
shoot-root junction to the root tip. The positive value was 
referred to left skewing, while the negative value was 
referred to right skewing. Density of lateral root (No./mm) 
was customarily calculated as the ratio between the number 
of lateral roots and the total length of the primary root after 
12 days of cultivation. 

Projections of microscopy and all digital measure-
ments were performed with Image J 1.46 software (NIH, 
USA), and all statistical analyses were performed by IBM® 
SPSS® Statistics software (IBM, Armonk, NY, USA), and 
all figures were plotted with Origin 8.5.1 (Origin-Lab 
Corporation, USA). Statistical analysis was carried out 
using Student t test.

RESULTS

In our study, to explore the effects of mechanical 
touch stimulus on root growth and development, we had 
to establish an effective mechanical stimulus approach. To 
this end we chose to cultivate wild-type Arabidopsis seeds 
on 15, 30, 45, and 60° inclined and vertically positioned 
agar plates. Roots growing along the surface of agar were 
mechanically stimulated by contact between the root tip and 
the agar surface, and the level of mechanical touch stimulus 
could increase with the plate angle (Okada and Shimura, 
1990; Thompson and Holbrook, 2004). Quantitative analy- 
sis showed that mechanical touch stimulus significantly 
stimulated primary roots elongation at 30° from the vertical 
(Fig. 1A). However, the high level of touch stimulation 
(30° < q < 60°) would inhibit primary roots elongation. Fur- 
thermore, as seen in Fig. 1B, mechanical touch stimulus 
could promote lateral root growth and development, and 
the DLR was significantly increased at 30° from the verti-
cal. As the characteristic root growth pattern on the surface 
of agar plate, the skewing growth pattern was reported 
by numerous studies (Monshausen and Gilroy, 2009b; 
Oliva and Dunand, 2007; Qi and Zheng, 2013; Wang et 
al., 2011). In our experiments, the results showed that 
primary roots exhibited slight, insignificant left skew-
ing at 30° from the vertical (Figs 1C and 3A), indicating 
that the roots growth direction was along the gravitational 
vector on inclined plates. Those results show that culti-
vating seedlings on inclined agar surface is sufficient to 
develop a mechanical touch stimulus, and at 30° inclined 
condition the mechanical force was more capable to 
affect both the primary root elongation and direction and 
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the lateral root formation. Taken together, we selected 
the 30° from the vertical cultivating environment for sub- 
sequent experiments.

According to the results above, we found that the 
effects of touch stimulus on root growth and development 
were different, and significant discrepancies were exhib-
ited at 30° from the vertical (Fig. 1D). Therefore, to assess 
tch1 (cam2-1 and cam2-3), tch2 (cml24-2 and cml24-4), 
and tch3 (cml12-2) responses to mechanical touch stimu-
lation, root growth was analyzed in seedlings growing 
at 30° from the vertical. When grown on inclined plates, 
tch1-3 mutant roots displayed indistinguishable waving 
patterns from those of WT (Fig. 3), but they were apparent 
(Okada and Shimura, 1990). Quantitative analysis revealed 
that primary root length of tch1 (cam2-1 and cam2-3) 
mutants was significantly longer (p < 0.05) than that of WT 
(Fig. 2B). However, the primary roots elongation of tch2 
(cml24-2 and cml24-4) and tch3 (cml12-2) was significant-
ly inhibited (p < 0.05 or 0.01) on the inclined agar plates 

(Fig. 2B). These suggested that CML24 and CML12 were 
involved in promoting primary root elongation in response 
to mechanical stimulus.

In addition, the root skewing degree of tch1-3 Arabi- 
dopsis primary roots exhibited the left- or right-skewing 
phenotypes in response to mechanical touch stimulus 
(Figs 2C and 3). However, two functionally disrupted 
points mutant lines for tch2, cml24-2 and cml24-4 exhib-
ited significantly right- and left-skewing behaviour relative 
to that of WT, respectively (Figs 2C, 3E, 3F). In our experi-
ments, all the primary roots presented the waving growth 
pattern when growing on inclined agar plates, while pri-
mary roots of tch2 mutants appeared to skew towards one 
side, suggesting that CML24 and CML12 inhibited primary 
root growth direction under mechanical stimuli.

