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Arabidopsis root

o Symmetric structure
o Few cell types
o Transparent tissue
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cut 5 dpc4 dpc3 dpc2 dpc1 dpc

50 µm

dpc = days post-cut

Root tip regeneration



Arabidopsis roots
in electric field



Unperturbed 
regeneration sequence

pSCR::H2B::YFP

mock

2.5V/cm

uncut 1 dpc 2 dpc 4 dpccut

Kral, N., Hanna Ougolnikova, A., & Sena, G. (2016). Externally imposed electric field enhances plant root tip regeneration. 
Regeneration, 3(3), 156–167



Regeneration 
competence

RT =

Kral, N., Hanna Ougolnikova, A., & Sena, G. (2016). Externally imposed electric field enhances plant root tip regeneration. 
Regeneration, 3(3), 156–167



Distal cut

Post-cut exposure

2.5V/cm

Kral, N., Hanna Ougolnikova, A., & Sena, G. (2016). Externally imposed electric field enhances plant root tip regeneration. 
Regeneration, 3(3), 156–167



Median cut

Enhanced 
regeneration competence

2.5V/cm

Kral, N., Hanna Ougolnikova, A., & Sena, G. (2016). Externally imposed electric field enhances plant root tip regeneration. 
Regeneration, 3(3), 156–167



Proximal cut

2.5V/cm

Kral, N., Hanna Ougolnikova, A., & Sena, G. (2016). Externally imposed electric field enhances plant root tip regeneration. 
Regeneration, 3(3), 156–167

Enhanced 
regeneration competence



uncut 0 hrs 3 dpc 2 dpc 1 dpc 4 dpc 

Median cut
RT = 30min

CYCB::GFP

Reduced
cell proliferation?

Kral, N., Hanna Ougolnikova, A., & Sena, G. (2016). Externally imposed electric field enhances plant root tip regeneration. 
Regeneration, 3(3), 156–167



Median cut, RT = 30’
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Tropism = growth towards/away from stimulus

Magazine
R275

as actin assembly regulation. Also, in 
neuroblastoma cells, cofilin association 
with the mitochondrial outer membrane 
is needed for stress- induced release 
of cytochrome c and consequent 
apoptosis. In addition, studies of 
cofilin activity modulation revealed that 
actin dynamics play important roles 
at the Golgi in sorting of membrane 
cargo targeted to neuronal axons or 
apical membrane of epithelial cells. 
Vertebrate ADF and cofilin have a 
nuclear localization sequence which 
allows them to chaperone actin into 
the nucleus.

Do these proteins contribute 
to diseases or developmental 
abnormalities? In stressed cells, 
when ATP declines and  
ADF/cofilin is hyperactivated  
through dephosphorylation,  
ADF/cofilin- saturated actin filament 
bundles may form. In neurons these 
bundles form within axons and 
dendrites, block neurite transport and 
contribute to synaptic dysfunction; 
similar structures have been 
identified in the brains of humans 
with Alzheimer’s disease. Mutations 
in cofilin-2 have been linked to a form 
of nemaline myopathy in muscle. 
Cofilin- null mice are embryonic lethal 
due at least in part to migration 
defects, but tissue-specific silencing 
of cofilin in the brain reveals its 
requirement for the formation of the 
cortical layers. ADF null mice are 
viable but go blind about 4 weeks 
after birth due to corneal thickening. 

Where can I find out more? 
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Mechanism of actin filament turnover 
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13–23.
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mediated neurodegeneration in Alzheimer’s 
disease and other amyloidopathies. Mol. 
Neurobiol. 35, 21–44.
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Biol. 171, 349–359. 

Ono, S. (2007). Mechanism of depolymerization 
and severing of actin filaments and its 
significance in cytoskeletal dynamics. Int. Rev. 
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Pak, C.W., Flynn, K.C., and Bamburg, J.R. (2008). 
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Indeed, plants exhibit exquisite 
sensitivity to their surroundings, 
possessing a wide array of sensory 
systems needed to monitor 
the environment and respond 
appropriately. It is not surprising 
therefore to see tropic responses  
to a host of environmental signals. Thus, 
plants have been shown to be able to 
elicit directional growth responses to 
stimuli as varied as gradients in water 
and mineral nutrient availability, gravity, 
light, touch, temperature and even 
electrical fields and gradients in oxygen 
availability (Figure 1). All are thought to 
contribute to the adaptive success of 
the plant by directing growth towards 
resources or away from potentially 
harmful environments.

Plant tropisms and auxin
The directional aspect of tropic 
growth in plants arises from 
asymmetrical elongation of cells on 
either side of the responding organ 
(Figure 2). Because plant cells are 
inseparable due to their cell walls, 
they cannot move relative to one 

Plant tropisms
Simon Gilroy

When animals are challenged with 
an environmental stimulus, be it the 
setting of the sun or the need to find 
food, behavioral and movement-based 
responses are the norm. In contrast, 
plants are sessile — literally rooted 
to the spot — and so must react 
to these same challenges through 
physiological and developmental 
pathways. These differences in 
lifestyle can be distilled to the view 
that while animals move through their 
environment, plants grow through 
theirs. This is a fundamental feature 
of how plants adapt to the challenges 
of their surroundings and results in 
plant growth being highly plastic, i.e. 
being determined to a large degree by 
environmental stimuli rather than the 
strict adherence to a genetic blueprint 
that governs, for example, the extent 
of human development. One element 
in the suite of growth responses 
that plants employ to perform this 
plastic, environmentally entrained 
developmental program is directional 
growth in response to a directional 
stimulus — a tropism.

