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Continuous, high-resolution biospeckle imaging reveals a discrete zone
of activity at the root apex that responds to contact with obstacles
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† Background and Aims Shining a laser onto biological material produces light speckles termed biospeckles. Patterns
of biospeckle activity reflect changes in cell biochemistry, developmental processes and responses to the environ-
ment. The aim of this work was to develop methods to investigate the biospeckle activity in roots and to characterize
the distribution of its intensity and response to thigmostimuli.
† Methods Biospeckle activity in roots of Zea mays, and also Jatrophacurcas and Citrus limonia, was imaged live and
in situ using a portable laser and a digital microscope with a spatial resolution of 10 mm per pixel and the ability to
capture images every 0.080 s. A procedure incorporating a Fujii algorithm, image restoration using median and
Gaussian filters, image segmentation using maximum-entropy threshold methods and the extraction of features
using a tracing algorithm followed by spline fitting were developed to obtain quantitative information from
images of biospeckle activity. A wavelet transform algorithm was used for spectral decomposition of biospeckle ac-
tivity and generalized additive models were used to attribute statistical significance to changes in patterns of bios-
peckle activity.
† Key Results The intensity of biospeckle activity was greatest close to the root apex. Higher frequencies (3–6 Hz)
contributed most to the total intensity of biospeckle activity. When a root encountered an obstacle, the intensity of
biospeckle activity decreased abruptly throughout the root system. The response became attenuated with repeated
thigmostimuli.
† Conclusions The data suggest that at least one component of root biospeckle activity resulted from a biological
process, which is located in the zone of cell division and responds to thigmostimuli. However, neither individual
cell division events nor root elongation is likely to be responsible for the patterns of biospeckle activity.

Key words: Biospeckle imaging, Citrus limonia, image analysis, Jatropha curcas, model, root, maize, Zea mays,
thigmostimulus, touch.

INTRODUCTION

Speckle is an optical phenomenon that occurs when a heteroge-
neous material is illuminated by a laser (Hetch, 2002). Lasers are
coherent light sources that produce parallel, single-frequency
and in-phase electromagnetic waves. When a beam of laser
light passes through a material, heterogeneities in the material
modify the path and phase of the light rays, and the resulting
interactions between light rays create brighter and dimmer
spots. The distribution of these spots is termed an interference
pattern. Interference patterns are therefore a measure of the
heterogeneity of a material. Since heterogeneities in biological
material vary with time, for example as cells divide, elongate
and differentiate, interference patterns from biological materials
are dynamic. The dynamic interference patterns observed on
biological materials are termed patterns of biospeckle activity.

The patterns of biospeckle activity can be used to extract
information about changes in the heterogeneity of biological
materials. This technique has been applied to several biological
phenomena. It has been used (1) to quantify the motion of fluids
or cells, for example when describing blood flow in a tissue
(Briers, 1975), the growth of bacteria and motility of semen
(Carvalho et al., 2009; Murialdo et al., 2012) or the rate of root
deformation (Rathnayake et al., 2008), (2) to assess differences
between individuals or treatments, for example when analysing

the maturity of tissues (Rabelo et al., 2005), determining the ef-
ficacy of drugs on parasites (Pomarico et al., 2004; Amaral et al.,
2013), or detecting fungi in bean seeds (Braga et al., 2005) or
diagnosing cancer (Ul’yanov et al., 2012) and (3) to quantify
spatial or temporal changes in specific tissues, for example
from the patterns of biospeckle activity of roots grown in tissue
culture (Braga et al., 2009). The origins of the patterns of
biospeckle activity are often unknown. However, it has been
speculated that they can arise from biological processes,
including tissue maturation, cell division, movement of orga-
nelles, cytoplasmic streaming and biochemical reactions
(Rabelo et al., 2005).

The plant root exhibits indeterminate growth and provides
an excellent material to investigate the application of biospeckle
imaging to biology. The root has a defined longitudinal pattern of
cell division, elongation and differentiation (Gregory, 2008), and
responds rapidly to environmental perturbations (Robinson,
1996; White et al., 2005; Monshausen and Gilroy, 2009a;
Hodge, 2009). Thus, one can investigate whether patterns of
biospeckle activity differ along a root and associate these with
defined developmental processes, or investigatewhether patterns
of biospeckle activity are influenced by defined environmental
challenges, such as thigmostimuli (Richter et al., 2009). This
paper describes improvements to the spatial resolution, temporal
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acquisition and processing of biospeckle images that have
allowed the location of biospeckle activity in roots to be identi-
fied live and in situ, and its response to thigmostimuli to be inves-
tigated.