The lateral root is one of the most important organs for 
plant growth and development. The DLR is widely used in 
current literature, representing an estimation of overall bio-
mass of the root system (De Smet et al., 2012; Dubrovsky 
et al., 2006). To explore the effects of mechanical touch 
stimulus on lateral root growth and development of tch1-3 

Fig. 1. The wild-type roots response to various angles of hard agar surface (0, 15, 30, 45, and 60° from the vertical). A – average length of 
primary root, B – density of lateral root, C – skewing angle of primary root, D – both primary roots and lateral roots exhibit significant discre- 
pancies at 30° from the vertical compared to the other groups. Data are means ± SD (n>40); *p < 0.05, **p < 0.01, t test.
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mutants, we analyzed the DLR of all mutants after 12-day 
cultivation. Our results showed that mechanical touch 
stimulus could increase the DLR of WT at 30° from the 
vertical (Fig. 1B). However, quantitative analysis showed 
that the DLR of tch2 (cml24-2 and cml24-4) and tch3 (cml 
12-2) were significantly (p < 0.01) decreased (Fig. 2D) on 
inclined plates (30°), indicating that CML24 and CML12 
were involved in mechano-touch responses of lateral roots. 
Remarkably, the DLR of tch1 (cam2-1 and cam2-3) was 
significantly (p < 0.01) increased at 30° from the vertical 
(Fig. 2D), so it was possible that the TCH1 gene defect had 
no effect on mechanical stimulation of lateral root forma-
tion, or it suppressed periodically lateral root formation to 
some extent; all these need further verification.

DISCUSSION

Although more and more reports demonstrate the fun-
damental function of mechanostimulus in the regulation 
of plant growth and development, the molecular basis for 

plant mechanoresponses is still largely unknown (Chehab 
and Eich, 2009; Coutand, 2010; Monshausen et al., 2009; 
Monshausen and Gilroy, 2009a; Telewski, 2006). In the 
present study, we investigated the touch mechanoresponses 
of Arabidopsis roots, and found that the touch stimulus 
could affect both the primary root and lateral root growth 
behaviour. To further explore the effect of touch stimulus 
on regulating root growth, tch1-3 Arabidopsis mutants 
were used to reveal the potential functions of TCH1-3 
genes in Arabidopsis root mechanoresponses by reverse 
genetic approach (Tamura et al., 2010). In our mechanical 
stimulation model, the force acting on roots is a complex 
resultant, the force arising from the contact between the 
root tip and the agar surface being beyond quantification. 
In our experiments we just selected a fixed inclined angle 
(30° from the vertical), which would develop a sustainable 
and stable resultant force on roots. Under this condition, we 
discussed the function of TCH1~3 in response to mechani-
cal stimuli.

Fig. 2. Effects of mechanical touch stimulus on root growth of tch1-3 mutants. A – schematic diagram of touch stimulation; plates 
maintained at 0, 15, 30, 45, and 60° angles (q) between the root growth axis and the gravity vector; B, C, and D – represent primary 
root length, root skewing and DLR of tch1-3 and WT on inclined plates, respectively. In panel (C), positive values refer to left skewing, 
while negative values refer to right skewing. Explanations as in Fig. 1.
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Gravity-induced touch stimulus can result in primary 
root waving and skewing on hard agar surface (Oliva and 
Dunand, 2007). Although waving and skewing are two 
growth behaviours usually occurring at the same time, 
skewing can also be found without obvious waving (Yuen 
et al., 2005). Our observation also supports the uncoupling 
of these two behaviours (Fig. 3). All the mutants tested in 
this work exhibited similar waving behaviours to those 
of the WT. However, evidence supporting the conclusion 
that tch2 root response to mechanical cues comes from 
the analysis of mechanically stimulated roots growing 
on tilted agar plates and other mechanostimulus (Braam, 
1992; Henry-Vian et al., 1995; Sistrunk et al., 1994; Wang 
et al., 2011). We have found that tch2 roots growing on 
inclined plates appear left- and right skewed compared 
with those of WT (Fig. 2C, 3E, 3F). These results suggest 
that the activities of CML24-2 and CML24-4 could repress 
touch-induced root phenotypes. Furthermore, the increased 
repressions observed in cml24-2 and cml24-4 mutants are 
greater than that of WT, indicating that the tch2 root is 
hypersensitive to an increase in mechanical stimulus, and 
the tch2 mutants roots make use of a positive regulatory 
pathway that activates skewing in response to touch stimu-

