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The identi cation of the limits between the cell division, lngation and mature zones in
the root apex is still a matter of controversy when methods bsed on cellular features,
molecular markers or kinematics are compared while method$ased on cell length
pro les have been comparatively underexplored. Segmentabn models were developed
to identify developmental zones within a root apex on the bds of epidermal cell length
pro les. Heteroscedastic piecewise linear models were esinated for maize lateral roots
of various lengths of both wild type and two mutants affectedn auxin signaling itcs

and rum-1). The outputs of these individual root analyses combined wi morphological

features (rst root hair position and root diameter) were ten globally analyzed using
principal component analysis. Three zones correspondingot the division zone, the
elongation zone and the mature zone were identi ed in most lgeral roots while division
zone and sometimes elongation zone were missing in arrestecbots. Our results are
consistent with an auxin-dependent coordination between ell ux, cell elongation and
cell differentiation. The proposed segmentation models aald extend our knowledge
of developmental regulations in longitudinally organizeglant organs such as roots,
monocot leaves or internodes.

Keywords: auxin mutant, lateral root diversity, multiple cha
component analysis, root apex

nge-point model, piecewise linear function, principal

INTRODUCTION

Since the pioneering studies achs (1873nd Darwin (1880) the root apex has been one of the
most widely used plant organs to study cell division, celhgltion and cell di erentiation which
occur within successive zongsqodwin and Stepka, 1945; Erickson and Sax, 1p3hile the
longitudinal cellular pattern within the root apex and the namgiof the di erent zones are now the
matter of tentative consensus vieviza(rio et al., 2013; lvanov and Dubrovsky, 2))16ere is still
no general agreement regarding the criteria used to de rdithits between these zonesg(belen
et al., 2006; lvanov and Dubrovsky, 2013; Bizet et al.,)2Historically, the shootward limit of
the division zone (also called the root apical meristem, etiog to Barrio et al., 2013; Ivanov and
Dubrovsky, 2013where cells divide at various rates and in di erent proporyrvas identi ed by
the presence/absence of mitotic gures in longitudinal gat (Clowes, 1959; Hejnowicz, 1959
By the turn of the last century, molecular markers have retrohized the histology and, regarding
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cell division, cyclins which show marked overexpression atre considered or when not all the cells can be visible from
precise time points during the cell cycle have been usethe quiescent center, hampering the use of methods based
(Ferreira et al., 1994; West et al., 2D8uch type of discrete on cell indices French et al., 20)2 Recently, a method was
labeling leads to a probabilistic pattern and this has allotied proposed that delineates complex root meristems based on a
identi cation of a transition zone in the shootward regiorf o statistically-de ned cell length thresholdBizet et al., 2015
the root apical meristem. In this zone, a progressive decrea3dis method proved to be robust although it does not allow to
of the occurrence of cell division is observed while celtpiae  detect patterns within the meristem (such as gradual increase
the capacity to elongate through vacuolizatidha(uska et al., decrease in cell length or change points) whereas these can be
1999 and cortical microtubule reorganizatiorB@luska et al., useful information when analyzing the impact of environmaint
1996; Baskin et al., 199%fter the transition zone, cells move stresses or genetic e ects. Moreover, none of these methods
to a rapid elongation zone and, to our knowledge, there isvere designed to identify the limit between the elongatione
no consensus molecular marker for this zone although somand the mature zone. Very few attempts have been made in
members of the expansion gene family show tight associafion this direction because of the diculty to deal with the large
their expression with elongation rate in monocot leaviesifer  standard deviation of cell length around this limiSi(k et al.,
et al.,, 200Y or internodes [ee and Kende, 20D1Growth  1989.
cessation at the shootward limit of the elongation zone heenb A generic segmentation method, (i) based on cell length
associated with cell wall sti eningfomos and Pritchard, 1994  pro les, (i) relying on minimuma priori biological assumptions,
peroxidase activity (though more convincingly in aerial @ng, (i) applicable to a large diversity of root growth dynamiesd
seeMacAdam et al., 1992and the burst of reactive oxygen (iv) able to detect limits both between the division zone ahd t
speciesunand et al., 2007ut none of these events were usedelongation zone and (v) between the elongation zone and the
as marker to locate this limit. Moreover, the formation of @to mature zone is thus missing. The aim of this study was to propose
hair bulge has often been taken as a marker of the switch fromuch a generic method for identifying root developmental
elongation to di erentiation although this tends to occurfoee  zones in cell length pro les. We used heteroscedastic pieeewis
the end of the elongation zon&/@ et al., 2003; Le et al., 2004  Gaussian linear models (i.e., with a residual variance speci
Alternative to cellular features or molecular markers argo each developmental zonéjawkins, 197h These specic
kinematic studies $harp et al., 1988; Muller et al., 1998;multiple change-point models are distinct from segmented
Walter et al., 2002 They are based on the combination of regression or broken-line modeldviiggeo, 2008 which are
non-destructive observations of the spatial distributidnlacal constrained to be homoscedastic (i.e., with a residualanag
growth within the root apex with the cell length prole in common to the di erent developmental zones). This assumption
the same zoneHrickson and Sax, 195pbThese techniques appeared to be unrealistic given the large changes in variance
quantify the cell division rate and locate the shootwardilim along root cell length proles Goodwin and Stepka, 1945;
of the division zone by using an analogous of the continuityPritchard et al., 1990 As a biological material, we choose
equation used in uid mechanics here applied to local cellmaize lateral roots showing a large diversity of lengths and
density Erickson and Sax, 1956b; Beemster and Baskidjameters, likely corresponding to various growth dynamvit
1998; Muller et al., 1998 However, averaging local growth acceleration, deceleration and rapid growth arrest as replort
pro les for several roots was identied as a source of biasin other speciesHreixes et al., 2002 These dynamics were
leading to smooth rapid individual variations and probably expected to correspond to meristem enlargement, shrinkage or
to overestimate the size of the division zonear{ der Weele exhaustion, respectivelyD(brovsky and Gémez-Lomeli, 2003;
et al., 2008 Moreover, when growth is non-stationary, this Sanchez-Calderon et al., 200l order to increase the sources
technique requires the incorporation of a time-dependencgnte of variability in our lateral root sample, and given the known
(Silk, 1992; Beemster and Baskin, 19%hich further adds impact of auxin on the establishment and the maintenance of
uncertainties. the root meristem Pacici et al., 201p and on the balance
Developmental zones can also be identi ed in root apicebetween cell division and di erentiationello loio et al.,
on the basis of cell length pro les alone. Meristematic celes a 2009, we used two independent maize mutants altered in
short in length. The exit from the cell cycle and the entryaint auxin signaling:rtcs codes for a LOB-domain transcription
the elongation zone are characterized by a rapid increase factor and carries auxin-responsive elements in its promoter
cell length while the end of the elongation zone is expected tfraramino et al., 20Q7while rum1 codes for an AUX/IAA
correspond to cell length reaching a plateau. Di erent methodgprotein (Woll et al., 200k Both mutants are also defective in
have been used to determine meristem length based on cskminal root formation. The objectives of this work were shu
length pro les including expert visual method$ésamitjana- twofold: (i) design statistical models for identifying déygment
Martinez et al., 2003; Mouchel et al., 2)0g@mpirical thresholds zones in cell length pro les observed in root apices and (ii)
on cell length Beemster et al., 20pand geometrical approaches on this basis, identify emerging properties in particular in
to detect change points=(ench et al., 20)2 These methods terms of coupling/uncoupling between cell division, elongatio
are well suited to simple root structures such asAi@bidopsis and di erentiation processes and characterize the intrinsic
thalianawhere only a few cells per les are present and abrupmodulation of the root developmental pattern for a large divtgrs
changes in length can be easily detected. It becomes mooé lateral roots as well as the impact of a perturbation in auxin
di cult when larger, more complex roots, with many cell les signaling.
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MATERIALS AND METHODS under natural uorescence conditions using UV illumination
. . (360-370nm) to allow observation of cell walls in epidermal

Plant Material, Growth andltlons, and root cells. Individual root apiced-{gure 1) were imaged gt 10x
Lateral Root Apex Sampling magni cation by gathering 2—3 contiguous images, until Hume
Maize ea maysL.) seeds of the hybrid B73xUHO007 where root hair development was observed.
(referred to as wild type in the following) used in this study  All image processing and data extraction were performed
were produced within the European FP7 project EURO0Oanually using the ImageJ image analysis software (Rasband
(http://www.euroot.eu). Seeds ofcs (Taramino et al., 2007 WS, U.S. National Institutes of Health, Bethesda, MD, USA).
and rum-1 (Woll et al., 200p maize mutants, both in the B73 The contrast of the microscopy images was rst adjusted to
background, were provided by Frank Hochholdinger (Universit make the cell les appear as clearly as possible. Cell lengths
of Bonn, Germany). Germinated seeds were transferred upofiom all clearly visible les (usually the central 3-4 cell les)
emergence of the radicle on the top of 7040 cm rhizotrons  the epidermal tissue were manually measured for each root as
adapted fromNeufeld et al. (1989)Root systems were allowed the distance between two consecutive transverse cell walls. C
to develop between a layer of cellulose acetate tissue tacon |ength sampling started at the root cap junction and spanned
with nutrient and water rich compost and a slide of plexiglassshootward, as long as the quality of the image allowed it,iand
Rhizotrons were installed into 1fngrowth chambers under gaj| cases far beyond the occurrence of the rst root hair izl
controlled conditions (24/20C day/night temperature, 14h was assigned to a longitudinal position equal to its orthodona
photoperiod, 1 kPa VPD, and PPFD of 3@fhol photons/n?/s).  projection onto a virtual line passing through the middle o&th

