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Abstract

Plant organ growth results from cell production and cell expansion. Deciphering the contribution of each of these 
processes to growth rate is an important issue in developmental biology. Here, we investigated the cellular processes 
governing root elongation rate, considering two sources of variation: genotype and disturbance by chemicals (NaCl, 
polyethylene glycol, H2O2, abscisic acid). Exploiting the adventitious rooting capacity of the Populus genus, and using 
time-lapse imaging under infrared-light, particle image velocimetry, histological analysis, and kinematics, we quanti-
fied the cellular processes involved in root growth variation, and analysed the covariation patterns between growth 
parameters. The rate of cell production by the root apical meristem and the number of dividing cells were estimated in 
vivo without destructive measurement. We found that the rate of cell division contributed more to the variation in cell 
production rate than the number of dividing cells. Regardless of the source of variation, the length of the elongation 
zone was the best proxy for growth rate, summarizing rates of cell production and cell elongation into a single param-
eter. Our results demonstrate that cell production rate is the main driver of growth rate, whereas elemental elongation 
rate is a key driver of short-term growth adjustments.

Keywords:  Cell expansion, cell division, kinematics, elemental elongation rate, Populus, root apical meristem, root growth rate.

Introduction

Plant organ growth results from the combination of two pro-
cesses: cell production and cell expansion. Understanding how 
cell division and cell elongation, and their balance, contribute 
to root elongation rate is an important issue in developmental 
biology (Gázquez and Beemster, 2017; Yang et  al., 2017). In 
organs that grow linearly such as roots, growth rate is integral 

to the elemental elongation rate (EER) along the growth zone 
(Silk, 1992). In the root apical meristem (RAM), cell elon-
gation is low, accounting for less than 15% of the total root 
growth, and most growth is due to rapid elongation occurring 
in the elongation zone (Bizet et al., 2015). Cell division rate 
also impacts on the root elongation rate as the cells produced 
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Abbreviations: ABA, abscissic acid; CPR, local rate of cell production; Diam, root apical diameter; D, average cell division rate; EER, elemental elongation rate; EZ, 
length of the elongation zone; H2O2, hydrogen peroxide; Ndiv, number of dividing cells; P, cell production rate; RAM, root apical meristem; ORER, overall root elong-
ation rate.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/69/21/5157/5058996 by IN

R
A (Institut N

ational de la R
echerche Agronom

ique) user on 18 D
ecem

ber 2018

http://orcid.org/0000-0003-3015-488X
mailto:marie-beatrice.bogeat@inra.fr?subject=


5158 | Youssef et al.

by the RAM feed the elongation zone (Baskin, 2013). In pre-
vious studies, the dynamics of cellular processes have been 
studied either by quantifying their local distribution within 
the growth zone (Pahlavanian and Silk, 1988; Sharp et al., 1988; 
Hukin et al., 2002) or by calculating integrative growth param-
eters (e.g. cell production rate by the RAM, number of divid-
ing cells in the RAM, residence time in the elongation zone) 
(Baskin, 2000; Beemster et  al., 2002; Fiorani and Beemster, 
2006). For instance, the local pattern of cell division rate along 
the RAM has been computed from spatial profiles of velocity 
and cell length (Sacks et al., 1997). By contrast, under steady-
state conditions (or assuming the time-invariance of growth 
processes) cell production rate has been calculated as the root 
elongation rate divided by the length of mature cells (Beemster 
et al., 2002). Similarly, assuming that all cells within the RAM 
are dividing (Ivanov et al., 2002), the average cell division rate 
can be estimated from the ratio of the cell production rate to 
the number of dividing cells (Beemster and Baskin, 1998).

A better understanding of the mechanisms driving variation 
in root growth has been obtained by kinematics—a powerful 
mathematical framework with which to analyse the spatial dis-
tribution of growth (Silk and Erickson, 1979; Sharp et al., 1988, 
2004; Beemster et  al., 2002; Walter et  al., 2009; Royer et  al., 
2016). For instance, the developmental acceleration of root 
growth has been shown to be accompanied by increased cell 
production with little change in cell expansion rate (Beemster 
and Baskin, 1998). In contrast, cell production rate together with 
cell elongation were found to be responsible for the genetic dif-
ferences observed in root elongation rate between genotypes 
of Arabidopsis and across plant species (Beemster et al., 2002; 
Gázquez and Beemster, 2017). Kinematics has also been used to 
dissect and model the interplay of hormones in the control of 
root growth (Beemster and Baskin, 2000; Rahman et al., 2007; 
Band et al., 2012; De Vos et al., 2014). Physiological examination 
has revealed, for instance, that ethylene inhibits root growth by 
targeting the EER and reducing the length of the elongation 
zone (Swarup et al., 2007). A similar response was seen in the 
presence of cytokinin (Beemster and Baskin, 2000). Finally, root 
growth is known to be highly responsive to environmental cues, 
and interferences under stress have been widely documented 
under the spotlight of kinematics (Baskin, 2013).

Nowadays, many tools are available for efficient kinematic 
analysis (van der Weele et al., 2003; Basu et al., 2007; Chavarría-
Krauser et al., 2008; Wuyts et al., 2011; Iwamoto et al., 2013; 
Bastien et al., 2016; Yang et al., 2017). Various automatic track-
ing algorithms have enhanced particle image velocimetry 
techniques, providing high-resolution growth profiles compat-
ible with different kinds of imaging technology. In particular, 
the use of natural marks on the root has heralded significant 
progress for non-invasive kinematics. Infrared illumination has 
been shown to be a simple way to enhance the natural texture 
of the root efficiently in various species and in organs of dif-
ferent sizes (Walter et al., 2002; Bizet et al., 2015; Bastien et al., 
2016). Recent work in our laboratory has shown that RAM 
length can be monitored in vivo from infrared reflectance pro-
files (Bizet et al., 2015, 2016).

In this context, we investigated the relative contribution 
of cell division and cell elongation to the variation in root 

elongation rate in Populus. Due to its economic interest, high 
genetic diversity, and numerous molecular resources, Populus 
has reached the status of a model tree (Plomion et al., 2016). 
Poplars are among the fastest growing trees and their high 
adventitious rooting capacities make this genus an ideal sys-
tem for examining root growth. We first considered the inter-
specific variability in root growth, and quantified growth rate 
and underlying cellular processes for eight poplar genotypes. 
We then addressed the question of the contribution of cel-
lular processes to growth variation induced by external cues. 
For that purpose, the root growth of one poplar genotype 
was quantified in the presence of various chemical treatments 
selected for their known impact on growth. These two experi-
ments were designed to increase the range of root elongation 
rates under scrutiny, allowing a thorough analysis of covaria-
tion patterns. The same rationale was followed for the analysis 
of diversity and of chemically induced growth disturbances. 
Analysis of covariation patterns under the two sources of vari-
ation revealed the cellular processes that determine growth rate 
under optimal growth conditions and during the adjustment 
to disturbance by chemicals.

