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Figure 1. A to D, schematics showing diversity in root system architectures at both seedling (left)

and mature (right) stages in eudicots (A, C) and monocots (B, D). A, Arabidopsis root system. B,

maize root system. C, tomato root system (for clarity stem-derived adventitious roots are only

shown in the labelled region). D, wheat root system. Cross sections of emerging lateral root

primordia in Arabidopsis (E) and rice (F). Panels E and F adapted from Peret et al., 2009b.
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Root system architecture relies largely on the continuous 
process of lateral root initiation 

POST EMBRYONIC
 DEVELOPMENT



Adapted from 
Peret et al, 2003. Trends in Plant Biology 
Fukaki et al, 2004. Plant Phys.

Auxin is a key regulator of lateral root development
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What are the main biological processes 
targeted specifically by Sortin2?

Sortin2

Compared genome-wide transcript profiling
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Compared a genome-wide transcript profiling of 
Sortin2- and auxin-treated seedlings roots
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Enriched biological processes categories suggests a 
unique molecular frame for Sortin2-induced LRI
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Evaluating the 
probability of regulation 
by a determined TF

Finding overrepresented TFBS motifs in regulatory 
sequences from co-expressed genes
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Salicylic acid response is specifically associated with 
Sortin2 response

According to Krinke et al. Plant Phys 2007

According to Méndez-Bravo et al. Plos One 2011SA
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CONCLUSION

4. Sortin2 activity is framed in a identifiable and unique regulatory context

1. Sortin2 induces much lower  transcript level changes than auxin suggesting a 
narrower effect of Sortin2

2. We could identified ‘gene sets’ that are specifically up or down regulated by 
Sortin2 and that are excluded from the auxin regulatory activity

3. Response to stimulus either endogenous, external or biotic, and signal 
transduction processes were enriched among Sortin2- specific up-regulated genes.

5. Salicylic acid response genes are targeted in Sortin2 treatments



Genome-wide transcript profiling suggested a collection of  genes that are not 
identified as part of the canonical pathway for LRI but that might be needed for for a 
SCF-TIR1/AFBs-independent LRI pathway.
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Sortin2 is a unique molecule that induces LRI

Control Auxin

Aux/IAA reporter

DMSO Sortin2
ControlSortin2

Sortin2Auxin

pCYCB1;1:GUS



500 pb1000 pb

CLOVER

PSCAN; In this algorithm, instead of computing a count of predicted sites, we rather compute for 
each input sequence a raw matching value, representing the likelihood for the TF to bind the 
promoter.

PSCAN

g1

TFBS 
profile

Hit1 Hit2 Hit3 Hit4
Average 
matching 

value

Verde 4 5 4 2 3.75

Azul 4 4 3 3.67

Rojo 3 2 2.50

Lila 3 4 3.50

TFBS 
profile

g1 g2 … gN
Average 
matching 

value

Verde 4 5 4 2 3.75

Azul 4 4 3 2 3.25

Rojo 3 2 4 3 3.00

Lila 5 5 3 3 4.00

500 pb1000 pb
g1

g2

g3

g4

→  Sample (Query)

→  Background (Whole 
genome)

→  Random Subset

Average
for matching 
value within 
group of genes

.

.

.

JASPAR database
69 FTBS FOR PLANTS

How to asses TFBS in the regulatory region of co- 
expressed genes



Finding overrepresented TFBS motifs in regulatory 
sequences from co-expressed genes
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UP REGULATED
FC  ≥ 2  
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FC  ≤ 2 
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Receptor

Auxin signaling requires Aux/IAA degradation

Adapted from
Tan et al . Nature. 2004

AUX/IAA
Degradation

Auxin
Response
Genes DR5

promoter

TSS

ARF



Salicylic acid response is specifically associated with 
Sortin2 response

According to Krinke et al. Plant Phys 2007

According to Méndez-Bravo et al. Plos One 2011SA
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Mitotic activity 

Lucas et al 2007. Plos One

secondwithquitelongrunsofemergedroots(seetherelatively

longtailafterthevalue1inFigure7).Thus,thevariable-order

Markovchainanalysisstronglysupportstheideathatsuccessive

lateralrootemergencearenotindependent.