After 2 weeks, a selection of approximately 1cm long roofoot, taking the root cap junction as the origin. The onset of
apices from 42 lateral roots encompassing the diversity afsrooroot hair formation was estimated for each root by locatiig t
present along the primary root of several replicate plants wagost rootward cell showing an incipient root hair bulge. Laier
harvested. The lateral roots were sampled within 3 categorigoot diameter was evaluated at two positions beyond the rst
based on (i) the root length relative to its neighbofsgure 1D),  root hair. Two hours were generally su cient to process a tygic
and (i) the proximity of the rst root hair to the root tip root sample. After exploration of cell length pro les, 36 lateral
(Figures 1E-G which is known to be a good indicator of the roots were retained for further analyses (18 wild-typec8and
elongation rate\(vatt et al., 2003; Pages et al., 29b@ing more  10rum-1 individuals), the 6 others being rejected because of a
or less closely associated with the end of the elongatior® zofoo sparse sampling of cells. An average of 160 cell lengths was
(Le et al., 2001 We named these roots A, B and C with type measured for each selected root, with a minimum of 52 and a
A roots being long, type C roots being very shottl(cm) and  maximum of 267.
type B roots being intermediate in length. This typology match
that recently identi ed in pearl m_iIIet_on the basis of ana_tilml Multiple Change-Point Models for
features Passot et al., 20).6Using independent experiments . .
(not described here), we evaluated the growth patterns afehe Ident'fy'ng Devel()pment Zones in Lateral
roots and found that type A root growth rate was high (8—Root Cell Length Pro les
17 mm day 1) and increases markedly the rst days of growth De nition of Heteroscedastic Piecewise Gaussian
by contrast with type B and C roots which show slow and fastinear Models and Gaussian Change in the Variance
deceleration, ending up in growth arrest in (on average) 8 anModels
3 days respectively. In the two mutants, roots of similar typeMultiple change-point models were used to delimit
were found although long roots were globally shorter than indevelopmental zones within a cell length serie®f length
the wild type. In addition, vigorous lateral roots emergimgrh ~ T. We made the assumption of heteroscedastic piecewise
curvatures of the primary roots induced by the alteration ofGaussian linear models where the within-zone parameters were
gravitropism were categorized a$. Aach of these root types the intercept, slope and residual variance. The heterostieitias
were present in all individual plants and our sampling protocolassumption (a residual variance dierent in each zone) was
aimed at capturing the largest diversity, including that dee suggested by the data characteristics and validafeubteriori

plant vigor. We adopted a retrospective or o -line inference approach
whose objective was to infer the number of developmental
. L zonesJ the positions of thel 1 change pointsq,:::,
Image Analysis and Acquisition of Lateral (with the o . D 1and JgDp T c11), the J
Root Cell Length Pro les and within-zone intercepts j, slopes j and residual variance .
Morphological Properties For the selection of the number of developmental zones, we

Root apices were placed in a xative solution of 1:3 vol/voliacet used the slope heuristic proposed lByuédon (2015h) The
acid: 70% ethanol and stored at@l After 2 days, the xed principle of this kind of penalized likelihood criterion consists
material was moved to a clearing solution of chloral hydratén making a trade-o between an adequate tting of the model
(200g chloral hydrate in 20 ml glycerol and 30 ml water) forto the data and a reasonable number of parameters to be
at least 4h \(Vuyts et al., 2010 Roots were mounted in the estimated.

same solution and imaged within a week. Root apices were Once the number of developmental zondshad been
observed using an optic microscope (Olympus BX61 TRF, Japasglected, the cell length series was optimally segmented int

Frontiers in Plant Science | www.frontiersin.org 3 October 2017 | Volume 8 | Article 1750


http://www.euroot.eu
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Moreno-Ortega et al. Developmental Zones in Maize Lateral Roots

500 pm

50 pm

o
g |
™
(=
— o
E g ©

2
o

£ 81

[~

0

p— o

o A

i

©
(=3

E 8

@ -

=4

Q.

w o
w
o]
o
g |
™
(=

— o

£ N

2
o

£ 8-

b3 N

2

- (=

®  © A

5 8

©
o

E o -

£ 8

k-4

Q.

w o |
w
o
(=3
g |
@
o

_ un -

3 N

2
o

£ 8-

b3 N

2

= o

© v

i

2 o

g =

i

Al

Q.

w o
w
-]

T T T
0 500 1000 1500 2000 2500 3000 3500

Distance from RCJ (um)

FIGURE 1 | Acquisition of epidermal cell length pro les, diversity of raize lateral roots and examples of cell length pro les collged in roots of different types.(A)
Auto uorescence microphotography of a maize lateral root apx obtained as a composite of 3 different microscopy imageshlack background). Arrowheads in the
(Continued)
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FIGURE 1 | Continued

inbox indicate root hair bulges. The most rootward epidermiecell with a visible root hair bulge is indicated by a red arwhead. (B) Zoom on a meristematic zone.(C)
Epidermal cell lengths (blue points) were sampled along tHengitudinal axis of the root. The positions of the root capuinction (gray line; origin of the longitudinal axis)
and of the most rootward root hair bulge (red line) were recded. Root diameter was sampled at two different positions bgond the rst root hair (orange arrows).(D)
Typical display of lateral roots along a maize primary rookateral roots were visually classi ed in 3 categories depenidg on length at a given insertion point and
distance from tip to rst root hair, indicative of root growthrate. Red, green, and blue refer respectively to long and vigous roots (type A), short€ 10 mm) and
arrested roots (type C) and intermediate, slow growing rost(type B).(E-G) Examples of lateral root tips sampled from the three types.ypes B and C had visually
short distances between tip and rst root hair position.(H-J) Examples of cell length pro les from lateral roots belongingo the three types shown in(E-G)
respectively. Data from 4 to 7 individual roots are merged.@rtical dotted lines mark the position of the rst root hair bige visible in uorescence images.

J zones using a dynamic programming algorithrAuger and  All these quantities used for diagnostic are formally de nad
Lawrence, 1989 This optimal segmentation (i.e., the most Methods S1 in Supplementary Material.

probable segmentation among all the possible segmentations We conducted a residual analysis to decipher the weights of
for a xed number of developmental zones) de nes thethe change in slope and of the change in residual variance in
optimal change points and relies on the estimation of within-the determination of change points. To this end, we computed
zone parameters. It thus de nes the optimal piecewise lineathe residual series by subtracting the piecewise lineartimmc
function which is not assumed to be continuous at changeorresponding to the selected segmentation from the meadsure
points. This optimal piecewise linear function should onlyseries. We then estimated a Gaussian change in the variance
be considered as the most ||k8|y explanation of the Ceunode| app]ymg the methodo|ogy previous]y described for
length series using multiple change-point models but not ageteroscedastic piecewise Gaussian linear models. In aig@auss
a generative model of the underlying biological mechanismchange in the variance model, we suppose that 1 change
Guédon (2013generalized the dynamic programming algorithm points 1 < < 3 1 exist such that the mean is assumed to

of Auger and Lawrence (1983p compute the topN most e constant and the variance is constant between two sueeessi
probable segmentations. This algorithm was useful since, Bhange points:

some cases, a well-supported alternative segmentation was

more consistent with biological assumptions than the optimal . EX)D

segmentation. if ;) t< jea VarX)D 2.
The assessment of multiple change-point models relied on !

two ppsterior probabili'Fit_es (see Methods S1 in Supplementa% our context of residual analysis, the estimated mean \veeyes
Material for formal de nitions): very close to 0. Details on the statistical methods for multiple

posterior probability of the selecteddevelopmental-zone Cchange-point models are given in Methods S1 in Supplementary
model, i.e. weight of thg-developmental-zone model among Material.
all the possible models. This posterior probability is an outpu%Ig

of the slope heuristic (see Methods S1 in Supplementa ustration of the Application of Multiple

Material). hange-Point Models on Selected Maize Lateral

posterior probability of the optimal segmentation in ROOtApices _
Jdevelopmental zones, i.e. weight of the optimal segmentatioh'ré€ successive zones are expected along the apex of growing

among all the possible segmentations Jndevelopmental roots starting from the tip: the root apical meristem (called
zones. division zone and abbreviated DZ hereafter), the elongetione

(EZ) and the mature zone (MZ). We assumed that the division

These two posterior probabilities re ect the hierarchicaturea  zone was characterized by small cells, the elongation zonellsy ¢
of the inference with two successive steps: (i) selection @f gradually increasing length and the mature zone by largs.ce
the number of developmental zones using the slope heuristig our modeling framework, the limit between two successive
considering all the possible segmentationsJidevelopmental zones corresponds to a marked change in slope and in residual
zones ford D 1,:::,Jnax and (ii) computation of the optimal standard deviation.
segmentation in the number of developmental zones previously The example presented fRigure 2 illustrates a typical type
selected. A lateral root where the DZ-EZ and EZ-MZ limits correspond

We used di erent diagnostic toolsquédon, 201pBto assess to changes both in slope and in residual standard deviation.
the assumption of the segmentation in developmental zonephe residual analysisigure 3 highlights the role played by the
and in particular two types of posterior probability pro les that change in residual standard deviation for de ning limitstiveen
summarize all the possible segmentations for a xed numbegonsecutive zones since the uncertainty intervals for tdefX
of developmental zones: posterior zone probability pro les anchnd EZ-MZ limits given by the piecewise linear model estimated
posterior segmentation probability pro les. It is often of @est  on the basis of the measured series and the change in thencaria
to quantify the uncertainty concerning change-point positi@o  model estimated on the basis of the residual series are {@sg.c
this end, we computed uncertainty interval for each changetoi  |n a few cases, the optimal piecewise linear function did
using the smoothing algorithm proposed byuedon (2013) not t our biological assumptions. The type A lateral root

Frontiers in Plant Science | www.frontiersin.org 5 October 2017 | Volume 8 | Article 1750


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Moreno-Ortega et al.