Materials and methods

Plant material, growth conditions, and treatments
Homogeneous woody cuttings of eight poplar genotypes belonging to 
different species or commercial hybrids (Populus alba L.  cv. Villa franca, 
P.  nigra cv. 6J29 and N38, and P. deltoides×P.  nigra cv. Carpaccio, Flevo, 
I214, Lambro, and Soligo) were grown in hydroponics in a half-strength 
Hoagland nutrient solution as described previously (Bizet et  al., 2015). 
Cuttings emitted between 1–8 adventitious roots after ~10 d in a dark 
room (air temperature 23 ± 1 °C; atmospheric humidity 45 ± 11%). Once 
a root reached 2 cm long, the cutting was transferred to a transparent tank 
filled with aerated and circulating nutrient solution (Bizet et  al., 2015). 
Only one root per cutting was selected for root growth monitoring, cho-
sen only on the basis of its length. To ensure the quality of imaging, the 
dehiscent part of the root cap was carefully removed (at least 1 h before 
imaging) so that root growth was only slightly and transiently disturbed. 
Growth analysis was performed once growth had recovered. No other 
manipulation of the root occurred until the end of the experiment.

The first experiment (Exp1) was designed to characterize root growth 
variability across the eight poplar genotypes, and was carried out from 
July to November 2016, using a random design for replication per gen-
otype (n=7–13 roots). The second experiment (Exp2) examined the 
response of the Flevo genotype to different treatments, and was car-
ried out from February to June 2017, using a random design for repli-
cation per treatment (n=3–12 roots). In Exp2, treatments were applied 
by adding chemicals to the nutrient solution without manipulation of 
the roots (Royer et  al., 2016; Bizet et  al., 2017). Roots were subjected 
to either 70  mM NaCl or 160  g l−1 polyethylene glycol (PEG 4000, 
Merck Chemicals, Darmstadt, Germany), generating osmotic potentials 
of –0.30  MPa and –0.37  MPa, respectively (measured with a Wescor 
5500; Logan, UT, USA). Roots were also subjected to either 2 µM or 
10 µM of ABA (Sigma-Aldrich, St. Louis, USA), or 2 mM H2O2 (30% 
w/w, Sigma-Aldrich). The oxygen level compared to controls was not 
affected by any of these treatments (measured with a HQ40D oximeter; 
Hach Lange, Noisy-le-grand, France; data not shown).

Time-lapse imaging, kinematic and infrared picture analyses
In both experiments, root growth was monitored under infrared light as 
described previously (Bizet et al., 2017). Infrared light does not stimulate 
photoreceptor systems, nor does it affect root growth or generate tropism 
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(Kiss et al., 2003; Wiese et al., 2007; Ivakov et al., 2017). Images were taken 
every 6 min for 1 h and the camera was computer-controlled with digi-
CamControl (V2.0.0; http://digicamcontrol.com). In Exp1, images were 
taken at a resolution of 1.6 µm pixel−1 (camera Nikon 5200, macro lens 
Nikkor 60 mm, with a 56-mm extension tube). In Exp2, images were 
taken at a resolution of 2.6 µm pixel−1 (same settings except a 20 mm 
extension tube was used). In Exp2, time-lapse imaging was performed 
before treatment onset, as well as 1 h, 2 h and 24 h after treatment onset.

For each root, velocity and EER profiles were obtained by kinematics 
using the dedicated software KymoRod v0.11.0 (Bastien et al., 2016). For 
a stack of time-lapse images, KymoRod computes the skeleton of the 
root contour, automatically extracts its midline, and calculates the curvi-
linear abscissa along the midline. Here, image smoothing was achieved 
by a box filter radius of 2 and the root contour was computed from a 
threshold value set individually for each root. Median elongation was 
then calculated using Rod-PIV (Bastien et al., 2016), with spatial smooth-
ing Lx=0.3. By default, a time-step of 6 min between images was used 
(providing nine profiles of velocity over 1-h-long time-lapse imaging); 
however, the time-step was set to 12 min when the growth rate was low 
(to ensure that displacement was large enough for reliable particle image 
velocimetry, PIV). The correlation window was set at 50 pixels to remain 
within the root boundaries. The smoothing window for calculation of 
EER took 50 points.

The velocity and EER profiles, as well as the skeleton of the first image, 
were extracted from the KymoRod file with R (v3.3.1, http://www. 
R-project.org, using the R.matlab package). The skeleton midline was 
projected onto the respective raw image using Fiji (Schindelin et  al., 
2012), brightness profile along the midline was measured after thicken-
ing the skeleton midline to the root borders and smoothing the image 
(Gaussian blur filter, radius 20, as previously described by Bizet et  al., 
2015). The position of the quiescent center (QC) was determined visu-
ally on the image and confirmed by a depression in the brightness profile. 
Since the origin in KymoRod data is the apical point of the root skeleton 
(including the root cap), the data were translated so that the QC was the 
origin of the profile and the velocity was zero at the QC. The profiles of 
velocity and EER were inspected visually to remove unreliable data due 
to artefactual imaging. The shootward border of the RAM was deter-
mined from the relative brightness profile with a threshold of 75%, as 
in Bizet et al. (2015). The root diameter within the growth zone (Diam, 
mm) was recorded on the same image.

Histological analysis
At the end of growth monitoring, the root apices were fixed in 4% para-
formaldehyde in a phosphate-buffered saline solution for 30 min under 
vacuum (n=4–5 roots per genotype or treatment). Fixed samples were 
rinsed three times with distilled water then dehydrated in a graded 
ethanol series and embedded in Technovit 7100 resin (Heraeus Külzer 
embedding kits) following the manufacturer’s instructions. Samples were 
stored at 35  °C for at least 4 d.  Longitudinal sections of 5-μm thick 
were cut in the middle of the root with a rotary microtome (Microm 
HM355S, Thermo Scientific). The sections were stained with Toluidine 
Blue O, mounted in synthetic resin (Eukitt®) and examined under 
a DMLB Leica microscope equipped with a Leica DFC420C camera 
(Leica Microsystems). Longitudinal sections were imaged at 100× mag-
nification. Images were assembled using MosaicJ (Thévenaz and Unser, 
2007). Cortical cell length and its distance from the QC were measured 
semi-automatically from longitudinal sections using a macro in Fiji (Bizet 
et al., 2015). The cell length profile along the apex was interpolated with a 
cubic smoothing spline using R (smooth.spline, spar=0.9 to 1).