MATERIAL AND METHODS

Plant cultivation

In this study, most experiments were performed on maize (Zea
mays) seedlings. Experiments on roots of other plant species
were also carried out to analyse similarities in the patterns of
biospeckle activity across species. Two seedlings of jatropha
(Jatropha curcas) were observed at hourly intervals for up to
14 h and one citrus root (Citrus limonia) was observed at
hourly intervals for 10 h. Seeds were surface-sterilized using
a solution of 50 % sodium hypochlorite and then rinsed with
distilled water. Sterilized seeds were then agitated for 1 min in
a 70 % alcohol solution. Plants were grown on soft agar gels
(5.5 g L21) containing 1.65 g L21 NH4HO3, 1.90 g L21 KNO3,
170 mg L21 KH2PO4, 0.83 mg L21 KCl, 0.25 g L21 CaCl2, 0.370
g L21 MgSO4.7H2O, 22.3 mg L21 MnSO4.4H2O, 8.6 mg L21

ZnSO4.7H2O, 27.8 mg L21 FeSO4.7H2O, 6.2 mg L21 H3BO3,
0.25 mg L21 Na2MoO4.2H20, 0.025 mg L21 CuSO4.5H2O,
0.025 mg L21 CoCl2.6H20, 37.2 mg L21 Na2EDTA, 100 mg L21

myoinositol, 0.5 mg L21 thiamine HCl, 0.5 mg L21 pyridoxine
HCl, 0.5 mg L21 niacin, 2.0 mg L21 glycine and 30.0 mg L21

sucrose (Murashige and Skoog, 1962). The pH of the nutrient so-
lution was adjusted to 5.5. Seeds were placed in transparent
plastic tubes containing set agar. The tubes were placed in a con-
trolled environment at 26+ 2 8C, with 16 h of daylight (photo-
synthetic photon flux (area) density, PPFD ¼ 42 mmol m22 s21)
and 8 h of darkness.

Micro-biospeckle imaging

Upon germination, jatropha, maize and citrus seedlings pro-
duced a variable number of roots. The roots that emerged first

from the seed were imaged to characterize biospeckle activity
quantitatively at steady state. Other roots were also imaged for
qualitative assessment. Roots were illuminated with a coherent
HeNe laser light source (632 nm, 5 mW). The laser beam was fil-
tered with a neutral filter to reduce the intensity of light and the
beam was expanded using a concave lens to generate homoge-
neous illumination of samples (Fig. 1A). Since lenses introduce
smooth variations in the path of light, illumination remains co-
herent and biospeckle patterns can be observed on a larger
portion of the sample. The distance between the laser and the
sample was 75 cm. Images were captured with a portable
digital microscope (AM 413zt, Dino-Lite). The field of view
consisted of a window of 0.96 × 1.26 cm. The working distance
of the microscope was 7.3 cm and a 25× zoom was used. The
angle between the laser beam and the microscope Z-axis was
67 8. Data at each sampling time consisted of 128 grey-scale
images, termed participant images. Participant images had a
1280 × 1024 pixel resolution and were captured every 0.080 s
(Fig. 1B). In order to obtain better image quality, roots were
imaged when close to the surface of the tubes.

Analysis of biospeckle intensity patterns and the effects of
death and thigmostimulation

An initial set of experiments was performed to characterize
root growth and root responses to laser light. The size of the
elongation zone of maize plants was determined on four different
seedlings grown as described above. Five days after sowing,
seedlings were imaged with a portable digital microscope
every 5 min for 20 min. Time-lapse images were then analysed
to quantify the size of the root elongation zone. A separate experi-
ment was performed to study the effects of exposure to laser light
on root growth. Eleven seedlings were grown for 5 days in the
controlled environment. Four of these seedlings were then put
in the biospeckle imaging system but did not receive laser illu-
mination. The remaining seven plants were placed in the bios-
peckle imaging system and received the light doses required to
create biospeckle images for 3 h. Root length was measured on