In addition to responding to 
environmental insults such as 
herbivory and pathogen attack, plants 
need to explore their environment 
for the staple nutritional resources 
that support life. Therefore, plants 
principally hunt their surroundings 
for an adequate supply of water, 
mineral nutrients, light and, in some 
cases, even physical support. 
Unfortunately, this is no easy task as 
these resources are highly variable in 
distribution in both space and time. 
For example, mineral nutrients tend 
to form patches in the soil, water 
levels and distribution can change 
dramatically from day to day, and even 
the available light for photosynthesis 
will change its direction every minute 
as the sun tracks across the sky. 
Being able to monitor the direction of 
these changes and then grow towards 
the appropriate resource provides 
the plant with an enhanced ability 
to exploit its surroundings. Such 
tropisms are ubiquitous in plants  
and are key to their adaptability to the 
changing world around them. 
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Light
(phototropism)

 

Touch
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Gravity
(gravitropism)

Water
(hydrotropism)

Gravity
(gravitropism)

Gravity
(gravitropism)

Current Biology

Figure 1. Plant tropisms.
Plants respond to many directional cues from 
the environment with directional growth re-
sponses called tropisms. The growth response 
can be towards (positive) or away from (nega-
tive) the stimulus as seen in the positive grav-
itropism of the root and negative gravitropism 
of the stem. Each organ can simultaneously 
exhibit several tropic responses, for example, 
a root encountering a barrier to growth, such 
as a rock. This root exhibits a thigmotropic re-
sponse to the touch stimulation to circumvent 
the obstacle, and then a gravitropic response to 
restore the downward trajectory of the root tip.
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Tropisms

• Gravitropism (gravity)

• Phototropism (light)

• Hydrotropism (water)

• Oxytropism (oxygen)

• Electrotropism (electric charges)

• Thermotropism (temperature)

• Thigmotropism (pressure)

• Chemotropism (molecules)

• …
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Root electrotropism:
phenomenology
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on	asymmetric	cell	elongation	 in	 the	same	part	of	 the	root	 (Figure	11),	effectively	re-orienting	the	

root	tip	(Muday	2001).		

													 	

Figure	10:	Examples	of	some	of	the	tropisms.	Adapted	with	permission	from	(Gilroy	2008),	copyright	by	Elsevier.	

	

	Figure	 11:	 Description	 of	 cellular	 mechanism	 behind	 plant	 tropism.	 Asymmetrical	 cell	 elongation	 caused	 by	 signal	
gradient	results	in	roots	readjusting	their	direction	of	growth.	

A	 number	 of	 tropisms	 have	 been	 identified,	 both	 for	 guided	 growth	 of	 root	 towards	 the	

source	of	stimulus	as	well	as	away	from	the	stimulus.	The	most	studied	of	tropisms	is	gravitropism,	

when	primary	root	tip	is	reoriented	towards	earth’s	gravity	field	(Hangarter	1997)	and	lateral	roots	

E

?

Possible
mechanism?
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Kotnik T, Bobanović F, Miklavcˇicˇ D (1997) Sensitivity of transmembrane voltage induced by applied electric fields—A 
theoretical analysis. Bioelectrochemistry and Bioenergetics 43:285–291

286 T. Kotnik et al. / Bioelectrochemisto, and Bioenergetics 43 (1997) 285-291 

account the geometric and material properties of the cell and the surrounding medium (Fig. 1), the position-dependent A@ m 
follows the expression: 

A~m(t)=f~ERcosO[l-exp( - t ) ]  (1) 

where E is the strength of the electric field, R is the celt radius, 0 is the polar angle measured with respect to the direction 
of the field, f~ is a function reflecting the electric and dimensional properties of the cell and the surrounding medium (for a 
course of derivation, contact the authors): 

3~o[3dR2~, + (3d2R - d3)( A m - Ai)] 
f~=  2R3(Xm+EXo)(Am+~a~)  2 (R  3 (2) I __ - a )  ( X o  - A m ) (  }[i - - / ~ m )  

and ~- is the time constant of the membrane which reads [8]: 
RCm 

r =  2AoA i R (3) 
- -  + - ~ A  m 2 Ao + h i 

Symbols in Eqs. (2) and (3) are defined .in Fig. I. 
In the treatment of induced transmembrane voltage, two simplifications are usually made. Firstly, the membrane is 

considered to be absolutely insulating. This causes the function f~ to take the form of a constant: 
3 A m=O ~ f ~ = ~  (4) 

and Eq. (1) reduces to: 

[ (')] Aq~m(t ) = ~ERcos 0 1 - e x p  - ~ (5) 

Secondly, it is often assumed that the time constant of the cell membrane is much smaller than duration of the exposure 
to the field (i.e., pulse duration). In this cage, the exponential time dependence approaches the static asympt,,tic value: 

which further simplifies Eq. (5) to yield the well known expression for the induced transmembrane voltage [9]: 
~ ER cos 0 (7) a m-- 

An experimemel evaluation of the induced transmembrane voltage [10] gave significantly lower values of f ,  than the 
theoretical estimation obtained from Eq. (7) (i.e., f~ = 1.5). The authors suggested that the derivation should be reexamined 
without neglecting the membrane conductivity. The same conclusion was also made in at least two other papers [11,12]. 

/? 
) 

~o 
Fig. 1. The model on which the calculations were based. The cell is a sphere with radius of R. It is enclosed by a shell of unitbrm thickness d (the 
membrane). The external electric field is homogeneous, and E is the absolute value of the electric field strength vector. Specific conductivities arc 
attributed to spaces occupied by cytoplasm (Ai) , membrane (Am) and er, tr_acellular medium (Ao). Membrane capacitance is denoted by C m. 
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