Determination of growth parameters
Growth parameters were extracted automatically from the EER and 
velocity profiles using a script in R and their values averaged for a given 
time-point. Overall root elongation rate (ORER, mm h−1) was deter-
mined as the maximal velocity. EERmax (h

−1) was the maximum of EER. 
The shootward border of the growth zone was set at the position where 
EER dropped below 3%. The length of the elongation zone (EZ, mm) 

was determined as the distance between the shootward borders of the 
growth zone and the RAM.

For about half of the roots in both experiments (n=50 roots), the cell 
flux profile was calculated by the ratio of velocity (using the last velocity 
profile) to cell length (using the smoothed profile of cell length), and the 
local rate of cell production (CPR, cells mm−1 h−1) was calculated as the 
spatial derivative of the cell flux (using the Erickson five-point formula; 
Erickson, 1976). The rate of cell production by the RAM (P, cells h−1) 
corresponded to the maximal cell flux. In steady state, P is classically 
determined as the ratio between the ORER and the mature cell length. 
Since cell flux is constant and maximal from the RAM shootward border 
to the mature zone, P was determined at the RAM shootward border as 
the ratio between velocity and the mean cell length at the RAM shoot-
ward border, which was defined as the position where CPR equalled zero. 
A proxy for P was computed as the ratio between velocity at the RAM 
shootward border determined by the brightness profile (Bizet et al., 2015) 
and 21.5 µm. Biologically, this scaling factor corresponds to the maximal 
cell length observed within the cell proliferation domain of the RAM 
(Bizet et al., 2015). The number of dividing cells (Ndiv) can be expressed as 
the ratio between the RAM length and the average cell length within the 
RAM. Ndiv was therefore calculated from the RAM length determined at 
CPR=0 and the mean of all cell lengths measured in the RAM. A proxy 
for Ndiv was computed from the RAM length determined by the bright-
ness profile divided by 14 µm. Biologically, this scaling factor corresponds 
to the average cell length in the cell proliferation domain of the RAM 
(Bizet et al., 2015). The average cell division rate (D, h−1) was defined as 
the ratio between the cell production rate P and Ndiv.

For both P and Ndiv, the relationships between the proxy and its 
respective reference (determined at the position where CPR equals zero) 
covered a large range of values, were linear, and robust over genotypes and 
treatments (R2=0.84, n=50, P<0.001; R2=0.72, n=50, P<0.001, respect-
ively, Fig.  1A, B). Figure  1 highlights that P and Ndiv were estimated 
properly using a non-invasive method based on the brightness profile 
generated by infrared illumination (providing pertinent scaling factors of 
cell length), which requires very low experimental effort as compared to 
histological methods. In vivo proxies of P and Ndiv were computed for the 
full set of roots and were used in covariation analyses. Statistical and prin-
cipal component analyses (PCA) were performed with R (ade4 package).

Results

Variability in growth parameters across poplar 
genotypes

In Exp1, eight poplar genotypes were grown in optimal nutri-
ent solution and root growth was monitored independently 
for 75 roots. A 21-fold variation in overall root elongation rate 
(ORER) was found, ranging from 0.06  mm h−1 for a root 
of 6J29 and to 1.29 mm h−1 for a root of Flevo. To assess the 
contribution of the growth parameters to ORER variability, a 
principal component analysis was performed on the matrix of 
growth parameters and root diameter, using ORER as a sup-
plementary variable (Fig. 2A, B). Root diameter was included 
to take into account the diversity in root morphology. The 
first and second principal components (PCs) explained 66% 
and 22% of the total variance, respectively, with PC3 account-
ing for less than 5%. PC1 was highly and positively related 
to the length of the elongation zone (EZ), to the number of 
dividing cells (Ndiv), and to the cell production rate by the 
RAM (P). The maximum elemental elongation rate (EERmax) 
also contributed positively to PC1 but to a lesser extent. As 
shown by the projection of ORER, PC1 discriminated fast-
growing roots from slow-growing ones, with a large inter-
individual dispersion around the barycentre of the genotypes 
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(Fig. 2A, B). Flevo roots exhibited a significantly longer elon-
gation zone (EZ=4.3 ± 0.3 mm; mean ±SE) and faster growth 
rate (ORER=0.88 ± 0.09 mm h−1) than all other genotypes 
(EZ=2.6  ±  0.1  mm, P<0.001; ORER=0.5  ±  0.1  mm h−1, 
P<0.001). Focusing on the barycentre of genotype ellipses 
revealed PC2 as a key structuring factor for genotype diver-
sity. PC2 separated P. nigra (6J29 and N38) from commercial 
hybrids and P. alba (Villa Franca), mostly through the differ-
ence in root apex diameter (Diam). Villa Franca roots were 
significantly thicker (Diam=0.82 ± 0.03 mm) as compared to 
other genotypes (Diam=0.57 mm±0.02; P<0.001). A weak but 
significant correlation was found between ORER and Diam 
when considering all the genotypes (R2=0.09, n=75, P=0.01; 
Supplementary Fig. S1 at JXB online). Strong relationships were 
found for some genotypes (Flevo, R2=0.43, n=13, P=0.014; 
Lambro, R2=0.49, n=9, P=0.04; I214, R2=0.40, n=7, P=0.07), 
suggesting that, at the intra-genotype level, thicker roots grew 
faster than thinner ones. The first PCA plane highlighted the 
fact that all growth parameters covaried together and with 
ORER, especially EZ (Fig.  2B). Pairwise comparisons con-
firmed that the differences in ORER between poplar roots 
were better associated with the differences in EZ (R2=0.90, 
P<0.001; Fig.  2C) than with the differences in P (R2=0.77, 
P<0.001; Fig.  2D), in EERmax (R

2=0.66, P<0.001; Fig.  2E), 
or in Ndiv (R

2=0.62, P<0.001; Fig. 2F). Differences in EZ thus 
appeared to be a very good proxy for ORER variability.

Variability in growth parameters across treated roots

In Exp2, the growth of Flevo roots was quantified in opti-
mal nutrient solution (control) as well as in the presence 
of various chemicals (70 mM NaCl, 160  g l−1 PEG, 2 mM 
H2O2, 2 µM ABA or 10 µM ABA). The rationale was to assess 
whether chemically induced growth variations resulted either 
from the coordinated change of all growth parameters or from 
changes of only some of them. For each root, growth was doc-
umented at four successive time-points (within a 24-h period; 

Supplementary Fig.  S2). The first time-point controlled for 
the inter-individual variability in root growth before treatment 
onset. Flevo growth rates tended to be lower but were less vari-
able in Exp2 than in Exp1 (Exp2, ORER=0.70 ± 0.03 mm 
h−1, n=41, ranging from 0.39–1.06 mm h−1).