Then,totestwhetherthedistancebetweensuccessivelateral

organshadaninfluenceonthedevelopmentofthoseorgans,we

studiedthedistributionofsegmentlengthbeforeandaftereach

organdependingontheirtypewithintheproximalzone.Wefound

thatthesegmentsbeforeandafterablockedprimordiumwere

significantlyshorterthanthesegmentsbeforeandafteranemerged

rootaccordingtotheStudentttest(P-valueof1.210
26

;Table2).As

primordiapositioningissequentialattherootapex,thiscorrelation

betweenorgandevelopmentandpositioncanbeinterpretedasthe

consequenceofaninhibitoryeffectbetweenprimordiaonlateral

organdevelopment.Thiseffecttendstodecreaseasadjacent

primordiaareinitiatedfartherawayfromeachother.

Designofamechanisticmodeloflateralrootinitiation

anddevelopment
Ourstatisticalanalysisrevealedanunexpectedfeedback

betweenlateralrootinitiationanddevelopment.Onepossible

explanationforthiscouldbecompetitionforauxin.Totestthis

hypothesis,wedesignedamechanisticmodelofrootramification

basedonauxinfluxes(Figure8A).Forthis,weusedasetof

hypotheseswhichattemptstocombinevariousknowledgesources

comingfromliteraturewithouranalysisinanintegrated

framework:

1–Acropetalauxinfluxescomefromtheaerialparts,and

increaseafteroneweekofgrowth[18].Theincreaseinauxin

productionafteroneweekcoincideswiththeaccelerationof

initiationrhythmweobservedatthemacroscopiclevel

(Figure2A–almosttwiceasmanyprimordiaappearedduring

thelast5daysthanduringthefirst7).

2–Developingprimordiaconsumeafractionoftheacropetal

auxinfluxaccordingtoanage-basedhierarchy(olderprimordia

haveprecedenceoveryoungerones)[19].

3–Primordiawhichhaveconsumedenoughauxinemerge

(emergencethreshold–ET)andstopconsumingauxin[18,19].

4–Afteragiventime(developmentalwindow–DW),

primordiawhichhavenotemergedareblockedandstop

consumingauxin[14].

5–Theremainingauxinfluxarrivesattherootapex,whereit

takespartinarefluxsystem[7,15,20].Themathematical

propertiesoftherefluxsystem(Figure8B)leadtoastablepoint

influxintensity,whichdependsontheefficiencyoftherefluxat

theapexandwithintheinitiationzone,onthefluxcomingfrom

thedevelopmentzone,andontheauxindegradationrate

(Figure8C).Forstrongeffectiverefluxvalues,thestablepoint

fluxintheinitiationzonebecomeincreasinglyresponsiveto

smallvariationofparameters.

6–Someoftheauxincomingfromtherefluxflowthroughthe

lateralrootcapandtheepidermisandaccumulatesinthe

initiationzone(IZ)whereinitiationcantakeplace.Initiation

occurswhenthelevelofauxininthiszone,consideredasapool

ofauxin,reachesapredefinedinitiationthreshold(IT).The

initiationofanewprimordiumemptiesthepool[7,15,19].This

assumptionisbasedonbiologicaldatashowingthatlateralroot

initiationsitesandyoungLRPsareauxinsinksandtherefore

consumeauxin[21,19].

7–Toaccountforthebiologicalvariabilityobservedinthe

data,boththeinitiationandemergencethresholds(ITandET)

weresubmittedtorandom(Gaussian)fluctuations.

Inapreviousstudy,weshowedthatinitiationpatternscanbe

significantlyalteredbycontrolledgravistimulationduringroot

growth[15].Suchperturbationscanbeusedtotestthe

predictivepowerofthemodel.Wethereforeusedthefollowing

hypothesesalreadytestedbyLucasetal.[15]totakeinto

accounttheeffectofgravistimulationinthemodel:

8–Gravistimulationinducestheinitiationofnewprimordiaby

reducingtheinitiationthreshold(IT).

9–Gravistimulationconsumesafractionoftheauxinavailablefor

initiation(quickrepetitionsofgravistimulationsinhibitinitiation).

10–Gravistimulidisappearover4hours,andasaconsequence

boththedropofITandconsumptionofauxinintheIZinduced

byagravistimulusdecreaseregularly(linearly)overa4hour

period.