Neutral filter

A B C
HeNe laser

Concave lens

Digital portable
micro-camera

FI G. 1. Continuous high-resolution micro-biospeckle imaging. (A) Root tissues are illuminated with a HeNe laser source whose intensity is attenuated using an ad-
justable neutral filter in order to avoid photo-damage. The beam is then expanded using a concave lens to obtain uniform illumination of the sample. The light emitted/
scattered from root tissues is captured using a portable digital microscope. (B) Pseudo-coloured image obtained using this system (participant image) showing the
random interference patterns (speckle) obtained in a root tissue. (C) The participant image is then processed to determine the intensity of biospeckle activity using

the Fujii method.
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all 11 seedlings at 30-min intervals for 3 h. Measured root length
was used to calculate elongation rate.

A second set of experiments was carried out to determine the
biological processes linked to biospeckle activity. Five maize
seedlings were grown in plastic tubes to test the hypothesis that
the biospeckle patterns are created by biological processes.
Seedlings were grown in agar for 5 days after sowing. Seedlings
were then imaged using the biospeckle imaging system to deter-
mine biospeckle intensity in living roots. The seedlings were
then killed by freeze–thawing in liquid nitrogen and again
imagedusingthebiospeckle imagingsystem.Biospeckle intensity
before and after freeze–thawing was compared. Another experi-
ment was carried out to study the effect of thigmostimuli on the
biospeckle activity in root tissue. Four seedlings were imaged
using the biospeckle imaging system to establish the reference
biospeckle intensity distribution along the root. Then, a thin
metal blade was introduced through a slit in the plastic tube con-
taining the seedling. The blade was placed perpendicularly to
the root so that it touched the root apex directly. The slit was cut
1 daybefore imagingso that the sampledidnot receive mechanical
stimulation during the 24 h that preceded the insertion of the blade.
The bladewas left in place to impose continuous touch stimulation
and biospeckle images were recorded at 30-min intervals for 2 h.
Contact with the blade was defined as a thigmostimulus. The
effects of thigmostimuli on root biospeckle activity were also
studied in an experiment in which the soft agar gel was layered
over a harder agar gel (10 mg L21) containing the same amend-
ments. In this experiment, physical obstacles to root growth
included the sides of the glass tube and the hard agar gel.
Contact with these obstacles was defined as a thigmostimulus.
In this situation, the time and place of the contact was less
predictable, but it allowed the observation of systemic responses
throughout a plant root system.

Analysis of participant images

The set of 128 participant images were processed to quantify
the intensity of patterns of biospeckle activity across root tissues.
Numerous methods have been developed to analyse temporal
variations in speckle patterns, such as generalized difference
(Arizaga et al., 2002) and laser speckle contrast analysis
(LASCA) (Briers and Webster, 1996). Here, we used the
method developed by Fujii et al. (1987) because it provides
better results when samples have been underexposed (Braga
et al., 2009). The Fujii method is based on the summation of
the differences between pixels of two consecutive images with
a weighting factor:

BS x, y
( )

=
∑N

k=1

I x, y, k
( )

− I x, y, k + 1
( )

I x, y, k
( )

− I x, y, k + 1
( )

∣∣∣∣∣
∣∣∣∣∣ (1)

where I(x, y, k) is the intensity of pixel at coordinates (x, y) in the
kth image. The result is a new grey scale image, BS, in which in-
tensity levels reflect the biospeckle activity in the root (Fig. 1C).

Analysis of image data

An image analysis pipeline was developed to automate the
processing of images generated in this study. Bright-field
images (Fig. 2A) were used to characterize the size of the elong-
ation zone. The velocity of material points at the surface of the
root were obtained using particle image velocimetry (Fig. 2B)
(Bengough et al., 2006). The magnitude of the velocity of
points on the surface of the root was then expressed as a function
of the distance from the root tip. A flexible logistic growth curve
(Morris and Silk, 1992) was then fitted to the data points
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FI G. 2. Analysis of root image data. (A) Bright-field image of a maize root used to analyse the root elongation zone. (B) Velocity of material points on the root surface
was determined by particle image velocimetry. (C) Velocity of material points was expressed as a function of distance from the root tip. (D) A biospeckle intensity or
activity map was obtained from participant images using the Fujii method. Image restoration filters were applied to remove image artefacts. Images were smoothed
using a median filter followed by a Gaussian filter with a radius of 37mm. Smoothing was followed by normalization to reduce variations in contrast at different times.
Images were segmented using maximum-entropy thresholding. (E) Segmented binary data were then used to detect the root boundaries (black contour) to extract rele-
vant pixel intensities from the initial activity maps. A cubic spline was fitted to the distribution of root pixels to determine the root centre line (red line) and to calculate

the distance from the root tip for each pixel in the image.
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(Fig. 2C):

v x( ) = v0vf

vn
0 + vn

f − vn
0

( )
e−k x−x0( )