Developmental Zones in Maize Lateral Roots

A 110 ' e
L
1
1
- T
i 1
% 1
E: i
i
2 + residuals
3 - ] o+ 4t 1
5 : e
s I e
i +
-90
B 1
0.8
z
E
[
,_§ 0.6
£ —DZ
=]
G 0.4 —EZ
é —MZ
0.2 \
0
0 500 1000 1500 2000 2500 3000
Distance from the root cap junction (um)

FIGURE 3 | Residual analysis of the lateral roottcs Al) presented in

Figure 2. (A) Segmentation in 3 zones of the residual series using a Gaussi
change in the variance model with the division zone-elongan zone (DZ-EZ)
and elongation zone-mature zone (EZ-MZ) limits (solid liseestimated on the

A first roo;hair position +
200 i
1 + s
: + i o, X +
£ 150 1
S L]
= 1 + 4
E) ! + + data
5 100 L, E 2 )
= : + olilE ¥ 4+ +y ——function
+
ot o
50 ¥ T &
+ i + S +y
A I
1
0 T — T T T T
0 500 1000 1500 2000 2500 3000
B 1 /
0.8
&
2
£ 06
= —DZ
s
5 04 —EZ
Z —MZ
-9
0.2 )
0 \ r r r r r
0 500 1000 1500 2000 2500 3000
Distance from the root cap junction (um)
FIGURE 2 | Outputs of the selected piecewise linear model in the case i
typical vigorous lateral rootitcs Al). (A) Optimal 3-segment piecewise linear
function and rst root hair position; (B) Posterior division zone (DZ), elongation
zone (EZ), and mature zone (MZ) probabilities. The unceméy intervals for the
DZ-EZ and EZ-MZ limits are in gray.

basis of the original series; dotted lines: estimated on theasis of the residuals
series);(B) Posterior DZ, EZ, and MZ probabilities. The uncertainty iatvals for
the DZ-EZ and EZ-MZ limits are in gray.

presented inFigure 4 illustrates such a case where the optimal
piecewise linear function deduced from the optimal 2-segmergame limits as the third segmentation of the measured series
model can be interpreted as a division zone followed by &he example presented in Figure S2 illustrates a similartgitua
mature zone according to our biological assumptions. Thén the case of a type B lateral root without a division zone for
missing elongation zone could not be identi ed in the optimal which the second segmentation is far more consistent with the
3-segment piecewise linear function (the slope in the eldngat approximate continuity of the selected piecewise linear fiomct
zone is not signi cantly di erent from zero) but rather in the These examples illustrate the strategy we adopted for sejectin
well-supported alternative 3-segment piecewise linear fanct piecewise linear functions combining the inference of npléi
corresponding to the second segmentation. In this exampke, thchange-point models with biological assumptions. We rst
di culty comes from the rather sparse sampling of cells in the computed the optimal piecewise linear function for the number
mature zone (16 cells in the retained segmentation instefad @f developmental zones given by the slope heuristic. We then
62 in the example shown ifigure 2) in conjunction with the identied the division zone, the elongation zone and the
high MZ residual standard deviation. As a consequence, themature zone and checked their characteristics according to
uncertainty interval for the EZ-MZ limit is large. The example our biological assumptions (knowing that the division zone or
presented in Figure S1lillustrates a similar situation buevetthe  the division and the elongation zones can be absent in type B
optimal 3-segment piecewise linear function is consisterthwi or C roots). If two consecutive zones were merged (e.g., the
our biological assumptions. elongation and the mature zones for the example presented in
The example presented iRigure 5 illustrates the case of Figure 4), we explored the well-supported (in terms of posterior
a type A lateral root for which the determination of the EZ- probabilities) segmentations with one more zone. If the opiim
MZ limit is rather uncertain. The optimal limit at 1,132m  piecewise linear function was strongly inconsistent regaydi
is at the shootward end of the uncertainty interval. Thisitim the approximate continuity assumption (the presence of a
entails a jump of 44.7mm between the two linear functions. huge discontinuity was rather inconsistent with the biolcai
We thus retained the limit at 68®m corresponding to the assumption of a gradual increase in cell length), we explored
third segmentation which only entails a jump of 1imin. It  well-supported alternative segmentations. No other bialabi
is also consistent with the residual analysis since the ggtimassumptions (e.g., position of the EZ-MZ limit with respect to
segmentation of the residual series deduced either from théne rst root hair position) were used for selecting piecewise
optimal segmentation or from the third segmentation has thdinear functions.
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deviation in the determination of the limits between these
zones and on the uncertainty concerning these limits.

W d that the devel tal patt N th2. Comparison of the developmental zones of the lateral roots i
€ assumedthat the developmental pattern was common 0 the- o, a4 identify commonalities and di erences between thes

studied lateral roots even if the most rootward developmenta .
. T L X zonations.
zones (i.e., the division zone or the division and the eldioga

zones) were absent in some roots. The analysis of thige|ection of the Number of Developmental
developmental pattern broke down in two steps: zones

1. Identi cation and characterization of the successiveWe retained the number of developmental zones given by
developmental zones along each lateral root. For thithe slope heuristic and the optimal segmentation in this
individual analysis, we focused in particular on the setecti number of developmental zones for 26 individuals among
of the number of developmental zones, on the roles played6 (Tables £3 for the wild type and thertcs and rum-1
by the change in slope and the change in residual standamutant respectively). This includes the three 4-zone indiaid

RESULTS
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TABLE 1 | Multiple change-point models estimated for wild-type lateal roots.

Posterior probability

DZ s.d. DZ-EZ limit EZ s.d. EZ-MZ limit First hair MZ s.d. Segmentation Model SH
position model
A10 Linear 1.3 855 (761, 855) 5.5 1,494 (1,121, 1,556) 2,122 8.2 0.16* 1* 3
Variance 1.3 855 (766, 867) 55 1,494(1,188,1,561) 18.1 0.1* 0.54* 3
A31 Linear 2.2 676 (633,763) 4.6 1,368(1,323,1,368) 1,692 2.9 0.1* 1* 3
Variance 2.6 988(898, 1,019) 5.8 1,368(1,323,1,370) 29.7 a* 0.95* 3
A9 Linear 2 587 (528, 635) 35 1,219(1,177,1,242) 2,318 27.8 0.13* 1* 3
Variance 2.2 1,008 (973, 1,053) 7.3 1,531(1,440,2,295) 306t 0.07* 0.95* 3
A8 Linear 0.8 553(532,553) 5.4 1,100 (1,001, 1,100) 1,862 17 0.13* 0.29 2
Variance 0.7 553(532,553) 4.4 1,030(980, 1,100) 15.9 0.16* 0.98* 3
Al13 Linear 2 510 (459, 521) 6 973(952,973) 1,267 375 0.24* 0 4
Variance 2 511 (489, 521) 6 1,013(915,1,013) 375 0.25* 0.91 3
B33 Linear 1.8 439 (387,439) 8.1 672(631,672) 781 334 0.21* 0 4
Variance 1.8 458 (427,473) 8.4 672(628,672) 33.3 0.21* 0.98 3
B32 Linear 2.2 411 (337,411) 6.7 716 (672,716) 929 24.7 0.35* 0 4
Variance 2.2 411 (337,517) 6.8 719(672,824) 24.9 0.1* 0.02 4
B19 Linear 1.7 366 (344, 396) 4.9 600 (578, 770) 895 325 0.17* 1* 3
Variance 1.8 415 (358, 435) 5.3 600 (568, 600) 32.1 0.21* 0.98 3
All Linear 1.9 328(255, 383) 3.6 655 (647, 655) 1,165 24.1 0.3* 0.96* 3
Variance 2.2 454 (277,474) 4.6 678(654,678) 24.3 0.1* 0.98* 3
Al12 Linear 1.7 320(314,320) 5.1 722(677,722) 756 25.6 0.5* 1 3
Variance 1.7 320(314,363) 5.2 729(677,729) 25.6 0.26* 1* 3
B34 Linear 1.2 278(274,318) 6.3 461 (392,461) 515 24.6 0.27* 0.85* 3
Variance 1.2 278(270,297) 4 392(391,474) 22.2 0.17* 0.13 4
B20 Linear 2.7 232(227,253) 10.1 574 (517, 696) 586 25.3 0.14 1* 3
Variance 2.7 232(224,253) 9.8 591 (349, 591) 25.7 0.2* 0.91* 3
B35 Linear 3 215(171,224) 7.2 388(367,446) 430 23.2 0.19* 1* 3
Variance 3.3 257 (207,293) 12 1,157 (388, 1,157) 29.9 0.02* a2* 3
C25 Linear 3.2 144 (67,180) 121 11.6 0.37* 0.01 1
Variance 3.1 144 (67,722) 11.6 0.44* 0.9* 2
Cc28 Linear 4.2 115(106, 115) 166 12.8 0.65* 1* 2
Variance 4.5 139(97,139) 13 0.21* 1* 2
C26 Linear 101 11.5 1* 1* 1
Variance 11.5 1* 0.27 2
Cc27 Linear 93 14 1* 1* 1
Variance 14 1* 0.61* 1
C30 Linear 197 15.9 1* 1* 1
Variance 15.9 1* 0.95* 1

