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Among the myriad of environmental stimuli that plants utilize to regulate growth and development to optimize fitness are
signals obtained from various sources in the rhizosphere that give an indication of the nutrient status and volume of media
available. These signals include chemical signals from other plants, nutrient signals, and thigmotropic interactions that reveal
the presence of obstacles to growth. Little is known about the genetics underlying the response of plants to physical
constraints present within the rhizosphere. In this study, we show that there is natural variation among Arabidopsis thaliana
accessions in their growth response to physical rhizosphere constraints and competition. We mapped growth quantitative
trait loci that regulate a positive response of foliar growth to short physical constraints surrounding the root. This is a highly
polygenic trait and, using quantitative validation studies, we showed that natural variation in EARLY FLOWERING3 (ELF3)
controls the link between root constraint and altered shoot growth. This provides an entry point to study how root and shoot
growth are integrated to respond to environmental stimuli.

INTRODUCTION

Plants perceive and respond to changes in their surrounding envi-
ronment via an integrated suite of morphological and physiological
responses to optimize their fitness (Callaway et al., 2003; Valladares
et al., 2007). A key environment from which large arrays of largely
uncharacterized stimuli arise is the rhizosphere. The plant has
a number of systems in place to measure the quality of the rhizo-
sphere in terms of nutrients and obstacles to growth. Changes in
water or nutrient availability or presence of obstacles are perceived
belowground by roots (Smith, 2000; Hodge, 2004). Additionally,
competing neighbor plants can be directly perceived both above- and
belowground through touchperception (deWit et al., 2012) or volatile
cues from neighboring plants (Karban et al., 2000). These chemical
cues canalso inform theplant about themetapopulationofmicrobes
in the surrounding rhizosphere. Once sensed, plants respond to this
multitude of rhizosphere signals by altering their shoot and root
growth (Tosti andThorup-Kristensen, 2010;Kiaer et al., 2013; Padilla
et al., 2013). Interestingly, these responses vary from additive to
interactive and from positive to negative effects on root or shoot
growth,dependingonthespeciesor thegenotypetested (Cahill etal.,
2005, 2010; Murphy and Dudley, 2007; Kiaer et al., 2013). Thus,
understanding the full suiteofmechanisms thatallowaplant tosense
and respond to the rhizosphere is a significant topic in plant biology.

However, the mechanistic basis of how a plant perceives and
responds to the myriad of rhizosphere-associated signals is
poorly understood. Recent studies using rhizotron imaging, in

which special pots are used to allow direct visualization of the
roots, of roots grown in soil or artificial media showed that roots
perceive the proximity to neighbors and alter their foraging be-
havior and architecture (Hodge, 2004; Cahill et al., 2010; Nord
etal., 2011;Fangetal., 2013).Whilenutrientdepletion is thought to
be a key signal for altered root foraging in competitive environ-
ments, recent studies have shown that neighboring roots can also
trigger changes in root architecture independently of nutrient
competition (Padilla et al., 2013). One possible explanation arises
from reports of chemical signals, such as secondary metabolites
or proteins, in root exudates that mediate how a plant root in-
teracts with its soil environment (de Kroon, 2007; Semchenko
et al., 2008; Biedrzycki et al., 2010; Badri et al., 2012; Padilla et al.,
2013). This agrees with evidence that roots respond to neigh-
boring roots in a genotype-dependent manner, wherein roots of
the same genotypes overlapped better, while roots of different
genotypes avoided each other potentially via chemical signals
(Fang et al., 2013). However, the specific molecular mechanisms
involved in these processes and how they influence foliar growth
are poorly understood.
Another key component of measuring the rhizosphere is the