[ ]1/n
(2)

where x is the distance from the root tip, vf is the velocity at the
root tip and v0 is the velocity at the base of the root at position
x0; k and n are the parameters to be adjusted to fit the curve to
the data. Fitting was achieved by minimization of the mean
square error using the Levenberg–Marquardt algorithm imple-
mented in the Scipy library (Moré, 1978). The flexible logistic
function was then used to determine the size of the elongation
zone. The velocity of material points fitted to the data (eqn 2)
was used to determine the strain rate (1̇):

1̇ x( ) = dv

dx
(3)

The end of the cell division zone was assumed to be approxi-
mately 2 mm from the tip, as observed in previous experiments
on maize (Sacks et al., 1997). The end of the elongation zone
was defined as the point where the velocity of points on the
root fell below 5 % of the maximum velocity of the tip.

The BS images (Fig. 2D) were transformed by an image restor-
ation step. This corrected for stochasticity in the biospeckle data
using a median filter (each pixel is replaced by the median value
of pixels in a neighbourhood) and a Gaussian filter (convolution
of the image by a Gaussian function). Both filters used a window
radius of 37 mm. Image restoration was followed by normaliza-
tion of the images to limit intensity variations across frames.
The normalized image was a smoothed description of variations
of biospeckle intensity across the image. Image restoration was
followed by a segmentation step in which individual pixels
were classified into root and non-root types. The main difficulty
inherent in segmentation is the identification of a criterion for the
discrimination of pixel types. An efficient way to achieve this ob-
jective is to use the entropy of the image histogram. Entropy is a
measure of the uncertainty of a random variable, and it can be
used to find the optimal threshold to separate histograms into
two parts. The threshold value was defined as the pixel intensity
that maximized the entropy of root and non-root histograms
(Fleuryet al., 1996). The binary image obtained by segmentation
was then processed to extract the edges of the root using an edge-
tracing algorithm. The edge contour was then used as a mask
to collect pixel position and intensity from the initial activity
maps (yellow contour in Fig. 2E). A cubic spline was fitted to
the distribution of root pixels to determine the root centre line
(red line in Fig. 2E) and to calculate the distance from the root
tip for each pixel in the image. Results were then exported to
text files for statistical analyses. Image analysis procedures
were implemented as a plug-in in ImageJ and will be made avail-
able upon request.

Spectral analysis of root biospeckle data using
a wavelet transform algorithm

Laser speckles are associated with material points in the root
tissue, and biological activity induces changes in the tissue that
alter the intensity of the speckles. To gain an understanding of

the frequencies at which the intensity of the laser speckles
change with time, it is useful to apply methods developed for
the field of signal processing (Sendra et al., 2005). In particular,
numerous mathematical techniques have been proposed to char-
acterize the spectral composition of periodic signals, i.e. the set
of wavelengths that constitute a signal. For example, the Fourier
transform can be used to decompose a signal into the sum of sine
and cosine (called basis functions) and provide information
about the contributions of different frequencies in the global
signal. However, sine and cosine functions expand their fluctua-
tions infinitely, and for this reason Fourier analysis is mainly
limited to the study of stationary signals. Here, we applied a
wavelet transform algorithm (Torrence and Compo, 1998),
which relies on local periodic functions, called the mother
waveletC. The basis functions are then constructed incremental-
ly by displacing the centre and stretching (scale parameter) the
mother wavelet:

Wa,b dist( ) = DT��
a

√
∑N

k=1

I dist, k( ) ×C∗ (kDT − b)
a

[ ]
(4)

where a is the scale parameter, b is the centre of the basis func-
tion, dist is the distance from the root apex, k is the time index
and C* represents the complex conjugate. By varying the scale
(a) of the mother wavelet and translating its centre (b) along
the time index (k), it is possible to determine how the position
along the root (dist) and time (b) affect the amplitude (W ) of
each scale parameter of the biospeckle signal. Participant
images were acquired every 0.080 s; the highest frequency ob-
servable according to the sampling theorem is 6.25 Hz. For stat-
istical analyses, we divided the 0–6.25 Hz frequency window
into 25 spectral bands of 0.25 Hz.