For each lateral root (ordered in decreasing length of the divisiomaze), the piecewise linear model is described in the rst row and the Gausan change in the variance model estimated
on the basis of the residual series is described in the second row. For eacmultiple change-point model, the standard deviations (s.d.) estimated for eactome division zone (DZ),

elongation zone (EZ) and mature zone (MZ) the limits between zones with associated 0.05-uncertainty intervals, the st root hair position (all in m), the selected segmentation

posterior probability an asterisk indicates that the segmentation is the optimal one, the selected model posterior probability an asterisk indicates that the model is the one given by
the slope heuristic (SH) , and the number of zones given by the slope heuristic are given.

presented in Tables S1, S2 (see below for the interpretatidty the slope heuristic and for two other individuals (see
of this pattern). Figure 2 shows a typical 3-zone individual Figure5 Figure S2), we retained a well-supported alternative
while Figure 6 shows a typical 2-zone (elongation and maturesegmentation in the number of developmental zones given
zones) individual and a typical single-zone (mature zonegypnl by the slope heuristic. For the 6 remaining individuals, we
individual both categorized as type C and illustrating theretained a model with one more developmental zone than
diversity of cell length pattern in arrested roots. For twothe model selected by the slope heuristic and the optimal
individuals, we retained a well-supported alternative modesegmentation in this number of developmental zones (see&igu
with one more developmental zone than the model selecte81) except for one individual (s€ggure 4) for which we retained
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TABLE 2 | Multiple change-point models estimated forrtcs lateral roots.

Posterior probability

DZ s.d. DZ-EZ limit EZ s.d. EZ-MZ limit First hair MZ s.d. Segmentation Model SH
position model
A3 Linear 4.8 617 (548,662) 12.9 1,385(879,1,421) 1,083 4a 0.05 0 2
Variance 4.7 634 (553, 718) 13.1 1,385(879,1,421) 38.7 0.19 0.53* 3
Al Linear 3.4 535(321, 649) 6 1,185(1,112,1,185) 1,078 43.6 0.14* 1* 3
Variance 3.4 583(387,775) 6.3 1,185(1,112,1,185) 43.3 0.8* 0.96* 3
A%6 Linear 2.1 506 (474, 506) 6.6 1,146 (997, 1,215) 965 21.8 as* 0.61* 3
Variance 2.1 506 (465, 510) 6.5 1,146 (997, 1,241) 21.3 0.15* 0.99* 3
A2 Linear 3.1 323(16,347) 11.4 744 (388,828) 485 28 0.13* 0.0 2
Variance 31 347(68,347) 11.8 744 (347,796) 27.6 0.12* 0.17 2
A7 Linear 13 313(298,313) 6.1 707 (549, 828) 692 14.7 0.1* @5* 3
Variance 13 313(288,313) 3.8 455 (417,707) 12.3 0.08* 0.9% 3
Alg Linear 1.4 272(267,322) 4.3 505 (426, 505) 563 16.1 0.05* 0 2
Variance 15 295 (285, 318) 43 428 (402, 697) 15.5 0.05* 0.88 3
A%B9 Linear 8.8 980 (548, 1,118) 634 26.9 0.35* 0.2 1
Variance 8.6 980(548,1,118) 26.4 0.39* 0.91* 2
B15 Linear 5.8 520(328, 819) 210 15.2 0.05 1* 2
Variance 5.6 596 (101, 654) 15.6 0.36* 0.9* 2

For each lateral root (ordered in decreasing length of the divisiomae), the piecewise linear model is described in the rst row and the Gawsan change in the variance model estimated
on the basis of the residual series is described in the second row. For eachmultiple change-point model, the standard deviations (s.d.) estimated for eachone division zone (DZ),

elongation zone (EZ) and mature zone (MZ) the limits between zones with associated 0.05-uncertainty intervals, the st root hair position (all in m), the selected segmentation

posterior probability an asterisk indicates that the segmentation is the optimal one, the selected model posterior probability an asterisk indicates that the model is the one given by
the slope heuristic (SH) , and the number of zones given by the slope heuristic are given.

TABLE 3 | Multiple change-point models estimated forum-1 lateral roots.

Posterior probability

DZ s.d. DZ-EZ limit EZ s.d. EZ-MZ limit First hair MZ s.d. Segmentation Model SH
position model
A5 Linear 25 787 (771,820) 8.8 2,360(2,090, 2,360) 2,032 517 0.38* 1* 3
Variance 2.6 842 (787, 858) 9.2 2,360 (2,185, 2,360) 50.8 0.2* 1* 3
A7 Linear 1.8 456 (415, 491) 7 1,123(610,1,123) 1,241 19.4 ax 0 2
Variance 1.8 456 (393, 463) 4.1 629 (595, 1,050) 12.3 0.03* @7+ 3
A%1 Linear 4.6 452 (392, 469) 9.8 1,246 (787,1,352) 1,023 33.2 0.06* 0.74* 3
Variance 45 452 (401, 482) 9.6 1,352(1,107,1,433) 34.3 0.2* 0.99* 3
Ad Linear 21 399 (379, 445) 6.1 1,068 (941, 1,187) 869 18.6 a* 0.95* 3
Variance 2.4 542 (507,542) 7 1,187 (1,103, 1,187) 19.8 0.31* 0.99* 3
A%0 Linear 4.4 385 (343, 385) 12 689 (647, 1,136) 885 30 0.05 0.9* 3
Variance 4.4 385 (310, 385) 11.8 689 (639, 770) 29.7 0.17* 0.%* 3
A6 Linear 2.1 371(347,451) 4.7 958 (846, 958) 1,700 29.4 0.25 1* 3
Variance 2.1 371(347,547) 4.7 958 (909, 958) 28.9 0.28* 0.91 3
A%2 Linear 3.2 295(178,352) 55 627 (499, 627) 585 20.7 0.14* ®3* 3
Variance 2.8 225(140,297) 5.2 627 (548, 627) 20.5 0.07* 0.29 2
C22 Linear 5.4 1,510(1,289,1,510) 1,270 15.2 0.85* 1* 2
Variance 5.4 1,867 (1,752, 1,897) 17.5 0.33* 1* 2
C24 Linear 4 540 (482, 637) 656 11.6 0.5* 0.94* 2
Variance 4 540 (482, 637) 11.5 0.46* 0.91* 2
Cc23 Linear 7.8 732 (456, 909) 421 10.3 0.15* 0 1
Variance 9.1 1* 0.99* 1

For each lateral root (ordered in decreasing length of the divisiomaze), the piecewise linear model is described in the rst row and the Gaisan change in the variance model estimated
on the basis of the residual series is described in the second row. For eactmultiple change-point model, the standard deviation (s.d.) estimated for each zen division zone (DZ),

elongation zone (EZ) and mature zone (MZ) the limits between zones with associated 0.05-uncertainty intervals, the st root hair position (all in m), the selected segmentation

posterior probability an asterisk indicates that the segmentation is the optimal one, the selected model posterior probability an asterisk indicates that the model is the one given by
the slope heuristic (SH) , and the number of zones given by the slope heuristic are given.
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Approximate Continuity of the Selected

A 0, o - Piecewise Linear Functions

1
firstiroot hair position
1

Contrary to segmented regression modélsuggeo, 20083 the
piecewise linear functions are not constrained to be contiraio
in the framework of multiple change-point models. We thus
* ‘;::‘f computed the rootward and shootward con dence intervals at
o each limit between two consecutive developmental zones (e.g.