Figure3.Encodingtherootstructure.Wedefinedthreekindsofsequencesbasedondevelopmentalprofiles.Thesequenceofdevelopmental
stagesconsidersonlythedevelopmentalstagesofthesuccessivelateralorgans.Thesequenceofrootsegmentlength(rootsegmentbeingdefined
astheunitformedbytwosuccessiveorgansandthedistancebetweenthem)considersonlythedistancesbetweenthesuccessivelateralorgans.The
cellularstringsequencewereobtainedbytranscodingandexpandingthedevelopmentalprofile.Thetranscodingofthedevelopmentalstagesis
shownbelowthecellularstring:observedun-differentiatedcellswerecodedas0,non-emergedprimordiawerecodedas1,andemergedlateral
rootswerecodedas2.
doi:10.1371/journal.pone.0003673.g003
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second with quite long runs of emerged roots (see the relatively

long tail after the value 1 in Figure 7). Thus, the variable-order

Markov chain analysis strongly supports the idea that successive

lateral root emergence are not independent.

Then, to test whether the distance between successive lateral

organs had an influence on the development of those organs, we

studied the distribution of segment length before and after each

organ depending on their type within theproximal zone. Wefound

that the segments before and after a blocked primordium were

significantly shorter than the segmentsbefore and after an emerged

root according to theStudent t test (P-valueof 1.2 1026; Table2). As

primordia positioning issequential at the root apex, thiscorrelation

between organ development and position can be interpreted as the

consequence of an inhibitory effect between primordia on lateral

organ development. This effect tends to decrease as adjacent

primordia are initiated farther away from each other.

Design of a mechanist ic model of lateral root initiation

and development
Our statistical analysis revealed an unexpected feedback

between lateral root initiation and development. One possible

explanation for this could be competition for auxin. To test this

hypothesis, we designed a mechanistic model of root ramification

based on auxin fluxes (Figure 8A). For this, we used a set of

hypotheses which attempts to combine various knowledge sources

coming from literature with our analysis in an integrated

framework:

1 – Acropetal auxin fluxes come from the aerial parts, and

increase after one week of growth [18]. The increase in auxin

production after one week coincides with the acceleration of

initiation rhythm we observed at the macroscopic level

(Figure 2A – almost twice as many primordia appeared during

the last 5 days than during the first 7).

2 – Developing primordia consume a fraction of the acropetal

auxin flux according to an age-based hierarchy (older primordia

have precedence over younger ones) [19].

3 – Primordia which have consumed enough auxin emerge

(emergence threshold – ET) and stop consuming auxin [18,19].

4 – After a given time (developmental window – DW),

primordia which have not emerged are blocked and stop

consuming auxin [14].

5 – The remaining auxin flux arrives at the root apex, where it

takes part in a reflux system [7,15,20]. The mathematical

properties of the reflux system (Figure 8B) lead to a stable point

in flux intensity, which dependson the efficiency of the reflux at

theapex and within the initiation zone, on the flux coming from

the development zone, and on the auxin degradation rate

(Figure 8C). For strong effective reflux values, the stable point

flux in the initiation zone become increasingly responsive to

small variation of parameters.

6 – Some of the auxin coming from the reflux flow through the

lateral root cap and the epidermis and accumulates in the

initiation zone (IZ) where initiation can take place. Initiation

occurswhen the level of auxin in thiszone, considered asa pool

of auxin, reaches a predefined initiation threshold (IT). The

initiation of a new primordium empties the pool [7,15,19]. This

assumption isbased on biological data showing that lateral root

initiation sites and young LRPs are auxin sinks and therefore

consume auxin [21,19].

7 – To account for the biological variability observed in the

data, both the initiation and emergence thresholds (IT and ET)

were submitted to random (Gaussian) fluctuations.

In a previous study, we showed that initiation patterns can be

significantly altered by controlled gravistimulation during root

growth [15]. Such perturbations can be used to test the

predictive power of the model. We therefore used the following

hypotheses already tested by Lucas et al. [15] to take into

account the effect of gravistimulation in the model:

8 – Gravistimulation induces the initiation of new primordia by

reducing the initiation threshold (IT).

9–Gravistimulation consumesafraction of theauxin availablefor

initiation (quick repetitionsof gravistimulationsinhibit initiation).

10 –Gravistimuli disappear over 4 hours, and asa consequence

both thedrop of IT and consumption of auxin in the IZ induced

by a gravistimulus decrease regularly (linearly) over a 4 hour

period.