Statistical analysis of biospeckle data

Generalized additive models (Hastie and Tibshirani, 1995)
were constructed to quantify the patterns of biospeckle activity
across species (Fig. 3), along the root axis (Figs 3–6) or as a func-
tion of frequencies (Figs 4–6). The models used in this paper can
be formalized as the sum of two terms:

E(BS|dist,X) = s(dist) + s(dist,X) (5)

where dist is the distance from the root tip and X denotes another
predictor of the biospeckle intensity, such as frequency or plant
species. The biospeckle intensity BS is the dependent variable
and its expectation E(BS) is assumed to be the sum of two
spline interpolators s. The first term accounts for the average var-
iations of the biospeckle intensity along the root. The second
term indicates interactions with other factors (X). When the inter-
action term is significantly different from zero, it is concluded
that factor X has an effect on the patterns of biospeckle activity
along the root. Generalized additive models were constructed
in this work to study the effect of plant species, frequency and
time after touch sensing. Analyses were carried out using the R
software and the mgcv package (Wood, 2008). Data on the size
of the meristem, the elongation rates of roots and the effects of
light, freeze thawing and thigmostimuli are expressed as mean
biospeckle intensity+ s.e.
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RESULTS AND DISCUSSION

High-resolution, live micro-biospeckle imaging of roots

Biospeckle images have previously been obtained from germin-
ating beans (Braga et al., 2005), orange fruit (Rabelo et al., 2005)
and roots of pine (Rathnayake et al., 2008), coffee and eucalyptus
(Braga et al., 2009). The spatial resolution of previous studies in-
vestigating patterns of biospeckle activity associated with root

developmental processes was low (typically .20 mm per
pixel), and the biospeckle activities of different regions of the
root could not be distinguished clearly (Braga et al., 2009).
Using a portable digital microscope, the spatial resolution of
images of biospeckle activity could be increased to approximate-
ly 10 mm per pixel, which allowed biospeckle activities asso-
ciated with different root tissues or cell types to be determined
and thinner roots to be studied (Fig. 1). Higher biospeckle activ-
ities were observed in tissues close to the root apex (Fig. 1). This
observation is consistent with the low-resolution images of
Braga et al. (2009). The temporal resolution of previous
studies investigating patterns of biospeckle activity associated
with root developmental processes was also low (Braga et al.,
2009). Therefore, an experimental system was designed to
collect higher-magnification images of biospeckle activity of
roots continuously for an extended period, which allowed any
changes in biospeckle activity in response to developmental or
environmental stimuli to be monitored (Fig. 1).

Results of this study showed that maize plants grew healthily
in the system for the duration of the experiment. Kinematic ana-
lysis of root growth was used to determine the size of the elong-
ation zone. The end of the elongation zone was observed at 6.2+
0.76 mm from the apex (n ¼ 4 roots). The thickness of the root
cap at the root apex was 0.6+ 0.05 mm (n ¼ 4 roots). The
light dose received by roots is limited since illumination is
required for a maximum of 12 s every 30 min. There was no stat-
istically significant difference in the root elongation rates of
plants illuminated by laser light (1.4+ 0.20 mm h21, n ¼ 4
roots) and plants that did not receive laser light (1.5+
0.18 mm h21, n ¼ 7 roots).

Spatial patterns of biospeckle activity in roots

To characterize differences in patterns of biospeckle activity
associated with root development and environmental challenges,
it was necessary to develop methods to quantify variation in their
frequency and intensity. To extract quantitative information
rapidly and objectively from images of biospeckle activity of
growing roots, the following automated procedure was adopted
(Fig. 2). AFujii algorithmwas implemented togeneratebiospeckle
activity maps (Fig. 2D). Images were restored using median and
Gaussian filters and segmented using maximum-entropy thresh-
olding methods. Root features were extracted using a tracing algo-
rithm followed by spline fitting (Fig. 2E). Intensity of biospeckle
activity along the root was compared with the position of the cell
elongation zone obtained from kinematic analysis (Fig. 3) and
the cell division zone reported in previous studies (Sacks et al.,
1997). A data file containing the location of root pixels and their
intensity of biospeckle activity for each original image was
produced using this procedure (for details see Materials and
methods). This data file was used for the spectral decomposition
of biospeckle activity using a wavelet transform algorithm.
Generalized additive models were then used to attribute statistical
significance to changes in patterns of biospeckle activity.