We first addressed the question of the dynamics of growth 
response to each treatment (Fig.  3). Under control condi-
tions, ORER increased during the 2 h following the cutting 
installation, and remained stable over successive time-points 
(Fig. 3A). EERmax and P showed similar kinetics while EZ and 
Ndiv remained close to their initial values. Applying 2 µM ABA 
did not modify the early dynamics of the growth parameters 
but strongly reduced ORER, P, and Ndiv after 24 h (Fig. 3B). 
At 10 µM, ABA treatment resulted in a more rapid response, 
which led to growth arrest at 24 h (Fig. 3C). These dynamics 
were consistent with a dose-dependent response that required 
time to become physiologically active. NaCl and PEG treat-
ments induced similar dynamics in growth response, rapidly 
slowing root growth and reducing the EZ (Fig. 3D, E). A tran-
sient reduction in EERmax was observed 1 h after stress onset 
before a full recovery. P showed more complex dynamics over 
the successive time-points, being reduced at 1 h, recovering at 
2 h, and again being reduced at 24 h. The responses to H2O2 
were similar to those in the presence of PEG or NaCl at the 
earliest time-points, but most parameters recovered at 24  h 
(Fig. 3F). Such a two-phased response could reflect an acute 
response to an initial oxidative burst, followed by either accli-
mation or a release of oxidative stress.

Due to their own dynamics and their differential impact 
on growth parameters, the chemicals increased the range 
of ORER among roots. Two hours after the onset of treat-
ments, an 11-fold variation in ORER was found among 
roots, ranging from 0.12 mm h−1 for a H2O2-treated root to 
1.27 mm h−1 for a 2 µM ABA-treated root. A 15-fold varia-
tion in ORER was found among roots 24 h after the onset 
of treatments, ranging from 1.17 mm h−1 for a control root 
to 0.10 mm h−1 for a PEG-treated root. To further assess how 

Fig. 1. In vivo determination of cell production rate and of number of dividing cells. (A) Relationship between cell production rate (P), calculated as 
the ratio between velocity and cell length at the shootward border of the RAM, and its proxy. (B) Relationship between number of dividing cells (Ndiv), 
calculated as the ratio between RAM length and the mean length of dividing cells, and its proxy. Closed circles indicate roots from Exp1 and open circles 
roots from Exp2. The linear regressions are plotted, and the significance of the correlations is indicated (***P≤0.001).
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variation in individual growth parameters contributed to the 
variation in ORER, PCA was performed on the matrices of 
growth parameters and root diameter, using ORER as a sup-
plementary variable (Figs 4, 5). Two time-points, 2 h and 24 h 
after the onset of treatments, were considered. At the earliest 
time-point (Fig.  4A, B), the first two PCA axes explained 

81% of the total inertia, with PC3 accounting for 11%. PC1 
was highly related to EERmax and EZ. The barycentres of 
treatments were gradually loaded along PC1, with no clear-
cut discrimination on PC2, highlighting that the most struc-
turing effect of treatment was due to variation in EERmax and 
EZ. Fast-growing roots (control and 2 µM ABA) were clearly 

Fig. 2. Covariation of growth parameters across genotypes. (A, B) Principal component analysis (PCA) was performed on the growth parameters of 75 
roots from eight Populus genotypes (Exp1). The first two main factors of the PCA account for 88% of the total inertia. For clarity, individuals and variables 
are displayed on the same PCA plane on distinct figures. (A) Projection of the individuals in the F1×F2 plane. Each point is a root. Lines and boxes 
indicate genotype barycentres. (B) Projection of growth parameters in the F1×F2 plane. P, cell production rate; Ndiv, number of dividing cells; EZ, length 
of the elongation zone; EERmax, maximal elemental elongation rate; and Diam, the apical root diameter. Overall root elongation rate (ORER) was added 
as a supplementary variable. (C–F) Pairwise relationships between ORER and growth parameters. The Populus genotypes are indicated as follows: 
closed triangles, 6J29; closed inverted triangles, N38; open squares, Carpaccio; closed squares, Flevo; open triangles, I214; open circles, Lambro; open 
inverted triangles, Soligo; and closed circles, Villa Franca. Linear regressions are plotted and the significance of the correlations is indicated (***P≤0.001).
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separated on PC1 from slow-growing ones (H2O2, PEG, 
NaCl). ORER and EZ were superimposed (Fig.  4B), and 
EZ was again the best proxy for ORER (R2=0.91, P<0.001; 
Fig. 4C). In addition, ORER was better explained by EERmax 
(R2=0.78, P<0.001; Fig. 4E) than by P (R2=0.29, P<0.001; 
Fig.  4D). PC2 captured 36% of the total variance and was 
related mostly to P and partially to Ndiv (equally with PC1) 
and to Diam (equally with PC3). The loading of treatments 
on PC2 was not deeply structured, PC2 reflecting rather the 
constitutive inter-individual variability among roots. During 

the early response, ORER varied independently from Diam 
and from Ndiv (Fig. 4B, F).

The covariation pattern was modified drastically 24 h after 
the onset of treatments (Fig. 5). The data were structured mostly 
by variation in P, which was strongly and positively related to 
PC1. The first and second PC explained 48% and 31% of the 
total variance, respectively, with PC3 accounting for 14%. EZ 
and Ndiv contributed to PC1 and, to a lesser extent, to PC2. 
PC2 was related mostly to Diam (also contributing to PC3). 
EERmax contributed equitably to the three PC. Capturing 79% 

Fig. 3. Response of root elongation rate and growth parameters to chemical treatments as a function of time (Exp2). Root growth was monitored at 
four successive time-points: before treatment onset (BT), and at 1, 2, and 24 h after treatment onset. Parameters are expressed as a percent of their 
initial values (i.e. at BT) to account for inter-individual variability. Data are means ±SE. Flevo roots were grown in optimal nutrient solution (control, n=5, 
A), supplemented with 2 µM ABA (n=12, B), 10 µM ABA (n=3, C), 70 mM, NaCl (n=8, D), 160 g l−1 PEG (n=5, E) and 2 mM H2O2 (n=8, F). Under 10 µM 
ABA, roots stopped growing before the last time-point.
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of the total inertia, the first two PCA axes clearly individual-
ized the barycentres of the treatments (Fig. 5A). Similarly to 
the early response, ORER varied independently from Diam 
(Fig. 5B). ORER and EZ were superimposed (Fig. 5B), with 
EZ thus again being the best proxy for ORER (R2=0.93, 

P<0.001; Fig.  5C). Variation in ORER in response to the 
treatments was correlated to variation in P (R2=0.60, P<0.001; 
Fig.  5D) and, to a much lesser extent, with Ndiv (R2=0.13, 
P<0.05; Fig. 5F). Finally, ORER and EERmax were best cap-
tured on two distinct PC planes (Fig. 5F) and their covariation, 