Figure 3. Encoding the root structure. We defined three kinds of sequences based on developmental profiles. The sequence of developmental
stages considers only the developmental stages of the successive lateral organs. The sequence of root segment length (root segment being defined
as the unit formed by two successive organs and the distance between them) considers only the distances between the successive lateral organs. The
cellular string sequence were obtained by transcoding and expanding the developmental profile. The transcoding of the developmental stages is
shown below the cellular string: observed un-differentiated cells were coded as 0, non-emerged primordia were coded as 1, and emerged lateral
roots were coded as 2.
doi:10.1371/journal.pone.0003673.g003

The Auxin Economy of Branching

PLoS ONE | www.plosone.org 4 November 2008 | Volume 3 | Issue 11 | e3673

second with quite long runs of emerged roots (see the relatively

long tail after the value 1 in Figure 7). Thus, the variable-order

Markov chain analysis strongly supports the idea that successive

lateral root emergence are not independent.

Then, to test whether the distance between successive lateral

organs had an influence on the development of those organs, we

studied the distribution of segment length before and after each

organ depending on their type within theproximal zone. Wefound

that the segments before and after a blocked primordium were

significantly shorter than the segmentsbefore and after an emerged

root according to theStudent t test (P-valueof 1.2 1026; Table2). As

primordia positioning issequential at the root apex, thiscorrelation

between organ development and position can be interpreted as the

consequence of an inhibitory effect between primordia on lateral

organ development. This effect tends to decrease as adjacent

primordia are initiated farther away from each other.

Design of a mechanist ic model of lateral root initiation

and development
Our statistical analysis revealed an unexpected feedback

between lateral root initiation and development. One possible

explanation for this could be competition for auxin. To test this

hypothesis, we designed a mechanistic model of root ramification

based on auxin fluxes (Figure 8A). For this, we used a set of

hypotheses which attempts to combine various knowledge sources

coming from literature with our analysis in an integrated

framework:

1 – Acropetal auxin fluxes come from the aerial parts, and

increase after one week of growth [18]. The increase in auxin

production after one week coincides with the acceleration of

initiation rhythm we observed at the macroscopic level

(Figure 2A – almost twice as many primordia appeared during

the last 5 days than during the first 7).

2 – Developing primordia consume a fraction of the acropetal

auxin flux according to an age-based hierarchy (older primordia

have precedence over younger ones) [19].

3 – Primordia which have consumed enough auxin emerge

(emergence threshold – ET) and stop consuming auxin [18,19].

4 – After a given time (developmental window – DW),

primordia which have not emerged are blocked and stop

consuming auxin [14].

5 – The remaining auxin flux arrives at the root apex, where it

takes part in a reflux system [7,15,20]. The mathematical

properties of the reflux system (Figure 8B) lead to a stable point

in flux intensity, which dependson the efficiency of the reflux at

theapex and within the initiation zone, on the flux coming from

the development zone, and on the auxin degradation rate

(Figure 8C). For strong effective reflux values, the stable point

flux in the initiation zone become increasingly responsive to

small variation of parameters.

6 – Some of the auxin coming from the reflux flow through the

lateral root cap and the epidermis and accumulates in the

initiation zone (IZ) where initiation can take place. Initiation

occurswhen the level of auxin in thiszone, considered asa pool

of auxin, reaches a predefined initiation threshold (IT). The

initiation of a new primordium empties the pool [7,15,19]. This

assumption isbased on biological data showing that lateral root

initiation sites and young LRPs are auxin sinks and therefore

consume auxin [21,19].

7 – To account for the biological variability observed in the

data, both the initiation and emergence thresholds (IT and ET)

were submitted to random (Gaussian) fluctuations.

In a previous study, we showed that initiation patterns can be

significantly altered by controlled gravistimulation during root

growth [15]. Such perturbations can be used to test the

predictive power of the model. We therefore used the following

hypotheses already tested by Lucas et al. [15] to take into

account the effect of gravistimulation in the model:

8 – Gravistimulation induces the initiation of new primordia by

reducing the initiation threshold (IT).

9–Gravistimulation consumesafraction of theauxin availablefor

initiation (quick repetitionsof gravistimulationsinhibit initiation).

10 –Gravistimuli disappear over 4 hours, and asa consequence

both thedrop of IT and consumption of auxin in the IZ induced

by a gravistimulus decrease regularly (linearly) over a 4 hour

period.

Figure 3. Encoding the root structure. We defined three kinds of sequences based on developmental profiles. The sequence of developmental
stages considers only the developmental stages of the successive lateral organs. The sequence of root segment length (root segment being defined
as the unit formed by two successive organs and the distance between them) considers only the distances between the successive lateral organs. The
cellular string sequence were obtained by transcoding and expanding the developmental profile. The transcoding of the developmental stages is
shown below the cellular string: observed un-differentiated cells were coded as 0, non-emerged primordia were coded as 1, and emerged lateral
roots were coded as 2.
doi:10.1371/journal.pone.0003673.g003
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second with quite long runs of emerged roots (see the relatively

long tail after the value 1 in Figure 7). Thus, the variable-order

Markov chain analysis strongly supports the idea that successive

lateral root emergence are not independent.