Biospeckle activities were examined in roots of jatropha,
maize and citrus (Fig. 3). In general, the intensity of biospeckle
activity was greatest close to the root apex and decreased to a
minimal value at a distance of 1–5 mm from the apex, depending
upon plant species. There were significant differences in the in-
tensity of biospeckle activity between plant species, with
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Jatropha roots had moderate overall biospeckle intensity, with a sharp decrease
in biospeckle intensity in the first millimetre from the root tip. (B) Maize roots
had high biospeckle intensity, and biospeckle intensity decreased over the first
3 mm from the root tip. (C) Citrus had the lowest root biospeckle intensity of
the three species studied, and the decrease in biospeckle intensity with distance
from the root tip was lessmarked in citrus than in jatropha or maize. Data represent
means (lines)+ s.e. (greyshading) from 18 images of biospeckle activity in roots

of jatropha, 72 images in roots of maize and 10 images in roots of citrus.
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maize exhibiting the highest intensity of biospeckle activity
(Fig. 3B) and citrus the lowest intensity (Fig. 3C). The region
of high intensity of biospeckle activity extended the shortest dis-
tance from the root tip in jatropha (Fig. 3A) and the longest dis-
tance in citrus (Fig. 3C). Similar spatial patterns of biospeckle
activity were maintained during steady-state growth. The differ-
ences in patterns of biospeckle activity were unrelated to the
growth rates of the roots of different plant species. These
were 0.70 cm day21 for jatropha, 0.92 cm day21 for maize and
0.89 cm day21 for citrus.

The total intensity of biospeckle activity can be decomposed
into the intensities of biospeckle activity at different frequencies.
Such spectral decomposition can be illustrated with data from
maize, which exhibited the highest intensity of biospeckle
activity of the three plant species studied (Fig. 4). The highest
frequency investigated in the experiments reported here was
6.25 Hz, which was determined by the rate of acquisition of
images of biospeckle activity. It was observed that higher
frequencies contributed most to the total intensity of biospeckle
activity (Fig. 4A) and that a decrease in the intensity of bios-
peckle activity at higher frequencies accounted for most of the

decrease in the total intensity of biospeckle activity with distance
from the root apex (Fig. 4B). Quantitative analysis of data from
three roots imaged every 30 min for a period of 6 h supported
these conclusions (Fig. 5). The intensity of biospeckle activity
at higher frequencies (e.g. 5.5–5.7 Hz) decreased more sharply
than the intensity of biospeckle activity at lower frequencies
(e.g. 0.25–0.5 Hz) with distance from the root apex (Fig. 5A).
Statistical models indicated that the relationships between the
intensity of biospeckle activity and distance from the root apex
differed between frequencies (P , 0.001). The models predicted
the maximum intensity of biospeckle activity at all frequencies at
a distance of 0.5–1.5 mm from the root apex (Fig. 5B). This
region corresponds to the zone of cell division in the maize
root (Sacks et al., 1997). The intensity of biospeckle activity
decreased most sharply in the zone of cell elongation, which in
our experimental system began at about 2.7 mm from the tip.

Biological activity creates biospeckle activity

When roots were growing, high levels of biospeckle activity
were observed in root tissues (Fig. 6A). However, biospeckle
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activity was reduced to a level similar to the background after
freeze–thawing (Fig. 6B). The average biospeckle intensity of
living roots was 65.2+ 6.93 (n ¼ 5), that of dead roots was
40.5+ 5.45 (n ¼ 6) and that of the medium was 37.6+ 5.03
(n ¼ 6). Differences in biospeckle intensity between living
roots and dead roots was statistically significant (two sample
t-test, P , 0.05). Differences in biospeckle intensity between
the medium and dead roots were not statistically significant
(Fig. 6C). These results indicate that biospeckle activity is
created by biological activity, and are consistent with results
obtained with apple fruit killed with DMSO (Kurenda et al.,
2013).