Fig. 4. Covariation of growth parameters across chemically treated Flevo roots at the early time point. (A, B) Principal component analysis was 
performed on the growth parameters determined 2 h after treatment onset in Exp2. The first two main factors of the PCA account for 81% of the total 
variation. For clarity, individuals and variables are displayed on the same PCA plane on distinct figures. (A) Projection of the individuals in the F1xF2 
plane. Each point is a root (n=41) and lines and boxes indicate the treatment barycentres. (B) Projection of growth parameters in the F1×F2 plane. P, 
cell production rate; Ndiv, number of dividing cells; EZ, length of the elongation zone; EERmax, maximal elemental elongation rate; and Diam: the apical 
root diameter. Overall root elongation rate (ORER) was added as a supplementary variable. (C–F) Pairwise relationships between ORER and growth 
parameters. The treatments are indicated as follows: closed squares, optimal nutrient solution (control); closed circles, 2 mM H2O2; open circles, 70 mM 
NaCl; open squares, 160 g l−1 PEG; inverted triangles, 2 µM ABA; triangles, 10 µM ABA. Linear regressions are plotted and the significance of the 
correlations is indicated (***P≤0.001).
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while significant (P=0.36, P<0.001, Fig.  5E), was much less 
strong than during the early response.

Cellular dissection of cell production rate variation

Our analyses showed that ORER variation in poplar root was 
related strongly to that of P, both across genotypes and across 

late responses to chemicals (Figs 2, 5). Assuming that all cells 
in the RAM are dividing, P depends on Ndiv and on cell divi-
sion rate (D, h−1). Under steady state, P equals Ndiv times D. We 
tested which of these two growth parameters accounted for 
the 14- and 32-fold variations in P retrieved in Exp1 and Exp2 
(24 h after treatment onset), respectively. While Ndiv explained 
about half of P variation (R2=0.55 and R2=0.54, P<0.001, 

Fig. 5. Covariation of growth parameters across chemically treated Flevo roots at the late time point. (A, B) Principal component analysis was performed 
on the growth parameters determined 24 h after the treatment onset in Exp2. The first two main factors of the PCA account for 79 % of the total inertia. 
For clarity, individuals and variables are displayed on the same PCA plane on distinct figures. (A) Projection of the individuals in the F1×F2 plane. Each 
point is a root (n=38). Lines and boxes indicate treatment barycentres. (B) Projection of growth parameters in the F1×F2 plane. P, cell production rate; 
Ndiv, number of dividing cells; EZ, length of the elongation zone; EERmax, maximal elemental elongation rate; and Diam, the apical root diameter. Root 
elongation rate (ORER) was added as a supplementary variable. (C–F) Pairwise relationships between ORER and growth parameters. Closed squares, 
optimal nutrient solution (control); closed circles, 2 mM H2O2; open circles, 70 mM NaCl; open squares, 160 g l−1 PEG; inverted triangles, 2 µM ABA. 
Linear regressions are plotted and the significance of the correlations is indicated (*P≤0.05, ***P≤0.001).
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respectively, in Exp1 and Exp2, Fig. 6A, C ), D explained more 
than 80% of P variation (R2=0.86 and R2=0.79, P<0.001, 
respectively, in Exp1 and Exp2, Fig. 6B, D). Together, Ndiv and 
D explained 99% of P variation (as expected) and the standard-
ized coefficients suggested that D contributed more than Ndiv 
to P (beta=0.7 and 0.4, respectively, P<0.001).

Discussion

In the present study, we quantified variation in the overall root 
elongation rate (ORER) across poplar genotypes and across 
chemically treated roots. We further determined several associ-
ated growth parameters, namely the length of the root apical 
meristem (RAM), the length of the elongation zone (EZ), the 
cell production rate by the meristem (P), the number of divid-
ing cells (Ndiv), the average cell division rate (D), and the max-
imal elemental elongation rate (EERmax), and analysed their 
covariation patterns. High-resolution kinematics allowed the 
accurate and direct determination of some parameters such as 
the length of the zones or EERmax (Bizet et al., 2015; Kopittke 
et al., 2015; Royer et al., 2016), whilst the calculated parameters 
P and Ndiv were determined from kinematics data and anatom-
ical records, but were also directly estimated from analysis of 

an infrared reflectance profile and scaling factors (determined 
from typical cell lengths within the RAM). These proxies were 
weakly sensitive to the realistic range of values for the scaling 
factors. The high correlation between the parameters deter-
mined from raw data and their proxies showed that P and Ndiv 
could be estimated using a non-invasive method that required 
very low experimental effort (Fig.  1). In addition to saving 
time, this also allowed the monitoring over time of parameters 
that usually require destructive measurements. These proxies 
can be used in future studies and in other species assuming 
(or testing) that the same scaling factors are valid and that the 
treatments do not affect cell size in and at the boundary of 
the RAM.

Growth was studied both under steady-state conditions 
(genotype comparison, stabilized growth 24 h after the onset 
of treatments) and during a physiological response (1–2 h after 
the onset of treatments). The determination of ORER, EZ, 
and EERmax does not require time-invariance: these param-
eters reflect growth between two time-points and the time 
lapse only is critical for the proper assessment of EER along 
the root apex (Silk, 1984). Under non-steady situations, the 
computation of P, Ndiv, and D requires to assess the rate of cell 
density change (Silk, 1984, Fiorani and Beemster, 2006). The 
magnitude of cell density change was null in response to PEG  

Fig. 6. The cellular basis of differences in cell production rate across genotypes and chemically treated roots. (A, C) Relationships between the cell 
production rate (P) and the number of dividing cells (Ndiv). (B, D) Relationships between cell production rate (P) and average cell division rate (D). For 
(A, B) the data are for different genotypes (n=75 roots, Exp1, see Fig. 2 for key to symbols). For (C, D) the data are for different treatments (n=38 roots, 
Exp2, 24 h after the onset of treatments, see Fig. 4 for key to symbols). Linear regressions are plotted and the significance of the correlations is indicated 
(***P≤0.001).
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(Bizet et  al., 2015) and negligible in response to cold (Yang 
et al., 2017). Here, the distribution of meristematic cell length 
was hardly modified 24h after treatments onset. The change 
of cell density within the RAM was thus assumed to be small 
enough during the short-term responses to be neglected. Our 
approach, based on high-resolution kinematics and proxies, 
allows monitoring of all growth parameters insofar as the rate 
of cell density change within the RAM is negligible.