combination of gravitropism of the root and ensuing thigmotropic
responses that allow the plant to detect the presence of
obstructions within the soil through non-resource-based mech-
anisms (de Wit et al., 2012). The root’s primary gravitropism and
associated set point growth angle establish the initial vector for
a young root’s growth (Slovak et al., 2014). The root tip then
perceives any ensuing obstruction to growth and alters its growth
to avoid this obstruction. Therefore, the process of a plant as-
sessing the rhizosphere involves the physical interaction with
obstacles, associated avoidance, and the resulting foraging for
usable space (Semchenko et al., 2008). While the root aspects of
obstacle avoidance have been studied, the resulting influence on
rosette growth is less well understood.
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Athirdkeyaspectof rhizospherestimuli thatalters root foraging is
the availability of nutrients in the local soil that leads to altered root
growth to maximize the ability to obtain these nutrients. In general,
the plant changes the root growth pattern to optimize the ability to
obtainspecificnutrients fromsoil.Thiscan include increasing lateral
root growth in the presence of nitrogen or directing the growth of
roots toward sources ofwater (Roycewicz andMalamy, 2012). This
can even include altering the root growth pattern in the presence of
nutrients not typically considered to be sourced from the rhizo-
sphere, such as carbohydrates (Freixes et al., 2002). While these
responses lead to altered partitioning of growth between the root
and shoot, the specific mechanisms beyond a nutrient imbalance
are not well understood nor is it clear howmany rhizosphere stimuli
trigger foliar responses. Thus, there is a need to test the ability of
unexpected rhizosphere variation to influence foliar growth.
To identify the genetic mechanisms that enable belowground

environmental perturbations to influence foliar growth, specifically
spatial constraints, we tested if accessions have natural variation
in their response to growing in close proximity to a common
reference genotype. This showed that there was significant var-
iation in growth in response to a common competitor. To focus on
spatial aspects of growth constraints within the soil, we tested if
these same accessions were responsive to above- and below-
ground growth constraints. This showed extensive genetic vari-
ation in responses to root and shoot constraints and suggested
that these responses were possibly genetically independent. To
identify genetic loci that link belowground perturbations with
changes in foliar growth, we focused on the variable response to
spatial constraints present within the soil. Using an experimental
system, where plant roots were grown in rhizosphere tubes of
0.5 cm diameter, we observed natural variation in shoot response
to root constraint in Arabidopsis thaliana. Using an Arabidopsis
recombinant inbred line (RIL) population,wemeasuredchanges in
plant shoot growth under root constraint to identify genomic loci
that regulate the shoot growth and biochemical responses to root
constraint. Validation tests showed that natural variation inEARLY
FLOWERING3 (ELF3) links the shoot response to root constraint
and begins to highlight that root and shoot responses must be
coordinated to properly respond to variation in the soil environ-
ment. Our analysis reveals a complex genetic regulation of the
shoot growth responses to root constraint in Arabidopsis.

RESULTS

Natural Variation in Response to Competition

To begin studying the genetic regulation of plant responses to
rhizosphereconstraint,we tested forgeneticvariation incompetition
responses in Arabidopsis. We compared how Arabidopsis acces-
sions grow in isolation or when nine plants of the same genotype
were grown per 1-cm2 plot to measure the response to crowding
(Figures 1A and 1B). At 3 and 4 weeks of age, rosette sizes of the
uncrowded plant and solely the plant at the center of the crowding
design were measured (Figure 1A). At 3 weeks after planting, the
accessions showed statistically significant genotype 3 treatment
interactions (P = 0.016) in how the rosette size responded to
crowding (Figure 1C). Some accessions (Col, Kas, and Sha) were
significantlysmallerundercrowdingcomparedwith thecontrolwhile

Figure 1. Natural Variation in Response to Competition.

Dark-gray bars represents control growth, and gray bars represent
competition. Asterisks indicate significance at P < 0.05 using ANOVA with
post-hoc Tukey’s mean comparison. The full experiment was conducted
twice with six replicates per accession per experiment. Error bars show SE.
(A) Schematic representation of the competition experiment where nine
plants were planted in 1 cm2 of soil plots for competition (bottom). The
center plant for which themeasurements were recorded is circled. A single
plant growing alone is used as the control (top).
(B) Photographs of the Tsu accession growing at 3 weeks after planting
under control conditions (top) and with competition (bottom).
(C) Rosette diameter of seven Arabidopsis accessions measured at 3
weeks after planting.
(D) Rosette diameter of seven Arabidopsis accessions measured at 4
weeks after planting.
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Figure 2. Natural Variation in Response to Root Constraint.