DZ and EZ con dence intervals at the DZ-EZ limit) in order to
assess the approximate continuity of the piecewise lineatifumc
selected for each individual. The piecewise linear functiare
most often approximately continuous for the mutants with
overlap between con dence intervals for 13 limits among 14 fo
rtcs (Table 8 and for 15 limits among 17 forum-1 (Table 9.
The situation is substantially dierent for the wild type with

[=
=]

Cell length (um)
S
=1

[5]
=]
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=3
S

! . overlap between con dence intervals for 15 limits among 28, t
Eﬂ + doin non-overlap concerning mostly EZ-MZ limit§éble 7).
3 40 — function
© N The Limits between Developmental Zones
are Explained Both by a Change in Slope
;! o o e o and in Residual Standard Deviation _ _
Distance from the oot cap junction (jm) We conducted a residual analysis using the residual series
deduced from the selected piecewise linear function for each
FIGURE 6 | Outputs of the selected piecewise linear model in the case of individual. We checked th'at the reS|dan series We.re statwn.
2-zone elongation zone (EZ) and mature zone (MZ)individual and a and selected for each series a Gaussian change in the \arianc
single-zone mature zone only individual corresponding to arrested or model using the slope heuristicTe(bIes 1—3), We found the

almost arrested roots. (A) Wild-type C28: optimal 2-segment piecewise linear same number of zones as for the measured cell Iength series

function and rst root hair position; (B) Wild-type C27: optimal linear function f 31 individual 36 hile thi b n

and rst root hair position. or Inaividuals among whnile I_S number of zones
corresponds to a well-supported alternative model for 4 other
individuals. Fifty four limits between zones among 59 are

a well-supported alternative segmentation. All these Cmmeco-locallzed .e., the uncertainty intervals for a givemiti

of alternative model or segmentation were supported by théor_the pleczw:se Ilnlear n&_(la_dgll aTS folr thﬁ clrgjanglje "E) the
biological assumptions stated before regarding the suictess variance model overlappedTdbles 1-3). It should also be

of developmental zones and their main properties in terms Opoted that we did not detect any supplementary change point

cell length. It should be noted that among the 10 individualsWithin the elongation zone in the residual series. The reaid

for which we did not retain the number of developmental standard deviation is thus approximately stationary withire t

zones given by the slope heuristic and the optimal segmemtatioemngat'On zone.

in this number of developmental zones, 7 were characterize

by a rather sparse sampling of cells within the mature zoneeonSIStenCy of the Limit between the

(wild-type A8, rtcs A3, A2, A%B9, B15,rum-1 A7, A%0); Elongation Zone and the Mature Zone with
seeTables 4-6. the First Root Hair Position

For three wild-type individuals, 4 zones were identi ed wler The formation of a root hair bulge is often taken as a marker of
the rst two zones correspond to a split of the division zonethe switch from elongation to di erentiation. We thus compake
(Table 1, Tables S1, S2) that can be interpreted as a proliferaticior each root the EZ-MZ limit with the rst root hair position.
zone followed by a transition zone. The segmentations in &or about half of the individuals (16 among 33), the EZ-MZ limi
and 4 zones are nested or almost nested in the case of Abatches with the rstroot hair position, i.e., the rst hair pdgn
(Figure S3). The limit between the two successive zonesnwithfalls within the uncertainty interval of the EZ-MZ limit or i€Z
the division zone corresponded mainly to a change in slopéTables £3). The situation is contrasting between the wild type
with a negative slope in the rst zone followed by a positiveand thertcsand rum-1 mutants since in the case of the mutants,
slope or a slope non-signi cantly dierent from zero in the the EZ-MZ limit matches with the rst hair position for most of
case of B32 in the second zone (Tables S1, S2). When tthee individuals (7 among 8 fortcsand 7 among 10 forum-1)
residual series was extracted using the 4-segment piecewiskile this is rather the exception for the wild type (2 among 15
linear function, the rst two zones could only be identied individuals with aleast two zones). In particular, the EZ-Maili
in B32 but not in the two other individuals for which they is far fromthe rst hair position in the rootward direction fove
were merged consistently with the similar residual staddar wild-type lateral roots of type A.
deviations estimated for these two zones in A13 and B33 Among the individuals for which the EZ-MZ limit does not
(Table S1). match with the rst root hair position, we focused on the six

Frontiers in Plant Science | www.frontiersin.org 10 October 2017 | Volume 8 | Article 1750


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Moreno-Ortega et al. Developmental Zones in Maize Lateral Roots

TABLE 4 | Piecewise linear functions selected for wild-type laterabots.

Division zone Elongation zone Mature zone

Slope Correlation No. cells DZ-EZIlimit Slope Correlation No .cells EZ-MZIlimit Slope Correlation No.cells End position
A10 0.8 0.12n.s. 132 855 59.5 0.88 67 1,494 49.6 0.78 68 2,990
A31 6 0.42 78 676 50.5 0.9 95 1,368 65.9 0.73 70 3,126
A9 5.3 0.35 94 587 42.4 0.91 61 1,219 43.1 0.76 67 3,557
A8 3.2 0.36n.s. 17 553 59.2 0.83 34 1,100 49.4 0.77 37 2,459
A13 3.6 0.24 109 510 90.9 0.87 76 973 30.1 0.35 53 2,582
B33 0.2 0.01n.s. 103 439 201.8 0.82 36 672 15.1 0.21n.s. 59 2,198
B32 16 0.53 110 411 116.3 0.81 48 716 35.2 0.44 39 1,852
B19 11.6 0.42 30 366 118.8 0.85 31 600 21.2 0.36 36 2,283
All 6.3 0.25n.s. 55 328 83 0.9 77 655 74.6 0.72 50 1,898
A12 1.3 0.05n.s. 49 320 102.5 0.91 44 722 13.3 0.33 7 2,967
B34 9.6 0.4 27 278 140.1 0.72 57 461 27.6 0.55 68 2,182
B20 1 0.02n.s. 48 232 201.4 0.88 52 574 15.9 0.44 34 2,775
B35 221 0.32 44 215 183.3 0.76 44 388 3.2 0.09n.s. 79 2,771
C25 159 0.75 18 144 30.6 0.82 110 1,961
Cc28 108.6 0.53 40 115 9.4 0.26 111 1,424
C26 28.1 0.82 133 2,115
Cc27 22.7 0.72 136 2,172
C30 27.6 0.69 170 2,214

For each lateral root (ordered in decreasing length of the divisioroze), the parameters of the piecewise linear function (slope 1,000 in m/mm, correlation coef cient for each zone
—division zone (DZ), elongation zone (EZ) and mature zone (MZ), n.s.ffion-signi cant , limits between zones and position of the most shootward cell in m) and the number of cells
assigned to each zone are given.

TABLE 5 | Piecewise linear functions selected fortcs lateral roots.

Division zone Elongation zone Mature zone

Slope Correlation No.cells DZ-EZIlimit Slope Correlation No .cells EZ-MZIimit Slope Correlation No. cells End position
A3 11.2 0.34 67 617 83.4 0.81 29 1,385 7.7 0.05n.s. 16 2,277
Al 8.3 0.36 92 535 59.6 0.88 60 1,185 245 0.34 62 3,407
ABe 2.3 0.15n.s. 116 506 92.2 0.93 39 1,146 255 0.3 ns. 22 1,998
A2 27.9 0.64 68 323 157.5 0.86 29 744 10.1 0.17 n.s. 35 2,257
ARB7 204 0.63 42 313 82.2 0.84 51 707 31.2 0.47 40 1,514
A%s 9.7 0.51 46 272 111.7 0.82 41 505 28.7 0.49 47 1,621
A%9 66 0.84 37 980 235 0.23 n.s. 27 1,844
B15 139.5 0.96 30 520 9.5 0.18 n.s. 22 1,493

For each lateral root (ordered in decreasing length of the divisiorore), the parameters of the piecewise linear function (slope 1,000 in m/mm, correlation coef cient for each zone
—division zone (DZ), elongation zone (EZ), and mature zone (MZ), ne.ion-signi cant , limits between zones and position of the most shootward cell in m) and the number of cells
assigned to each zone are given.

3-zone individuals for which the distance between the EZ-MZinally, the cell sampling cannot fully explain these resufises
limit and the rst root hair position was the largest (wildjpg  for 3 of these individuals, the number of cells beyond the rairh
A8, A9, A10, Al1, A31, antum-1 A6 with a distance between position is above 30 (Table S3). This mismatch of the EZ-MZ limit
324 and 1,098m); see Table S3. These 6 individuals are alswith the rst hair position for some individuals can be viewed
the individuals with the steepest MZ slopes (3ables 46 and as a consequence of the fact that this limit is only explained
Figure 7) and the smallest di erence between the MZ slope andyy a change in residual standard deviation for these indiald
the EZ slope among the 3-zone individuals and are charaetriz while for most individuals, the EZ-MZ limit is explained by a
by a high overlap between the con dence intervals of the EZoncomitant change in slope and in residual standard deviati
and MZ slopes; see Table S3. It should be noted that for most @here is a consistent relationship between the EZ-MZ limidlan
the other 3-zone individuals (17 among 20), there is no oyerlathe rstroot hair position in both the wild type and the two auxi
between the con dence intervals of the EZ and MZ slopes (resulimutants (Figure S4). This relationship is shifted in the amis
not shown). For these 6 individuals, the EZ-MZ limit is thus with rst root hairs emerging closer to the root tip compared to
mainly explained by a change in residual standard deviatiorthe wild type.
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TABLE 6 | Piecewise linear functions selected forum-1 lateral roots.