The analyses of correlations between ORER and growth 
parameters highlighted that P was a stronger driver of variations 
in ORER among individual poplar roots than EERmax (Figs 2, 
5). Similarly, Gázquez and Beemster (2017) found that differ-
ences in root elongation rate among six species were driven 
primarily by variation in P. In a previous study, P and cell 
elongation (through mature cell length) were found to con-
tribute similarly to the variation of root elongation rate in 18 
accessions of Arabidopsis (Beemster et al., 2002). Moreover, the 
genetic variation of P was determined by variation in cell cycle 
duration and, to a lesser extent, by differences in Ndiv. This is 
also in agreement with our data, with P being better correlated 
to the average cell division rate (D) than to Ndiv across both the 
roots of the eight genotypes and roots under chemical treat-
ments (Fig. 6). In a recent meta-analysis of annual and biannual 
species, it appeared that the difference in P was determined 
equally by Ndiv and D (Gázquez and Beemster, 2017). Thus, 
in roots, D appears to be a key determinant of P and, conse-
quently, of ORER.

While the elemental elongation rate varies along the root 
apex, showing a bell-shaped curve (Silk and Bogeat-Triboulot, 
2014), EERmax was a good descriptor of the elongation cap-
acity. EERmax varied from 10–40% h−1 among the different 
roots and was positively correlated to ORER, although less 
than P (Figs 2, 5). It became highly correlated to ORER dur-
ing the short-term growth responses to chemicals, 2  h after 
treatment onset (Fig. 4). EER responded far more rapidly and 
thus drove root elongation rate more than cell production dur-
ing the transition phase. Although independent from growth 
parameters, root diameter was slightly correlated with ORER 
when considering all genotypes, and positive correlations were 
found for two genotypes (Supplementary Fig. S1). The range 
of ORER for fine roots was lower than that of thick roots. As 
found in oak by Pagès (1995), the root apical diameter pro-
vided an upper limit to ORER and reflects more a potential 
than actual growth rate (Pagès et al., 2010). Finally, there was no 
significant difference of ORER variability among the geno-
types, and P. nigra and P alba genotypes had similar ORERs to 
commercial hybrids (except for one, Flevo). Poplar hybrids are 
selected mainly for high aerial productivity, disease resistance, 
and less so for rooting capacity (Zalesny and Zalesny, 2009). 
Our results suggest that the hybrid vigour of the shoot does 
not correspond with a higher growth rate of adventitious roots.

The root elongation rate was rapidly inhibited by oxidative, 
salt, and osmotic stress as well as by the addition of 10  µM 
ABA (Figs 3, 4). The addition of 2 µM ABA affected neither 
the growth parameters nor the ORER within the first hours as 
compared to controls. In line with this, H2O2 supplied in excess 
reduced root growth in tomato and Arabidopsis (Dunand et al., 
2007; Ivanchenko et al., 2013), and osmotic and salt stress also 

decreased root growth (West et  al., 2004; Geng et  al., 2013; 
Shelden et al., 2013; Royer et al., 2016). In Arabidopsis and rice, 
application of ABA at a low concentration (0.1 µM) stimulated 
root growth, while 10 µM ABA strongly reduced it (Xu et al., 
2013). A similar dose-response to ABA has been reported in 
maize (Mulkey et al., 1983). Here, at the early time-point, the 
variation in ORER across chemically treated roots was driven 
more by the variation in EERmax than by that in P (Fig. 4). 
Rapid growth adjustment in response to exogenous cues was 
related more to EER than to cell proliferation, although both 
contributed (Fig. 4). According to a 1-h-long monitoring run 
24 h after the onset of treatment, the root elongation rates of 
all treatments returned to a steady state (data not shown). The 
full recovery of all parameters under H2O2 treatment could be 
due to fading of this chemical in the nutrient medium after 
this time (Ivanchenko et al., 2013). The growth rate of roots 
under osmotic and salt stress remained reduced and was finally 
affected under ABA treatment. At that time, ORER was cor-
related strongly with P and, to a lesser extent, with EERmax 
(Figs  3, 5), a situation close to the comparison of ORERs 
across genotypes (Fig.  2). The relative contribution of P to 
ORER over the kinetics of responses to the treatments could 
be related to the differential responsiveness of D and Ndiv over 
time. The early variations of P in response to stress have been 
found to be due mainly to variations in D, with Ndiv requiring 
a longer time to change (West et al., 2004; Bizet et al., 2015). At 
later stages, variations in P were due to the RAM shortening 
while D had fully recovered (West et al., 2004; Liu et al., 2013). 
It has even been suggested that the rapid reduction of D is 
involved in the later reduction of Ndiv (Gázquez and Beemster, 
2017).

From the point of view of kinematics, ORER is the area 
below the EER profile along the growth zone, and EER is 
low in the RAM (Bizet et al., 2015). ORER is thus propor-
tional to the product of EERmax and EZ. In the early response 
to metal toxicity, the alteration of ORER was due to a reduc-
tion of EERmax and, to a lesser extent, of EZ (Kopittke et al., 
2015; Kopittke and Wang 2017). Here, EERmax contributed to 
ORER, but ORER was incredibly well correlated with EZ, 
regardless of the experiment, whether it was a genotype com-
parison or the early or late responses to external cues (Figs 2, 4, 
5). In a review, Baskin (2013) noted that there are more exam-
ples in the literature of regulation of ORER through varia-
tion of EZ than through variation of EER, and suggested that 
changes in EER could be an indirect consequence of an active 
change in the location of elongation ending. While the spatial 
control of transition from proliferation to elongation under 
the influence of hormonal interplay is now well understood, 
little is known about the control of where elongation ends (De 
Vos et al., 2014; Gázquez and Beemster, 2017). The Control of 
elongation ending through GA dilution in the expanding cells 
has been proposed as a cell-autonomous model (Band et al., 
2012) but other models support the involvement of spatial 
control (De Vos et al., 2014). Meanwhile, the duration of rapid 
cell elongation (the time taken for a cell to cross the EZ) 
was not affected in response to osmotic and salt stress (Sharp 
et al., 1988; West et al., 2004). Under a constant duration of cell 
elongation, the reduction of EZ could simply result from the 
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reduced P and EER, i.e. there will be fewer expanding cells 
in the elongation zone and the lower relative elongation rate 
will reduce their size. Indeed, EZ comprises (1) the number 
of expanding cells, which depends directly on the function-
ing of the RAM that feeds the elongation zone, (2) expansion 
duration, which is translated into length by kinematic action, 
and (3) EER, which affects individual cell length within the 
elongation zone. The variations in EZ explain most of the 
variations in ORER. EZ can thus be regarded as the most 
synthetic parameter, integrating the activity levels of both pro-
cesses into a single parameter.

In conclusion, the use of proxies allowed the rapid and non-
destructive quantification of meristem activity. High-quality 
imaging enabled the cell production rate to be computed from 
experimental data obtained directly at the shootward border of 
the RAM. One outcome of our work is that the functioning 
of the root meristem can now be quantified continuously over 
time and even in response to fluctuating environments. While 
cell production rate was found to be the main driver of growth 
rate, the elemental elongation rate was a key driver of short-
term growth adjustment. The length of the elongation zone, 
integrating the activity of both processes, was a proxy for root 
elongation rate.