(A) Schematic representation of root constraint showing rhizosphere tubes filled with soil in which the roots were grown. Tubes are 0.5 cm in diameter.
(B) Arabidopsis plants growing under control conditions and root constraint.
(C) Rosette diameter of Arabidopsis accessions at 25 DAP. Dark-gray bars represent control, and gray bars represent root constraint. Asterisks indicate
significance at P < 0.05 as estimated using ANOVAwith post-hoc Tukey’smean comparison. The experiment was conducted twicewith nine replicates per
accession per experiment. Error bars present SE.
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others (Bay, Cvi, and Ler) did not show significant changes in
rosette diameter under crowding. By contrast, Tsu showed
abeneficial effect of crowding such that thecrowded rosettewas
larger than the uncrowded rosette at 3 weeks. At 4 weeks after
planting, all of the accessions except Col showed a significant
reduction in rosette size under crowding conditions (Figure 1D).
This shows that there is natural variation within Arabidopsis for
tolerance to crowding. The differential response of Tsu to
crowding indicates that some accessions may transiently
overcompensate to outcompete their neighbors. While this
suggests that there is variation in how Arabidopsis accessions
respond to growth constraints, the source of this constraint
beinganotherbiological organismgreatly complicatesour ability
to resolve the genetics.

Natural Variation in Response to Root/Shoot Constraint

To better resolve how plants respond to spatial growth con-
straints, we focused on the physical aspect of the constraint. To
investigate the potential role of physical constraints within the
rhizosphere, we imposed a physical constraint on lateral root
growth using a 0.5-cm-diameter tube that imposes a lateral
constraint on growth. We grew five Arabidopsis accessions in
containers with a centrally placed soil-filled tube (0.5 cm in di-
ameter) surrounding the root, the tube surrounding solely the
rosette, or the tube surrounding both the root and shoot. The soil-
filled tube was placed in the soil and a pressure plate used to
ensure that the compaction level was equalized throughout the
soil. For shoot constraint, the tube was placed above the soil
surrounding the seed. We dropped the Ler and Cvi accessions
from further experiments because of the large effect of growth loci
(ErectaandCRY2) inbothaccessions (Torii et al., 1996;Bottoetal.,
2003). The seeds were centrally placed on the surface of the soil-
filled tube such that, as the plant germinates, the roots will grow
into the soil inside the tube and will be spatially constrained
(Figures 2A and 2B). All plants were visually inspected to ensure
that the root and/or shoot had grown into the tube for the re-
spective treatment.
Becauseacommonresponsetoconstraint isalteredplantheight,

such as increased growth of the hypocotyl, we measured rosette
height in all samples at 4weeks after planting. This showeda highly
significant response to the constraint that was naturally variable
acrosstheaccessions.Theaccessionscontrasted intheirpatternof
responses to growth under root or shoot constraint alone or si-
multaneous root and shoot constraint (Figure 3). The response in
plant height under root and shoot constraint was additive for Kas,
Tsu, Col, and Sha, such that both treatments increased height and
the double constraint was the additive increase of the two single
treatments. However, Bay showed a significant interaction, such
that there was only a change in height when both roots and shoots
were constrained (Figure 3). Theseobservations suggest that some
Arabidopsis responses to root or shoot constraint are possibly

Figure 2. (continued).

(D) Rosette diameter of Arabidopsis accessions at successive time points starting at 7 DAP. Black lines are control, and gray lines are root constriction.
Asterisks show the time at which the constrained plants begin to show a significant (P < 0.05) reduction in rosette size. The yellow bar shows the duration in
which the constrained plants are statistically smaller. Significancewas done using ANOVAwith post-hoc Tukey’smean comparison. Error bars present SE.

Figure 3. Natural Variation in Response to Above- and Belowground
Constraint.

The plant height of five accessionswasmeasured at 4weeks after planting
in the presence of root and/or shoot constraint. The significance P values
obtained from the two-way ANOVA for the root (R), shoot (S), or interaction
(RxS) constraint on the accession’s growth are listed to the right of the
graph. Analysis was conducted within each accession using ANOVA, and
the accessions are named for each graph. There were nine independent
replicates per accession.
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Figure 4. Natural Variation in Response to Various Depths of Root Constraint.

The Bay and Sha accessions were grown in the presence of different depths of root constraint using a 0.5-cm straw and their growth was digitally analyzed
every 2 d. Two independent experiments were performed, with six randomized replications per treatment per accession per experiment.
(A) The rosette diameter of Sha measured at 27 DAP across the various depths of root constraint.
(B) The rosette diameter of Bay measured at 27 DAP across various depths of root constraint.
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genetically independent, while others integrate between the root
and shoot. Thus, natural variation in the responses to root or shoot
constraint alone or in combination can be explored to understand
the genetic control of these interactions.