Division zone Elongation zone Mature zone

Slope Correlation No.cells DZ-EZIlimit Slope Correlation No .cells EZ-MZIlimit Slope Correlation No. cells End position
A5 3.3 0.28 157 787 65 0.96 73 2,360 21.1 0.22n.s. 29 4,090
A7 3 0.15n.s. 71 456 62 0.85 55 1,123 41 0.58 13 2,109
A%1 6 0.17n.s. 75 452 75 0.84 61 1,246 16.9 0.18n.s. 16 2,329
A4 0 0 ns. 101 399 42.3 0.8 87 1,068 6.5 0.08n.s. 46 1,870
A%0 195 0.43 122 385 139.9 0.71 41 689 13 0.2 ns. 52 2,235
A6 14.7 0.57 68 371 43.1 0.83 67 958 73.7 0.64 31 2,139
A%2 26.7 0.57 73 295 145.3 0.93 33 627 2.4 0.06n.s. 55 2,325
C22 11.6 0.61 73 1,510 14.4 0.34 38 2,820
C24 9.8 0.38 62 540 13.5 0.67 81 3,247
C23 85.2 0.85 39 732 22.6 0.64 48 2,008

For each lateral root (ordered in decreasing length of the divisioroze), the parameters of the piecewise linear function (slope 1,000 in m/mm, correlation coef cient for each zone
—division zone (DZ), elongation zone (EZ) and mature zone (MZ), n.s.ffion-signi cant , limits between zones and position of the most shootward cell in m) and the number of cells
assigned to each zone are given.

TABLE 7 | Piecewise linear functions selected for wild-type laterabots.

Division zone Elongation zone Mature zone
Linear function  Condence intervals DZ-EZ limit  Linear functi on  Condence intervals EZ-MZ limit  Linear function  End positi on
Al10 54! 6 (5.5,6.5|5,9.7) 855 7.3! 454 (41.8,48.9|45.7, 61) 1,494 53.3! 127.6 2,990
A31 93! 57 (4.8,6.7]4.2,8) 676 6.1 41 (38.9,43.2|47.7,70.9) 1,368 59.3! 175.2 3,126
A9 78! 51 (4.2,6]5,8.3) 587 6.7! 335 (31.5,35.4 ] 40.2, 65) 1,219 52.6! 153.4 3,557
A8 77! 6.7 (6.1,7.2]|2.4,12.8) 553 7.6! 40 (36.4,43.6 | 42.7, 60.7) 1,100 51.7! 118.8 2,459
Al13 73! 54 (4.7,6.213.9,9.2) 510 6.5! 48.6 (45.1,52.2]69.2, 108) 973 88.6! 137 2,582
B33 64! 6.3 (5.5,7|4.4,14.38) 439 9.6! 56.6 (49.2, 64 ] 68.6, 99.3) 672 83.9! 107.1 2,198
B32 9.3! 36 (2.5,4.7| 6.1, 13.8) 411 10! 455 (40.7,50.2 | 60.6, 87.1) 716 73.8! 113.8 1,852
B19 65! 8.9 (7.8,9.97.7, 14.6) 366 11.2! 39 (34.9, 431 66.6, 107.8) 600 87.2! 1229 2,283
All 73! 55 (4.3,6.7| 3.6, 6.6) 328 51! 323 (30.3,34.2|44.1, 65.7) 655 549! 147.6 1,898
Al2 59! 6.2 (5.3,7.1145,9.7) 320 7.1 483 (44.2,52.4|59, 79.2) 722 69.1! 98.9 2,967
B34 6.4! 49 (4.1,5.7|1.4,8.3) 278 48! 305 (26.5,34.5|52.7, 72.2) 461 62.4!1 109.9 2,182
B20 11.3! 115 (10, 13| 6.5, 16.6) 232 11.6! 80.4 (73.5,87.4| 88.5, 115.9) 574 102.2! 137.2 2,775
B35 92! 51 (3.3,7]4.8,13.2) 215 9! 40.7 (35.5,45.9|55.1, 71.9) 388 63.5! 71 2,771
C25 52! 257 (18.2,33.1] 20.9, 28.4) 144 24.6! 80.3 1,961
c28 6.3! 16.7 (13.9,19.5 | 25, 33.4) 115 29.2! 414 1,424
C26 20.3! 79.2 2,115
c27 285! 77.2 2,172
C30 28.7! 89 2,214

For each lateral root (ordered in decreasing length of the divisiorae), the piecewise linear function (cell lengths predicted at both ends of ame —division zone (DZ), elongation zone
(EZ) and mature zone (MZ) linked by an arrow, limits between zones and position of the most shootward deh m) with associated rootward and shootward con dence intervals at
each limit between zones (between brackets) is given.

A Strong Modulation of the Developmental and often a lack of elongation zonEigure 6A illustrates this
Pattern is Observed among Lateral Roots with a root where a shrunken and no longer active elongation
As expected from the root sampling strategy, a strong modutatiozone is followed by a mature zone with irregular cell length.
of the developmental pattern is observed among lateral rootsigure 6Billustrates a lateral root with neither a division zone,
(Tables 1-9). While type A roots show the longest division and hor an elongation zone but a mature zone with irregularly
elongation zones (mean DZ length of 4%h and mean Ez increasing cell length, possibly the trace of a progressiee an
length of 605rm), type B roots show much reduced division irregular deceleration of the root. In both cases, growtresr
and elongation zones (mean DZ length of 2% and mean EZ is associated with meristem exhaustion and increase in cell
length of 284mm) and type C roots show a lack of division zonelength in the apical region. Moreover, DZ cell length is higher
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in the mutants (6—18m; seeTables 8 9) than in the wild cells for type A roots to the shortest cells for type C roots).
type (4-11mm, seeTable 7). Figure 8 illustrates the diversity The systematic increase in MZ cell length for type C roots
of the cell length pattern by showing the piecewise lineashould be noted. This is conrmed by the signi cant linear
functions estimated for each lateral root. Itillustrates tirdering  correlation coe cients and equivalently the slopes sigrarly
of the three types of lateral roots in terms of (i) length ofdierent from zero in the mature zoneTables 4, §. Finally,
the meristem (from long meristems for type A roots towardonly a limited proportion of potentially growing roots have
absent meristem for most type C roots, type B roots showin§1Z slopes non-signi cantly di erent from zero: nine type A
shorten meristems), (ii) cell length in MZ (from the longestroots (all mutants) among 21 and three type B roots (two wild
types and one mutant) among 7Tdbles 4-6). Interestingly,
type B roots have the less steep MZ slopes. The variability in
MZ slope is also higher for type A roots than for the other

types.
A 200 first rooﬂlhair position T
e o Choice of the Variables Summarizing
~ 150 T T
El ' ﬁ// + Lateral Root Development for the
g"loo ;J - S * data Meta—AnaIysis
é e ~ function In order to provide a synthetic view of the modulation of the
50 o i ’ lateral root developmental pattern, we selected a set ofhlaga
. . for a meta-analysis. The length of the division zone, the lengt
0 . : of the elongation zone and the rst root hair position were

0 500 1000 150 2000 2500 3000 chosen to characterize lateral root development. Theseethre
B 1 ) variables are strongly correlated (correlation coe cistitetween
o8 0.63 and 0.83 for 3-zone lateral roots) which can be interprete
El as a longitudinal scaling of lateral root developmental zone
§ 00 Concerning cell dimension variables, since the elongatiome
& —Dz is the most structuring zone with high estimated correlatio
g 04 — coe cients (Tables 4-6), we chose the cell lengths predicted at
£ o M the two ends of the linear function estimated in the elongati
' zone for summarizing the change in cell length along the &ter
0 . . ] . . . . roots. These two predicted cell lengths are positively cortlate
0 500 1000 1500 2000 2500 3000

(r D 0.63 for 3-zone lateral roots). There is thus also a scaling
e ect in the cell length along the roots. The slope within the
elongation zone, which is negatively correlated with thegth

Distance from the root cap junction (pum)

FIGURE 7 | Outputs of the selected piecewise linear model in the case i

lateral root for which the distance between the EZ-MZ limitrad the rst root of this zone was also incorporated. Fina”y’ we incorporated
hair position is large and the MZ slope is steep (wild-type A. (A) Optimal the rst root hair position and the mean root diameter within
3-segment piecewise linear function and rst root hair posibn; (B) Posterior the mature zone. in order to explore the relationships between

division zone (DZ), elongation zone (EZ) and mature zone (Matobabilities.

The uncertainty intervals for the DZ-EZ and EZ-MZ limits aie gray. meristem Iength’ growing zone Iength’ root diameter and onse

of di erentiation.

TABLE 8 | Piecewise linear functions selected fortcs lateral roots.

Division zone Elongation zone Mature zone

Linear function Con dence intervals  DZ-EZ limit ~ Linear functi on Con dence intervals EZ-MZ limit  Linear function End positi on
A3 11.9! 183 (15.7,20.9 | 17.7, 34.4) 617 26! 90.1 (77.7,102.4 | 63.7, 139.4) 1,385 101.5! 108.4 2,277
Al 76! 12 (10.5, 13.6 | 13.3, 18.5) 535 159! 54.6 (50.8,58.4|57.1, 97.3) 1,185 77.2! 131.6 3,407
A%6 75! 86 (7.8,9.4]7.1,13.8) 506 104! 69.4 (63.8, 75| 51.1, 86.2) 1,146 68.6! 90.3 1,998
A2 56! 14.6 (13, 16.2] 10.4, 24.7) 323 17.5! 83.8 (73.4,94.3 ] 64.3, 99.5) 744 81.9! 97.2 2,257
A%B7 56! 9.1 (8.3,9.9]7.1,12.8) 313 10! 424 (38.2,46.5|41.6,59.2) 707 50.4! 755 1,514
A%s 63! 9 (8.3,9.6]2.7,6.8) 272 4.8! 30.8 (26.3,35.3]34.2,51.7) 505 429! 75 1,621
A%Bg 111! 59.7 (53.1, 66.3 | 34.3, 74.4) 980 54.4! 747 1,844
B15 89! 793 (73.7, 85| 54.9, 82) 520 68.5! 59.2 1,493

For each lateral root (ordered in decreasing length of the divisiorome), the piecewise linear function (cell lengths predicted at both ends of @mre —division zone (DZ), elongation zone
(EZ), and mature zone (MZ)- linked by an arrow, limits between zones, apdsition of the most shootward cell in m) with associated rootward and shootward con dence intervals at
each limit between zones (between brackets) is given.
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TABLE 9 | Piecewise linear functions selected forum-1 lateral roots.