Supplementary data

Supplementary data are available at JXB online.
Fig.  S1. Relationships between root apical diameter and 

overall root elongation rate across genotypes (Exp1).
Fig. S2. Time-course of the root elongation rate response to 

chemical treatments (Exp2).

Acknowledgements
This research received funding from the European Community’s 
Seventh Framework Programme (FP7/2007–2013) under the grant 
agreement no. FP7-311929 (WATBIO), and UMR Silva was supported 
by the French National Research Agency through the Laboratory of 
Excellence ARBRE (ANR-12- LABXARBRE-01). YC was supported 
by WATBIO and Region Lorraine (no. 12000543). The authors thank 
C. Buré and N. Aubry for their daily technical support, and H. Rothnie 
for English editing.

Author contributions 
IH, MBBT, and CY designed and conducted the study; CY performed 
growth monitoring and histological analysis; RB, DL, MBBT, and IH 
developed the image analysis pipeline; CY, FB, IH, and MBBT performed 
the statistical analysis; all authors contributed to interpretation of results; 
CY, IH, and MBBT wrote the manuscript in collaboration with all the 
authors. IH and MBBT contributed equally to this work.

References
Band LR, Úbeda-Tomás S, Dyson RJ, Middleton AM, Hodgman TC, 
Owen MR, Jensen OE, Bennett MJ, King JR. 2012. Growth-induced 
hormone dilution can explain the dynamics of plant root cell elongation. 
Proceedings of the National Academy of Sciences, USA 109, 7577–7582.

Baskin TI. 2000. On the constancy of cell division rate in the root meristem. 
Plant Molecular Biology 43, 545–554.

Baskin TI. 2013. Patterns of root growth acclimation: constant processes, 
changing boundaries. WIREs Developmental Biology 2, 65–73.

Bastien R, Legland D, Martin M, Fregosi L, Peaucelle A, Douady S, 
Moulia B, Höfte H. 2016. KymoRod: a method for automated kinematic 
analysis of rod-shaped plant organs. The Plant Journal 88, 468–475.

Basu P, Pal A, Lynch JP, Brown KM. 2007. A novel image-analysis 
technique for kinematic study of growth and curvature. Plant Physiology 
145, 305–316.

Beemster GT, Baskin TI. 1998. Analysis of cell division and elongation 
underlying the developmental acceleration of root growth in Arabidopsis 
thaliana. Plant Physiology 116, 1515–1526.

Beemster GT, Baskin TI. 2000. STUNTED PLANT 1 mediates effects of 
cytokinin, but not of auxin, on cell division and expansion in the root of 
Arabidopsis. Plant Physiology 124, 1718–1727.

Beemster GT, De Vusser K, De Tavernier E, De Bock K, Inzé D. 2002. 
Variation in growth rate between Arabidopsis ecotypes is correlated with 
cell division and A-type cyclin-dependent kinase activity. Plant Physiology 
129, 854–864.

Bizet F, Bengough AG, Hummel I, Bogeat-Triboulot MB, Dupuy LX. 
2016. 3D deformation field in growing plant roots reveals both mechanical 
and biological responses to axial mechanical forces. Journal of Experimental 
Botany 67, 5605–5614.

Bizet F, Dupuy LX, Bengough AG, Peaucelle A, Hummel I, Bogeat-
Triboulot M-B. 2017. Non-invasive protocol for kinematic monitoring of 
root growth under infrared light. Bio-Protocol 7, e2390.

Bizet F, Hummel I, Bogeat-Triboulot MB. 2015. Length and activity of 
the root apical meristem revealed in vivo by infrared imaging. Journal of 
Experimental Botany 66, 1387–1395.

Chavarría-Krauser A, Nagel KA, Palme K, Schurr U, Walter A, Scharr 
H. 2008. Spatio-temporal quantification of differential growth processes 
in root growth zones based on a novel combination of image sequence 
processing and refined concepts describing curvature production. New 
Phytologist 177, 811–821.

De Vos D, Vissenberg K, Broeckhove J, Beemster GT. 2014. Putting 
theory to the test: which regulatory mechanisms can drive realistic growth 
of a root? PLoS Computational Biology 10, e1003910.

Dunand C, Crèvecoeur M, Penel C. 2007. Distribution of superoxide and 
hydrogen peroxide in Arabidopsis root and their influence on root development: 
possible interaction with peroxidases. New Phytologist 174, 332–341.

Erickson RO. 1976. Modeling of plant growth. Annual Review of Plant 
Physiology 27, 407–434.

Fiorani F, Beemster GT. 2006. Quantitative analyses of cell division in 
plants. Plant Molecular Biology 60, 963–979.

Gázquez A, Beemster GTS. 2017. What determines organ size differences 
between species? A meta-analysis of the cellular basis. New Phytologist 
215, 299–308.

Geng Y, Wu R, Wee CW, Xie F, Wei X, Chan PM, Tham C, Duan L, 
Dinneny JR. 2013. A spatio-temporal understanding of growth regulation 
during the salt stress response in Arabidopsis. The Plant Cell 25, 2132–2154.

Hukin D, Doering-Saad C, Thomas CR, Pritchard J. 2002. Sensitivity of 
cell hydraulic conductivity to mercury is coincident with symplasmic isolation 
and expression of plasmalemma aquaporin genes in growing maize roots. 
Planta 215, 1047–1056.

Ivakov A, Flis A, Apelt F, Fünfgeld M, Scherer U, Stitt M, Kragler F, 
Vissenberg K, Persson S, Suslov D. 2017. Cellulose synthesis and cell 
expansion are regulated by different mechanisms in growing arabidopsis 
hypocotyls. The Plant Cell 29, 1305–1315.

Ivanchenko MG, den Os D, Monshausen GB, Dubrovsky JG, 
Bednárová A, Krishnan N. 2013. Auxin increases the hydrogen peroxide 
(H2O2) concentration in tomato (Solanum lycopersicum) root tips while 
inhibiting root growth. Annals of Botany 112, 1107–1116.

Ivanov VB, Dobrochaev AE, Baskin TI. 2002. What the distribution of cell 
lengths in the root meristem does and does not reveal about cell division. 
Journal of Plant Growth Regulation 21, 60–67.

Iwamoto A, Kondo E, Fujihashi H, Sugiyama M. 2013. Kinematic 
study of root elongation in Arabidopsis thaliana with a novel image-analysis 
program. Journal of Plant Research 126, 187–192.

Kiss JZ, Mullen JL, Correll MJ, Hangarter RP. 2003. Phytochromes 
A  and B mediate red-light-induced positive phototropism in roots. Plant 
Physiology 131, 1411–1417.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/69/21/5157/5058996 by IN

R
A (Institut N

ational de la R
echerche Agronom

ique) user on 18 D
ecem

ber 2018



5168 | Youssef et al.