Ontogenic Variation of Root Constraint Responses

The Tsu accession showed differential responses to constraint
acrossdevelopmental age,alsoknownasanontogenicdependency
(Figure 1). Thus, we tested if there is variation in the age at which
Arabidopsis accessions respond to root constraint (Figure 2C). The
accessions showed significant differences in the age at which the
accessions exhibited a response in rosette size to the root constraint
(Figure2D).BayandKasshowedsignificantreductions inrosettesize
as early as 9 d after planting (DAP). By contrast, Col showed a sig-
nificant reductiononly from20DAPonwards.Thisapparentvariation
in the timingappears tocoincidewith thedateatwhich theaccession
accelerates itsgrowth rate in thecontrol samples.Wealsomeasured
flowering time of all the plants in this experiment and there was no
significant change in flowering time due to treatment (Supplemental
Data Set 1). Thus, the root constraint appears to have a specific
impact ongrowth rate and not on flowering time, suggesting that the
response to root constraint initiates a switch that alters the rate of
growthwithoutchanginggeneralontogenicdevelopmentof theplant
(Figure 2D; Supplemental Figure 1).

Conditional Response to Root Constraint

To begin identifying potential loci that regulate the differential ro-
sette growth response to root constraint, we focused on the Bay
and Sha accessions that are the parents of a well-studied RIL
population with significant genomic and transcriptomic resources
(Loudetetal., 2003a,2003b,2005;Westetal., 2006,2007;Bouteillé
et al., 2012). We first tested if restricting the roots’ lateral growth
along the entire pot depth is too severe a constraint to measure
variation between the accessions. Measuring how Bay and Sha
respond to different depths of constraint from the soil surface
showed significantly different responses to the various depths of
root constraint (Figure4).Constraint limited to thevery top0.5cmof
the roots significantly stimulated the shoot growth of Bay, but had
nosignificant effect onShagrowth (Figure 4). A constraint of 1.5 cm
had no effect on either accession, while constraints of 2.5 cm or
longer elicited a similar reduction in rosette size irrespective of the
depth of constraint in both Bay and Sha (Figures 4A and 4B). This
growth reduction always occurred at an earlier ontogenic plant age
in Sha in comparison to Bay, showing that the ability to detect the
rosettes’ response to root constraint in these two accessions is
conditional on both plant age and depth of constraint (Figure 4D;
Supplemental Figure 2). These consistent genotype-specific

responses to root constraint show that there is genetic variation in
these two accessions for rosette response to root constraint.

Genetic Regulation of Response to Root Constraint

Tomap the loci that regulate the variable responses of Bay and Sha
to root constraint,weundertookquantitative trait loci (QTL)mapping
using the Bay3 Sha RIL population (Loudet et al., 2002). We grew
211 lines of this population within a 0.5-cm-deep root constraint or
control conditions and digitally measured the rosette sizes at con-
secutivedaysstartingat7DAPandshoot freshweightat35DAP.We
focused on the 0.5-cm root constraint, as this is the weakest
treatment, suggesting that it should have the fewest indirect
physiological effects, and as it also had a positive growth effect on
the Bay accession. Furthermore, previous research has shown that
theBayandShaparentsandRILshavea rootgrowth rate thatwould
allow theseedlings’ roots togrowbelow this constraintbarrierwithin
24 h of germination (Loudet et al., 2005; Bouteillé et al., 2012;
Kellermeier et al., 2013). Additionally, the soil within this constraint
was packed to the same level as the surrounding soil and the
constraint did not restrict the flow of water or oxygen given the
surface-to-volume ratio. To equilibrate soil compaction within and
outside of the straw, we placed the straw vertically in the total soil of
thepotandplacedequalpressureacross the total surfaceareaof the
pot. The specific mechanism of this response to a 5-mm-deep root
constraint will require detailed further investigation. Of particular
interest is finding the genes controlling this response.
Across the population, the average growth under constraint

tended to be higher than that found under the control conditions
(Supplemental Figure 3 and Supplemental Data Set 2). Linear
modeling to partition the phenotypic variation showed that there
were significant effects of genotype and genotype3 treatment on
all growth phenotypes. The broad-sense heritability for the RILs
for genotype alone ranged from 31 to 45% across the different
days that rosette size was measured with an average heritability
of 37% (Supplemental Figure 4A and Supplemental Table 1).
Genotype and genotype 3 treatment interactions together ac-
counted for themajor share of the total variation (50 to 57%), with
an increasing trend toward the later days of growth. Additionally,
the distribution of rosette sizes across the population showed that
the growth phenotypes are likely highly polygenic (Supplemental
Table 2 and Supplemental Figure 3).