Division zone Elongation zone Mature zone

Linear function Con dence intervals  DZ-EZ limit  Linear functi on Con dence intervals EZ-MZ limit  Linear function End positi on
A5 10.2' 7.7 (6.9,8.5]6.6,12.9) 787 9.8! 112 (106.5, 117.6 | 69, 140) 2,360 104.5! 140.9 4,090
A7 6.7! 7.8 (6.9,8.64.3,10.5) 456 7.4 488 (43.7,53.8|51.7,91.7) 1,123 717! 1122 2,109
A%1 137! 11 (9.1,12.9| 8.4, 16.6) 452 125! 721 (64.9,79.2 | 27.6, 91.6) 1,246 59.6! 78 2,329
A4 89! 8.9 (8.1,9.818.7,13.1) 399 109! 39.2 (36.1,42.3|38.5, 61) 1,068 49.8! 55 1,870
A%0 99! 174 (15.7,19.1| 12.2, 25.4) 385 18.8! 61.3 (52.1, 70.6 | 58.4, 86.4) 689 7241 926 2,235
A6 12! 6.6 (5.6,7.6|4.4,8.4) 371 6.4 31.6 (28.8,34.5]20.1, 59) 958 39.5! 126.5 2,139
A%2 731 152 (13.5,16.9| 8.9, 15.3) 295 12.1! 60.3 (55.4,65.3|51.1, 72.1) 627 61.6! 65.7 2,325
Cc22 132! 29.2 (26.6, 31.9 | 45.5, 65) 1,510 55.2! 74.1 2,820
C24 154! 20.7 (18.7,22.7 | 19.5, 28.4) 540 23.9! 60.6 3,247
C23 8! 535 (47.1,59.8 | 34.1, 45.5) 732 39.8! 68.7 2,008

For each lateral root (ordered in decreasing length of the divisiorore), the piecewise linear function (cell lengths predicted at both ends of are —division zone (DZ), elongation zone
(EZ) and mature zone (MZ) linked by an arrow, limits between zones and position of the most shootward deih  m) with associated rootward and shootward con dence intervals at
each limit between zones (between brackets) is given.

predicted at the EZ-MZ limit, EZ slope) completed by two
morphological variables ( rst root hair position, mean diareet
within MZ). We incorporated as supplementary variables in
PCA the slope within the division zone. This slope is either
negative or non-signi cantly di erent from zero for the wild
type while being positiveT@ble 4) or non-signi cantly di erent
from zero for the rtcs mutant (Table5. The situation of
the rum-1 mutant is intermediate with both positive, negative
slopes and slopes non-signi cantly di erent from zerdable 6).

We also incorporated as supplementary variables in the PCA
the residual standard deviations estimated within eachezon
The cell length predicted at the DZ-EZ limit is strongly
correlated with the residual standard deviations estiaite

DZ and EZ ¢ D 0.8 andr D 0.81 respectively) and the
cell length predicted at the EZ-MZ limit is strongly correldte
with the residual standard deviation estimated in each zone
(r D 058,r D 0.77 andr D 0.58 for DZ, EZ and MZ
respectively).

The rst axis accounting for 49% of variance corresponds
to the longitudinal variables (mainly DZ and EZ lengths
but also rst root hair position) while the second axis
accounting for 29% of variance corresponds to the cell length
variables (cell lengths predicted at the DZ-EZ and the EZ-

FIGURE 8 | Piecewise linear function estimated for each lateral rootypes A, MZ limits), longitudinal variables and cell length variables
B, and C in red, blue and green respectively)A) wild type, (B) rtcs and rum-1 being uncorrelated F(igure 9A). All these ve variables are
mutants.

highly structuring; see the distances of their projections to
the correlation circle. The residual standard deviatiorithim
DZ and EZ incorporated as supplementary variables are highly

Expl fi f the Di itv of Lat | related to the second axis and thus with cell length variables
Xploration of the Diversity or Latera The EZ slope is less aected by the di erence in cell length

Roots Using Principal Components within EZ (cell length predicted at the EZ-MZ limit — cell
Analysis length predicted at the DZ-EZ limit) than by the EZ length.
We applied a principal components analysis (PCA) to the 26 3Hence, the EZ slope increases when the EZ length decreases;
zone lateral roots (13 wild-type,csand 7rum-1individuals) see Figure 9A. Roots from all three genotypes are spread
using 5 variables extracted from the analysis of individuahlong the rst axis but with type B roots being clearly
lateral roots using multiple change-point models (DZ length,shifted to the left consistently with their smaller DZ and
EZ length, cell length predicted at the DZ-EZ limit, cell I#mg EZ lengths Eigure 9B). Moreover,rtcs and rum-1 individuals
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FIGURE 9 | Principal component analysis applied to the 26 3-zone latex
roots: (A) Variables factor map with solid black arrows correspondingo
variables (division zone, elongation zone and mature zonéhreviated
respectively as DZ, EZ, and MZ, rst root hair position abbreated as hair pos.,
mean diameter within the mature zone abbreviated as diameteDZ cell length
and MZ cell length are shortcuts for cell length predicted athe DZ-EZ limit and
at the EZ-MZ limit respectively) used to build the principglomponents and
dotted blue arrows corresponding to supplementary varialgs (residual
standard deviation abbreviated as s.d.)(B) Individuals factor map with
wild-type individuals in greenytcs individuals in orange andum-1 individuals
in red (type A roots are indicated by diamonds and type B rootdy circles).
The genotype centroids are indicated by squares using the sae colors.

are preferentially located above the wild-type

mature zone. For non-elongating roots such as type C roots,
the lack of both a division zone and an elongation zone is also
consistent with the biological knowledge about determinates
(Dubrovsky and Gomez-Lomeli, 2003; Sanchez-Calderdn et al.
2005. These are clear elements of validation of the piecewise
linear model assumption but to which extent the linearity
assumption matches our biological knowledge within each
zone?

Cell length in the apical meristem was well approximated
by a single linear function. For only 3 roots among 26, the
optimal model induced a split of the apical meristem into 2
zones, the rst with a negative slope and the second with a
positive or nil slope. Such a split is consistent with the concept
of a transition zone where cells progressively leave the cycle
while local elongation rate has not yet changBal(o loio et al.,
2008; Baluska et al., 2Q1Because cell length is the result of an
equilibrium between cell division rate and local tissue eldign
rate (Green, 197% a splitinto 2 zones with negative and positive
slopes is consistent with relative elongation rate beingstaomt
throughout the meristemy@an der Weele et al., 20PBut lower
and higher than cell division rate in the two domains respesdij
(lvanov et al., 200due to more or less cells being engaged in the
cycle. The fact that a transition zone was identi ed in onlo®ts
could be due to the short size of this zorfea€i ci et al., 201p
in conjunction with changes in slope and in residual standard
deviation of small amplitude.

Beyond these 3 roots, DZ slopes were not systematically
zero but rather essentially negative in the wild type while
being positive in thertcs mutant and mixed in therum-1
mutant. As stated above, a negative slope indicates a patlifer
activity being higher than local tissue expansion leading to
apparent decrease in cell sizerickson and Sax, 1956a; Green,
1976; Ivanov et al., 20p20ur results thus suggest that: (i)
elongation and division are rarely in perfect equilibrium inet
meristem; (ii) in roots from wild-type plants, this equililonin
is in favor of cell division as cells move away from the
tip; (iii) deceleration or slow growth is associated with a
shortening of the meristem, as classically reported to accoun
for changes in elongation rate of roots exposed to various
stresses Harlow and Adam, 1989; Ryan et al., 1993; West
et al., 2004 but not with changes in meristematic cell length;
(iv) auxin strongly interferes with the balance between cell

individualsgjyision and tissue expansion, at the benet of the later in

consistently with their DZ and MZ cell length and root diamete ¢ meristem, consistently with the knowledge about the role

being larger.

DISCUSSION

Successive Developmental Zones in the
Root Apex Are Well Characterized by
Piecewise Linear Functions

of this hormone Pacici et al.,, 201k The outcomes of our
model thus essentially t what is known about the functiogin
of the root apical meristem and the balance between divisiah an
elongation.