Kopittke PM, Moore KL, Lombi E, et al. 2015. Identification of the primary 
lesion of toxic aluminum in plant roots. Plant Physiology 167, 1402–1411.

Kopittke PM, Wang P. 2017. Kinetics of metal toxicity in plant roots and its 
effects on root morphology. Plant and Soil 419, 269–279.

Liu Y, Lai NW, Gao K, Chen FJ, Yuan LX, Mi GH. 2013. Ammonium 
inhibits primary root growth by reducing the length of meristem and 
elongation zone and decreasing elemental expansion rate in the root apex 
in Arabidopsis thaliana. PLoS ONE 8, e61031.

Mulkey TJ, Evans ML, Kuzmanoff KM. 1983. The kinetics of abscisic 
acid action on root growth and gravitropism. Planta 157, 150–157.

Pagès L. 1995. Growth patterns of the lateral roots of young oak (Quercus 
robur) tree seedlings. Relationship with apical diameter. New Phytologist 
130, 503–509.

Pagès L, Serra V, Draye X, Doussan C, Pierret A. 2010. Estimating root 
elongation rates from morphological measurements of the root tip. Plant 
and Soil 328, 35–44.

Pahlavanian AM, Silk WK. 1988. Effect of temperature on spatial and 
temporal aspects of growth in the primary maize root. Plant Physiology 87, 
529–532.

Plomion C, Bastien C, Bogeat-Triboulot M-B, et al. 2016. Forest tree 
genomics: 10 achievements from the past 10 years and future prospects. 
Annals of Forest Science 73, 1–77.

Rahman A, Bannigan A, Sulaman W, Pechter P, Blancaflor EB, Baskin 
TI. 2007. Auxin, actin and growth of the Arabidopsis thaliana primary root. 
The Plant Journal 50, 514–528.

Royer M, Cohen D, Aubry N, Vendramin V, Scalabrin S, Cattonaro 
F, Bogeat-Triboulot MB, Hummel I. 2016. The build-up of osmotic 
stress responses within the growing root apex using kinematics and RNA-
sequencing. Journal of Experimental Botany 67, 5961–5973.

Sacks MM, Silk WK, Burman P. 1997. Effect of water stress on cortical 
cell division rates within the apical meristem of primary roots of maize. Plant 
Physiology 114, 519–527.

Schindelin J, Arganda-Carreras I, Frise E, et al. 2012. Fiji: an open-
source platform for biological-image analysis. Nature Methods 9, 676–682.

Sharp RE, Poroyko V, Hejlek LG, Spollen WG, Springer GK, Bohnert 
HJ, Nguyen HT. 2004. Root growth maintenance during water deficits: 
physiology to functional genomics. Journal of Experimental Botany 55, 
2343–2351.

Sharp RE, Silk WK, Hsiao TC. 1988. Growth of the maize primary root 
at low water potentials: I.  Spatial distribution of expansive growth. Plant 
Physiology 87, 50–57.

Shelden MC, Roessner U, Sharp RE, Tester M, Bacic A. 2013. Genetic 
variation in the root growth response of barley genotypes to salinity stress. 
Functional Plant Biology 40, 516.

Silk WK. 1984. Quantitative descriptions of development. Annual Review of 
Plant Physiology 35, 479–518.

Silk WK. 1992. Steady form from changing cells. International Journal of 
Plant Science 153, S49–S58.

Silk WK, Bogeat-Triboulot M-B. 2014. Deposition rates in growing 
tissue: implications for physiology, molecular biology, and response to 
environmental variation. Plant and Soil 374, 1–17.

Silk WK, Erickson RO. 1979. Kinematics of plant growth. Journal of 
Theoretical Biology 76, 481–501.

Swarup R, Perry P, Hagenbeek D, Van Der Straeten D, Beemster 
GT, Sandberg G, Bhalerao R, Ljung K, Bennett MJ. 2007. Ethylene 
upregulates auxin biosynthesis in Arabidopsis seedlings to enhance 
inhibition of root cell elongation. The Plant Cell 19, 2186–2196.

Thévenaz P, Unser M. 2007. User-friendly semiautomated assembly 
of accurate image mosaics in microscopy. Microscopy Research and 
Technique 70, 135–146.

van der Weele CM, Jiang HS, Palaniappan KK, Ivanov VB, Palaniappan 
K, Baskin TI. 2003. A new algorithm for computational image analysis of 
deformable motion at high spatial and temporal resolution applied to root 
growth. Plant Physiology 132, 1138–1148.

Walter A, Silk WK, Schurr U. 2009. Environmental effects on spatial and 
temporal patterns of leaf and root growth. Annual Review of Plant Biology 
60, 279–304.

Walter A, Spies H, Terjung S, Küsters R, Kirchgessner N, Schurr U. 
2002. Spatio-temporal dynamics of expansion growth in roots: automatic 
quantification of diurnal course and temperature response by digital image 
sequence processing. Journal of Experimental Botany 53, 689–698.

West G, Inzé D, Beemster GT. 2004. Cell cycle modulation in the 
response of the primary root of Arabidopsis to salt stress. Plant Physiology 
135, 1050–1058.

Wiese A, Christ MM, Virnich O, Schurr U, Walter A. 2007. Spatio-
temporal leaf growth patterns of Arabidopsis thaliana and evidence for 
sugar control of the diel leaf growth cycle. New Phytologist 174, 752–761.

Wuyts N, Bengough AG, Roberts TJ, Du C, Bransby MF, McKenna 
SJ, Valentine TA. 2011. Automated motion estimation of root responses to 
sucrose in two Arabidopsis thaliana genotypes using confocal microscopy. 
Planta 234, 769–784.

Xu W, Jia L, Shi W, Liang J, Zhou F, Li Q, Zhang J. 2013. Abscisic acid 
accumulation modulates auxin transport in the root tip to enhance proton 
secretion for maintaining root growth under moderate water stress. New 
Phytologist 197, 139–150.

Yang X, Dong G, Palaniappan K, Mi G, Baskin TI. 2017. Temperature-
compensated cell production rate and elongation zone length in the root of 
Arabidopsis thaliana: temperature compensation in root growth. Plant, Cell 
& Environment 40, 264–276.

Zalesny RS, Zalesny JA. 2009. Selecting Populus with different adventitious 
root types for environmental benefits, fiber, and energy. In: Niemi K, Scagel 
C, eds. Adventitious root formation of forest trees and horticultural plants-
from genes to applications. Kerala, India: Research Signpost, 359–384.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/69/21/5157/5058996 by IN

R
A (Institut N

ational de la R
echerche Agronom

ique) user on 18 D
ecem

ber 2018