QTL Analysis

Using the above linear model, we obtained the model corrected
least square means for all growth traits for each RIL under each
treatment condition (control and 0.5-cm constraint). Because of
seedling mortality, we had complete data for 194 RILs in the

Figure 4. (continued).

(C) Image of Bay (right) and Sha (left) rosettes under control and root constraint conditions, indicating the shoot growth stimulation of Bay under constraint.
(D)Relative change in rosette diameter of Bay and Sha comparedwith control as growth progresses under increasing depths of root constraint. Solid lines
show thesizeofBayanddotted lines indicate the sizeofSha.Asterisks indicate the timepointwhenastatistically significant (P<0.05)deviation fromcontrol
begins for each genotype using ANOVA. The top of the graph and orange line show the time points at which Bay has a response to the restriction for each
depth of root constraint. The bottomof each graph anddashed orange line shows the timepoints atwhichSha has a significant response to root constraint.
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control data set and 198 RILs in the constraint data set for QTL
mapping. Using a total of 24 growth phenotypes for each treat-
ment condition, we identified 74 QTLs affecting growth in the

control plants and58QTLs identified for theconstrictedplants.On
average, this was 3.1 QTLs per growth phenotype for control
plants versus 2.3 QTLs per phenotype under root constraint.

Figure 5. Genomic Architecture of QTLs Associated with Growth Traits.

QTLs were mapped for all growth and flowering time traits using the Bay 3 Sha RIL population
(A)QTLsassociatedwithgrowth under control and root constraint conditions are shown.ThenumberofQTLsassociatedwith growthwithin a5-cMwindow
of the genome is plotted against the genetic location in cM. QTL hot spots for growth phenotypes under control conditions are shown in gray and in the
presence of a 0.5-cm-deep constraint in black. The horizontal dashed lines represent the permuted threshold (P = 0.05, 1000 permutations) for
significant hot spots. Hot spots are labeled above the respective locus with representative markers that is closest to the peak.
(B)Aheatmapshowing the locationandeffectof significant loci detected for all growthandflowering time traits across thefivechromosomes.Red indicates
a positive effect of the Sha allele, while green indicates a positive effect of the Bay allele. Vertical white lines separate the chromosomes (1 to 5 from left to
right). Heatmap for growth in control conditions (top) and under 0.5-cm-deep root constraint (bottom), with rows corresponding to each growth phenotype
as labeled on the right. The phenotypes are abbreviated such that D7 toD26 indicate the rosette size from7 to 26DAP. FWT is theweight of the plants at day
26, SGR is size standardized growth rate for the indicated interval, and FL is flowering time.
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Figure 6. Epistatic Interactions and QTL 3 Treatment Interactions That Regulate Growth under Constraint.

(A)Network showingstatistically significantQTL3QTL interactions for thesevenQTLhot spots.Bluenodes represent eachof thesevenQTLhot spotswith
thesizeof eachnode representing the fractionofgrowthphenotypesshowingasignificantmaineffect at that locus. Thedottedbluenodesshowgenetic loci
that were detected as being significant in the presence of the 0.5-cm-deep root constraint. The red circles anddotswithin each node indicate loci that show
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A sliding window analysis of the number of QTLs across the ge-
nome to identify significant QTL clusters revealed five significant
clusters forgrowthofcontrolplantsandfoursignificantclustersunder
root constraint (Figure5A).Amajorityof theseQTLclustersappeared
specific for each condition; two clusters specific to root constraint
andthreeclustersspecifictocontrol.The twoQTLclustersspecificto
growth under root constraint showedopposite allele effects,with the
QTL cluster on Chromosome 2 increasing growth with Sha allele,
while the cluster on Chromosome 3 increases growth with the Bay
allele (Figure 5). Thus, both Bay and Sha have alleles that allow for
increased rosette size in response to a shallow root constraint, even
though only the Bay parent showed a response.