Within the elongation zone, the linearity was clear as shown
by the high correlation coe cient estimated for most of the
lateral roots and the absence of split of this zone. Becatese th

Heretoscedastic piecewise linear models with at most dlongation zone corresponds to a zone without cell division, a
developmental zones were selected for each lateral root witimear increase in cell length suggests, if elongation efritot
minimum a priori biological assumptions. This result is is stationary, a linearly increasing local elongation raie thus a
consistent with the expectation of 3—4 zones for elongatingonstant relative elongation rate within the elongatiomedSilk
roots: a root apical meristemiianov and Dubrovsky, 20}3 et al., 198p This is what is found inArabidopsisroots when
possibly including a transition zone, an elongation zone and biases due to averaging among individual roots are elinechat
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(van der Weele et al., 20DHowever, the growth of most of our are considered in particular in the absence of the growth rate
lateral roots was likely non-stationary. Type C roots weready pro le along the apex. We suggest that the cell length pattern
arrested, type B roots were slowly decelerating and type Asrootlepends on the di erent time constants for growth rate change,
were mostly accelerating with potentially large variapiditnong on the one hand, and for cell crossing the apex, on the other
roots. Our results suggest that even under non-stationesywth  hand. Based on Arabidopsis and maize data, we know that
regimes, the linear model appears as the most straightforwaiklls cross the root meristem in 50—100 h while they cross the
way to represent the elongation zone in the root apex. elongation zone in a much shorter time (3—10h; Sdaller
More unexpected was the identi cation of mature zoneset al., 1998for maize data andBeemster and Baskin, 1998;
often displaying signi cantly positive slopes as one would not/erbelen et al., 200for Arabidopsis data). If we assume that
expect from a “classical’ mature zone in which cells no longetime constant for growth rate changes (i.e., time needed for
elongate. A rst hypothesis is that this results from non-growth to change byC or 50%) for our maize lateral roots
stationary growth rates, in particular in type A roots. Theses 1-4 days (type C and B roots typically stop growing within
roots were likely accelerating according to our observetiand 2—6 days, whereas type A roots never accelerate by more than
we know that accelerating roots show increasing mature cei0% in 3 days, unpublished data), non-stationary growth would
length—e.g., inArabidopsis(Beemster and Baskin, 1998nd not be an issue when dealing with patterns in the elongation
in maize (Muller et al., 1998 A possibility is that in these zone or in the mature zone. By contrast, this suggests that a
roots, we were observing a transition toward a new growttsnapshot of a meristem in a root with non-stationary growth
regime with an elongation zone that progressively increases gathers cells produced while the root was growing at di erent
length, a rst root hair located at an increasing distancenfr rates. The shrinkage of the meristem in type B roots prior to
the tip and cells in the mature zone with increasing lengths atheir growth arrest and the lack of meristem in most type C
classically observe@®éemster and Baskin, 1998; Beemster et alrpots t our knowledge of the functioning of determinate rtm
2002. Notably, arrested roots also show positive slopes in th€Dubrovsky and Gomez-Lomeli, 2003; Sanchez-Calderon et al.
mature zone, a result which suggests the opposite situation f@005. Type B and C roots would then behave as determinate
decelerating roots, with a progressive decrease of mature ceots with rapid (type C) or more progressive (type B) meristem
length as roots decelerate. A second hypothesis is that therena shrinkage followed by meristem exhaustion (type C). This
zone, as identi ed in our study, is partly a zone with growth pattern of growth cessation in lateral roots thus diers from
deceleration. This hypothesis ts with most classically mgd  growth cessation in both monocot and dicot leaves in which,
velocity patterns showing progressive deceleration towarl t after the end of cell division at the base, all cells elongsgehing
end of the elongation zone in a zone that can occupy a signt canthe same nal length as those of the mature zoriergnier
length after the zone with fast elongation (s&earp et al., 1988 and Tardieu, 1998; Muller et al., 2001; Parent et al., 009
in maize,Beemster and Baskin, 19#iBArabidopsisBizet et al., Despite non-stationary growth, other remarkable resultaldo
2015in poplar; Yamaguchi et al., 201 soybean). This zone be observed at the population level. For instance, there was a
would be longer and therefore its proportion in the mature positive correlation between DZ length and EZ length sugagst
zone higher for fast growing roots which would explain whythat meristem shrinkage occurs in pace with a shortening ef th
MZ slopes in type A roots are globally higher than in typeroot growing zone.
B roots.

Overall, there is a consistent match between the EZ-MZ limi .
and the rst root hair bulge. Because the rst root hair bulge HOW Can We Interpret the Changes In

reported to occur rather before the end of elongation, attleas R€sidual Standard Deviation at the Limit

Arabidopsis (e et al., 2001, 2004; Ma et al., 20dAis further between Developmental Zones?

strengthens the second interpretation for the positive slope$he limits between successive developmental zones arereglai
detected in MZ using our method. In addition, a distinction in most cases by a concomitant change in slope and in residual
could clearly be seen between the wild type and the auxistandard deviation. There are at least two reasons for the
signaling mutants in agreement with auxin playing also a+ele concomitant change in slope and in residual standard desati
likely in interaction with ethylene; seeanchenko et al. (2008) at the DZ-EZ limit. First, epidermal cells di erentiate into tw
and Cho and Cosgrove (200&)in coupling cell elongation and distinct types ultimately giving rise to root hair cells (tniablasts)

di erentiation. or non-hair cells (atrichoblasts). While idrabidopsis these
cells are located in distinct cell leDplan et al., 1994and
What Can be Biologically Deduced from di erences in length can be found right at the quiescent cente

. . (Beemster and Baskin, 1998n poaceae as in some other
the Identi cation of Developmental Zones species $innott and Bloch, 1939; Cormack, 194@ichoblasts

in Roots with Non-Stationary Growth or in and atrichoblasts belong to the same les and dierences in

Arrested Roots? length can be seen after the last division at the shootward
Whereas cell length patterns can be interpreted in dimit of the meristem which is asymmetricaCprmack, 194p
straightforward way in roots with stationary growthSi(k Second, the number of rounds of division per cell le in a
et al.,, 1989; Fiorani and Beemster, 2006 becomes more maize root meristem is very limited, probably no more than 3—
challenging when accelerating, decelerating or arrestedsr 4 (Barlow, 1987; Muller et al., 19p®&ith di erent cell les being
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asynchronousHarlow, 198Y. An abrupt increase in dispersion function parameters as in standard statistical models such as
of cell length could thus be due to (i) some cells living thesegmented regression models but also the latent segmantatio
cycle and elongating while others accomplish a last mitosispace (e.g., alternative segmentations). This enablesadedet
due to asynchronicity, and (ii) not all cells experiencingetty introspection of each cell length pro le with many possibaii

the same number of rounds of division. Experiencing 3 orto assess biological assumptions.

4 rounds will make a marked dierence in terms of length

and this di erence will show up at the shootward limit of the CONCLUDING REMARKS

meristem.

The change in residual standard deviation at the EZ-MZThe proposed method could successfully handle roots with
limit is more challenging to interpret since it occurs aftéret rather strong modulation of the developmental pattern such as
completion of cell division which is an obvious source of cellarrested roots without division zone or without both division
length dispersion. Indeed, cells are not supposed to slide fromnd elongation zones. Our method thus appears both robust
one le to another at a given position from the apex. A possipilit and exible for studying genetic and environmental e ects on
is that this abrupt increase is artefactual, due for instattce root development. Itis potentially applicable at high throughput,
some cross walls being missed or by contrast attributed tgiven the possibility to work on epidermal tissues thus avwidi
the epidermis whereas they belong to lower layers. Howevehe tedious preparation of longitudinal sections.
the concomitant change in slope and in residual standard Our results highlight a strong coordination of cell division
deviation for a large majority of roots gives little support toand cell elongation for a large range of fast, slow growing
this hypothesis. In earlier reportsSpodwin and Stepka, 1945; or decelerating lateral roots. As expected, auxin signaliag h
Pritchard et al., 1990 a massive increase in epidermal cella marked in uence on both coordination between division
length dispersion was already reported at the EZ-MZ limitand elongation in the meristem and between cell growth and
in cereal roots. According to our interpretation, this ch&ng di erentiation. Our method could thus be used for revisiting
also occurs in parallel with growth deceleration. How thesehe coordination of developmental processes among di erelit ce
developmental events are generated and coordinated dsservies within a tissue (e.g., trichoblast, atrichoblast ..r) wsing

further investigations. longitudinal sections or confocal microscopy, the coordiioa

. of developmental processes among di erent tissues (epidermis,
Comparison between Segmented cortex, pericycle, stele ...). This could be very useful to exten
Regression Models and Multiple our knowledge of developmental regulations in longitudipal
Change-Points Models organized plant organs such as roots, monocot leaves or

Segmented regression or broken-line models are regressidifernodes.

models where the regression function is piecewise linear, i.

made of straight lines connected at change poirtsiggeo, AUTHOR CONTRIBUTIONS

2003. But the homoscedasticity assumption of these models

(a residual standard deviation common to the dierent BMO collected the data, analyzed the data and contributetiéo t
developmental zones) is very unrealistic in our context. West ~ Writing of the manuscript, GF collected the data, BM desigthed
adopted the framework of multiple change-point models whichstudy, analyzed the data and wrote the manuscript, YG designed
are latent structure modelsGuédon, 2013, 201paneaning and implemented the statistical models, analyzed the data and
that the outputs of a model are not only the piecewisenrote the manuscript.

linear function corresponding to the optimal segmentationt bu

also include the alternative segmentations and more gélgeraFUNDING
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