lus. In other words, the activities of CML24-2 and CML  
24-4 could regulate the Arabidopsis root growth behaviour 
in response to mechanical touch stimulus.

Noteworthy is the fact that the loss of CML24 and CML 
12 activities has opposing effects on root length. In touch 
stimulated tch2 and tch3 mutant roots, average length 
of primary roots is shorter while skewing is enhanced, 
indicating that CML24 and CML12 activities promote 
the elongation and inhibit the skewing of primary roots 
responding to mechanical cues. This phenomenon could 
explain the opposing effects of CML24 and CML12 on 
touch-stimulus, and gravity-mediated growth is as follows: 
the proteins can reduce skewing and promote elongation 
indirectly, by reinforcing gravity responses when mechani-
cally stimulated (Gleeson et al., 2012). Besides, from 
Fig. 2 we believe that the sensitivity of CML12 to mechani-
cal stimulus is possibly lower than that of CML24, because 
the remarkable defective mechanoresponses behaviour of 
cml24 is more distinct than that of cml12. However, the 
specific mechanisms need further verification.

The lateral root could improve the capability of the root 
system to acquire nutrients and water. In addition, the DLR 
is one of the most important indexes to evaluate the lateral 
root development (De Smet et al., 2012; Dubrovsky et al., 

Fig. 3. Growth patterns of agar surface-grown primary roots of tch1-3 mutants and WT Arabidopsis. Examples of primary roots of 
7-days-old WT (A), cam2-1 (B), cam2-3 (C), cml12-2 (D), cml24-2 (E) and cml24-4 (F) grown on agar surfaces. Note the similar wav-
ing growth of all the genotypes, and that cml24-2 roots skew significantly to the right and cml24-4 roots skew significantly to the left 
(Bar scale in A-F=10 mm).
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2006). Previous studies have reported that the lateral root is 
conducive to plant response to mechanostimulus, especial-
ly the mechanical bending (Ditengou et al., 2008; Hamant 
et al., 2008; Richter et al., 2009). In our experiments, the 
appropriate mechanical touch stimuli (at 30 and 45° from 
the vertical) could significantly stimulate (p < 0.01) the 
lateral root development of WT (Fig. 1B), which was con-
sistent with that mentioned above. Moreover, the DLR 
of cml24 and cml12 are lower than those of the others 
(Fig. 2D), indicating that CML24 and CML12 are involved 
in mechano-touch responses of lateral roots.

Although we did not discover the significant defective 
mechanoresponses behaviour of tch1 in our work, the func-
tional redundancy of CAMs and CMLs family may remedy 
the defective function of the deficiency of TCH1 (Delk et 
al., 2005; McCormack and Braam, 2003; McCormack et 
al., 2005). Taken together, the normal function of the TCH 
1-3 genes may be necessary for Arabidopsis primary root 
mechanoresponse in the present study, especially TCH2 
(CML24-2 and CML24-4) and TCH3 (CML12-2), and the 
potential roles of CAMs and CMLs in mechano-related 
physiological events will also be an important future 
research direction.

CONCLUSIONS

1. The 30° from the vertical cultivating condition is 
the most favourable and efficient to produce a sustainable 
and stable mechanical touch stimulus in the growing root 
system of Arabidopsis. 

2. TCH2 (CML24-2 and CML24-4) and TCH3 (CML 
12-2) genes are involved in the response to mechanical 
stimuli in Arabidopsis root system, while the role of TCH1 
in root system mechanoresponses seems to be not impor-
tant, which still needs further exploration.  
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