In agreement with the previous observation of ontogenic-
dependent variation between the parents, we found that the QTL
appeared to have age-limited effects. For example, the QTL
cluster at the top of Chromosome 2 only affects growth as
measured in older plants (Figure 5B). An example of a QTL cluster
that displays differences between the treatments is the cluster
located in the middle of Chromosome 3 and only significantly
affectedplantgrowthunder rootconstraint (Figure5B). Therewere
also QTL clusters that were both age and condition specific, such
as the one in the middle of Chromosome 2 that only appeared in
young plants that were root constrained (Figure 6B).

In our control experiments, the Bay parent showed increased
growthunder the0.5-cmrootconstraint,whereas theShaparenthad
no difference in growth under the two conditions. In agreement with
this, the Sha allele increases growth for more than half of the QTLs
detected under control conditions, whereas the Bay allele increases
growth for themajority of QTL detected under root constraint (Figure
5). However, this was not uniformly the case, as there were QTLs
where theShaalleleprovided increasedgrowthunder root constraint
conditions and the Bay allele functioned under control conditions.
Thus, there is transgressive segregation in the RIL population for the
growth effect of root constraint. Thus, the variation found in the
parents is not a complete representation of the genetic potential of
thisphenotype.EventhoughtheBayparentaloneshowedstimulated
growth under root constraint, our QTL analysis indicated that both
Bay and Sha alleles have growth stimulating effects.

Flowering Time Variation

Inaddition togrowth,wealsomeasuredflowering time inall theRIL
plants in both conditions. The linear model showed no significant
effect of the root constraint treatment on flowering time nor any
effect on the interaction of RILs with treatment (Supplemental
Table 1). In agreement with this, all QTLs detected for flowering

time were found in both treatment conditions (Figure 5B). Several
of the detected flowering time QTLs localize to known flowering
loci segregating in this population (e.g., FRIGIDA and FLOWERING
LOCUS C) (Michaels and Amasino, 1999; Johanson et al., 2000).
Furthermore, none of the QTLs for flowering time overlapped with
any of the growth QTLs (Figure 5B). This lack of root constraint
effect upon flowering time suggests that the effect of root con-
straint on rosette growth does not have global effects on the
flowering time transition. The lack of any overlap in growth or
flowering time QTLs also suggests that variation in flowering and
growth in this population may not be causally linked.

QTL 3 Treatment Interactions

One complication of QTL analysis is that if there is a sufficiently high
numberof causal loci for a trait there is thepotential for falsepositive/
negativeerror rates to increase (Beavis,1994,1998;Bernardo,2004;
Josephet al., 2013). Thus,wewanted todirectly assess if therewere
significant QTL3 treatment interactions using a linear model rather
than solely rely onQTLoverlap to infer treatment interactions. Using
the QTL clusters that regulate growth variation under control and
constraint conditions, we identified a geneticmarker at the center of
each cluster to use as a genetic term in a single multi-QTL linear
model. Markers are named by the closest gene to provide ready
interpretability, but this is not intended to claim any causality for that
gene. This allows us to specifically test all loci within a single linear
model.Within thismodel, we usedall themeangrowthdata for each
RIL under each treatment and included treatment as a factor in the
model toallowustodirectly test theQTL3 treatment interactions.All
seven QTL clusters had significant main effects, with the fraction of
phenotypes significantly affected by the clusters ranging from 54 to
92% (Figure 6; Supplemental Data Set 3). Themain effect of all QTL
clustersweremodulated by plant agewith someof theQTL clusters
significantly affecting only early growth while others limited to late
age growth. These patterns were in agreement with the QTL de-
tection in early versus late growth stages (Figure 6). In addition to the
significant main effects, five of the seven QTL clusters showed
significant treatment interactions with an array of responses to root
constraint (Figures6Ato6D).Even thoughall thehotspotsappeared
to be treatment conditional in the QTLmapping, there were loci that
showed no significant treatment effect in the linear modeling,
suggesting that the hot spot overlap approach overestimated the
treatment3genotype interaction (Figure6E). Extending theanalysis
showedthat treatment interactionwasevendependentonplantage,
as shown by the At3g45600 cluster where the G 3 E significance
increased as the plants aged (Supplemental Data Set 4). Thus, while

Figure 6. (continued).