It is likely that epidermal or cortical cells contribute most to
the patterns of biospeckle activity. A fraction of the light
passing through a cell is absorbed. Absorbed light is then
emitted back but in random direction and phase. Emitted light
is no longer coherent and therefore does not produce light speck-
les. Thus, as laser light loses coherence as a function of depth
inside the root tissue due to absorption, biospeckle signals are
dominated by cells at the surface of tissues.

In all experiments presented here, significant background
biospeckle activity was also observed. This background bios-
peckle activityappeared to decreasewhen the biospeckle activity
of the root decreased. This phenomenon can be explained
because background biospeckle activity in the medium has two
origins. First, the gel contains water, and microscopic water
movement creates genuine background activity. Second, light
originating from the root is scattered by the medium and

creates background activity dependent on root biospeckle activ-
ity. The background activity is reduced, and therefore back-
ground biospeckle activity is reduced, when root biospeckle
activity decreases.

Biospeckle activity in roots responds to thigmostimuli

When root growth was unobstructed, the intensity and spatial
pattern of biospeckle activity in the roots remained high
(Fig. 6D). However, when a root encountered a physical obstacle,
a decrease in the intensity of biospeckle activity was observed
(Fig. 6E).

The quotient between biospeckle intensity before and after
thigmostimulation was significantly smaller than 1 (P ¼ 0.06).
After thigmostimulation, the biospeckle intensity was gradually
restored to a greater value on average, although this increase was
not statistically significant (Fig. 6E). The roots exhibiting the
largest reduction in biospeckle intensity also showed recovery
towards higher biospeckle intensity. A possible explanation for
differences in recovery between roots might be related to the
time or the angle at which they are in contact with the obstacle.
The reduction in biospeckle intensity was observed throughout
the root system, not just in the root that had touched the obstacle
(Fig. 6G, data not shown n ¼ 4 events). When root growth was
unobstructed, biospeckle activity was greatest close to the root
apex. However, when a root encountered an obstacle, and the in-
tensity of biospeckle activity was reduced, spatial differences in
the intensity of biospeckle activity were also reduced.
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Conclusions and perspectives

In conclusion, in all three plant species studied the intensity of
biospeckle activity was greatest close to the root apex (Figs 3, 5
and 6) and in maize roots this appeared to be associated with the
zone of cell division. No biospeckle activity was generated on
dead roots. When a maize root encountered an obstacle, the inten-
sity of biospeckle activity decreased abruptly not only in the root
that touched the obstacle but also throughout the root system
(Fig. 6). These three observations suggest that at least one com-
ponent of biospeckle activity results from a biological process
and that this process is located in the zone of cell division and
responds to thigmostimuli. Higher frequencies (3–6 Hz) contrib-
uted most to the total intensity of biospeckle activity (Figs 4 and
5). Individual cell division events are unlikely to determine the
biospeckle activity at this frequency. The frequency of cell
division is less than 3.3 × 1025 Hz (0.12 cells pixel21 h21) in
the cell division zone of a maize root (Sacks et al., 1997).
Furthermore, although thigmostimuli can reduce rates of cell
division in roots, in a response linked to cytosolic Ca2+ signals
(Legue et al., 1997; White and Broadley, 2003; Monshausen
and Gilroy, 2009b), this is unlikely to produce a systemic
response. A recent study on apple fruit tissue has suggested
biological mechanisms associated with biospeckle activity
(Kurenda et al., 2013). This study employed a variety of pharma-
ceuticals and demonstrated that those affecting the (de)polymer-
ization of actin microfilaments influenced biospeckle activity
most. It is well known that the organization of actin microfila-
ments is modified by mechanical stimulation (Shi et al., 2011;
Asnacios and Hamant, 2012) and it is possible that the changes
in biospeckle activity observed upon thigmostimulation result
from alterations in the polymerization of actin microfilaments.
The intensity of biospeckle activity at lower frequencies is rela-
tively unaffected by thigmostimuli. It is likely that biospeckle
activity at lower frequencies is related to slowly changing macro-
scopic processes or homeostatic cellular processes. Although
the exact biological nature of the biospeckle signal remains enig-
matic, the technique can be used to screen large plant populations
non-destructively for developmental variation or responses to
environmental parameters. The equipment is relatively inexpen-
sive and portable, the analysis can be automated, and the tech-
nique provides a rapid and sensitive functional assay.
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