Then, to test whether the distance between successive lateral

organs had an influence on the development of those organs, we

studied the distribution of segment length before and after each

organ depending on their type within theproximal zone. Wefound

that the segments before and after a blocked primordium were

significantly shorter than the segmentsbefore and after an emerged

root according to theStudent t test (P-valueof 1.2 1026; Table2). As

primordia positioning issequential at the root apex, thiscorrelation

between organ development and position can be interpreted as the

consequence of an inhibitory effect between primordia on lateral

organ development. This effect tends to decrease as adjacent

primordia are initiated farther away from each other.

Design of a mechanist ic model of lateral root initiation

and development
Our statistical analysis revealed an unexpected feedback

between lateral root initiation and development. One possible

explanation for this could be competition for auxin. To test this

hypothesis, we designed a mechanistic model of root ramification

based on auxin fluxes (Figure 8A). For this, we used a set of

hypotheses which attempts to combine various knowledge sources

coming from literature with our analysis in an integrated

framework:

1 – Acropetal auxin fluxes come from the aerial parts, and

increase after one week of growth [18]. The increase in auxin

production after one week coincides with the acceleration of

initiation rhythm we observed at the macroscopic level

(Figure 2A – almost twice as many primordia appeared during

the last 5 days than during the first 7).

2 – Developing primordia consume a fraction of the acropetal

auxin flux according to an age-based hierarchy (older primordia

have precedence over younger ones) [19].

3 – Primordia which have consumed enough auxin emerge

(emergence threshold – ET) and stop consuming auxin [18,19].

4 – After a given time (developmental window – DW),

primordia which have not emerged are blocked and stop

consuming auxin [14].

5 – The remaining auxin flux arrives at the root apex, where it

takes part in a reflux system [7,15,20]. The mathematical

properties of the reflux system (Figure 8B) lead to a stable point

in flux intensity, which dependson the efficiency of the reflux at

theapex and within the initiation zone, on the flux coming from

the development zone, and on the auxin degradation rate

(Figure 8C). For strong effective reflux values, the stable point

flux in the initiation zone become increasingly responsive to

small variation of parameters.

6 – Some of the auxin coming from the reflux flow through the

lateral root cap and the epidermis and accumulates in the

initiation zone (IZ) where initiation can take place. Initiation

occurswhen the level of auxin in thiszone, considered asa pool

of auxin, reaches a predefined initiation threshold (IT). The

initiation of a new primordium empties the pool [7,15,19]. This

assumption isbased on biological data showing that lateral root

initiation sites and young LRPs are auxin sinks and therefore

consume auxin [21,19].

7 – To account for the biological variability observed in the

data, both the initiation and emergence thresholds (IT and ET)

were submitted to random (Gaussian) fluctuations.

In a previous study, we showed that initiation patterns can be

significantly altered by controlled gravistimulation during root

growth [15]. Such perturbations can be used to test the

predictive power of the model. We therefore used the following

hypotheses already tested by Lucas et al. [15] to take into

account the effect of gravistimulation in the model:

8 – Gravistimulation induces the initiation of new primordia by

reducing the initiation threshold (IT).

9–Gravistimulation consumesafraction of theauxin availablefor

initiation (quick repetitionsof gravistimulationsinhibit initiation).

10 –Gravistimuli disappear over 4 hours, and asa consequence

both thedrop of IT and consumption of auxin in the IZ induced

by a gravistimulus decrease regularly (linearly) over a 4 hour

period.

Figure 3. Encoding the root structure. We defined three kinds of sequences based on developmental profiles. The sequence of developmental
stages considers only the developmental stages of the successive lateral organs. The sequence of root segment length (root segment being defined
as the unit formed by two successive organs and the distance between them) considers only the distances between the successive lateral organs. The
cellular string sequence were obtained by transcoding and expanding the developmental profile. The transcoding of the developmental stages is
shown below the cellular string: observed un-differentiated cells were coded as 0, non-emerged primordia were coded as 1, and emerged lateral
roots were coded as 2.
doi:10.1371/journal.pone.0003673.g003
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