a significant genotype3 treatment interaction using ANOVA. The size of the red circle represents the fraction of growth phenotypes showing a significant
treatment interactionat each locus.Blueedgesconnect loci that showsignificantQTL3QTLepistasis.Reddashededgesconnect loci that showsignificant
conditional epistatic interactions, i.e., QTL 3 QTL 3 treatment interactions.
(B) to (E)Thealleliceffectof representativeQTLhotspotsundercontrol and0.5-cm-deep rootconstraintgrowthconditions isshown to illustrate thedifferent
patterns of genotype by treatment interactions at each locus. Rosette diameter at representative days is given, with black lines showing the average growth
ofRILswith theBayallelesandgray linesshowing theaveragegrowthofRILswith theShaallele. (B)and (E)showdata from22DAP, (C) is from9DAP,and (E)
is from22DAP. These are the ageswith themaximal effect for the specific loci. Error bars show SE. Asterisks show that therewas a statistically significant
QTL 3 treatment interaction using a two-way ANOVA.
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the direct QTL mapping made the loci appear specific to either the
control or root constraint conditions, all the loci had significantmain
effects and only a subset had significant G 3 E interactions.

Epistasis (GxG) and Conditional Epistasis (GxGxE)

Weextended the abovemulti-QTL linearmodel to test for epistatic
interaction between the QTL clusters. Within this model, we used
all the mean growth data for each RIL under each treatment and

included treatment as a term in the model to allow us to test for
both QTL3 QTL interactions as well as QTL 3 QTL 3 treatment
interactions. Using simply the genotype 3 genotype epistatic
tests between QTLs, we identified two epistatic interaction net-
worksamongtheQTLs (Figure6,bluesolidedges): oneconnected
four loci and another connected three loci. Extending this analysis
to directly test if the epistatic interactions were dependent on the
root constraint identified interactions between four loci that were
conditional on the treatment. These interactions involved two

Figure 7. QTL Validation.

An analysis of the rosette diameter of twoHIFs that overlapped twoQTLhot spots onchromosome2.Black lines represent growth under control conditions,
and gray shows growth under 0.5-cm-deep root constraint. Error bars represent standard errors. Asterisks represent significance at P < 0.05, and a cross
represents significance at P < 0.1 using ANOVA. For each comparison, there were two independent experiments with six randomized replicates for each
treatment3genotypecombination.AsterisksshowaPvalueof<0.05, andcrossesshowaPvalueof<0.10 for an interactionofgenotype3 treatmentusing
a two-way ANOVA.
(A) Rosette diameter of the Bay allele of HIF364 (QTL, At2g14170).
(B) Rosette diameter of the Sha allele of HIF364 (QTL, At2g14170).
(C)Rosettediameter at 26DAPofHIF364BayandShaunder control andconstraint conditions.Blue line is forBayand red line is forSha. Theasterisk shows
that there is a significant allele 3 treatment interaction using ANOVA (P < 0.05).
(D) Rosette diameter of the Bay allele of HIF163 (QTL, At2g24150/ELF3).
(E) Rosette diameter of the Sha allele of HIF163 (QTL, At2g24150/ELF3).
(F) Rosette diameter at 29DAP of HIF 163 Bay and Sha under control and constraint conditions. Blue is for Bay and red is for Sha. The asterisk shows that
there is a significant allele 3 treatment interaction using ANOVA (P < 0.05).
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genes ineachof themaineffectepistaticnetworks, thusconnecting
these sub networks (Figure 6A, red dashed edges). Interestingly,
two of the loci showing significant QTL 3 QTL 3 treatment inter-
actions had no QTL 3 treatment interaction (At1g30380 and
At3g61440). Thus, it is possible to identify treatment conditional
epistasis affecting root constraint, and together this characterizes
all the identified QTLs as part of a single genetic network that
regulates a plant’s response to root competition.

HIF and ELF3 Validation

To validate the QTLs, we used heterogeneous inbred families
(HIFs) that segregated for the QTL regions (http://publiclines.
versailles.inra.fr/) (Loudet et al., 2002; Bouteillé et al., 2012). We
used two different HIFs that segregated for the two QTLs on
Chromosome2; HIF364 segregates for the At2g14170 QTL and
HIF163 segregates for the At2g24150 QTL. Testing the rosette
growth of HIF lines with the Bay or Sha allele at the QTL region
under root constraint confirmed the QTL effects. The Bay-0 allele
of HIF364 had a negative rosette size response to root constraint,
while the Sha allele had a positive responsewith this HIF, showing
a significant genotype3 treatment effect (Figures 7A, 7B, and7E).
HIF163 lineshadasignificantgenotype3 treatment effect and the
Shaallelealsoshowed larger rosettesizesunder root constraint, in
agreement with the QTL effects, while the Bay allele largely
showed no response (Figures 7C, 7D, and 7F). This shows thatwe
are able to identify loci that regulate differential rosette growth
responses to root constraint in this RIL population.

The segregating region in HIF163 contains natural variation in
ELF3, which was previously identified as a regulator of natural var-
iation intheshadeavoidancesyndrome(Jiménez-Gómezetal.,2010;
Jimenez-Gomez et al., 2011). The borders of this HIF have not been
fully resolved, but cover at least;2Mb fromMSAT2.7 toMSAT2.41
or ;500 genes. To test if ELF3 regulates growth responses to root
constraint, we used previously available ELF3 quantitative comple-
mentation lineswherein theBayorShaELF3allele ispresent inanelf3
mutant background (Jiménez-Gómez et al., 2010; Jimenez-Gomez
et al., 2011). The ELF3 quantitative complementation lines show
significantlydifferent responses to rootconstraint (Figure8).Anested
ANOVA showed no significant differences between the two in-
dependent transgenic lines for each ELF3 allele, suggesting that the
observedeffectsaredue to theallelesandnot thespecific integration
event. However, the use of only two independent transgenic lines
means that we do not have significant precision in estimating the
effect of the difference between the ELF3 alleles. Interestingly, the
rosettes of lines containing the ELF3 Bay allele are largely non-
responsive torootconstraint,while theShaalleleshowsadecrease in
growth (Figure8). This validates thatELF3 is agenecontainingcausal
variation that alters the rosette growth response under root con-
straint. Interestingly,while theELF3 locus iswithin theHIF163 region,
the ELF3 alleles do not phenocopy the HIF163 response to root
constraint. This suggests that there must be causal loci within the
HIF163 region in addition to ELF3 potentially with opposing effects.

DISCUSSION

It is well established that plant roots modify their developmental
programs according to the prevailing soil conditions (Hodge,

2004; Cahill et al., 2010; Nord et al., 2011).This includes the
monitoring of the soil conditions for fluctuations in nutrient
availability, physical obstacles, and other aspects with ensuing
changes in root growth to allow for proliferation in areas that are
most favorable (Semchenko et al., 2008). The root’s responses to
the environment also have the capacity to generate signals that
canalter thegrowthanddevelopmentof theshoot.However, there
is a lack of understanding of how roots perceive their physical
environment or how these responses are regulated at the genetic
or molecular level. To begin to gain a mechanistic understanding
of these complex responses, we used natural variation of Ara-
bidopsis shoot growth responses to root spatial constraint. The
natural accessions differed in their response to root constraint via
a mechanism that seemed to be linked largely to the timing of
growth adjustments with the more tolerant accessions taking
longer to respond to the constraint (Figure 2). Interestingly, some
accessions perceived root and shoot constraints via an additive
process while others responded in a rather integrative manner,
suggesting that these signals or the downstream events are in-
tegrated differently in different accessions (Figure 3). The varied
shoot responses of these accessions in response to root and
shoot constraint suggest that there could be direct signals to
regulate shoot growth in addition to indirect consequencesof root
allocation under root constraint. Our analysis of plant height under
shoot/root constraint (Figure 3) and recent reports showing that
root and shoot competition interact (Gersani et al., 1998; Falik
et al., 2003; Lankinen, 2008) support this possibility.
To dissect how the plant may be responding to the root con-

straint, we exposed two accessions that differ in their suscepti-
bility to root constraint, Bay and Sha, to varying depths of
constraint. Sha was largely unresponsive to root constraint until
;2.5 cm with the shift from no response to response being non-
linear. By contrast, Bay showed an unexpected stimulation in
shoot growth at the 0.5 cm constraint depth followed by di-
minished growth rates at 2.5 cm and deeper (Figure 4D). In-
terestingly, Sha, which was originally classified as an accession
not responding to root constraint, responded more quickly than
Bay with diminished growth. Sha displayed diminished growth
four days earlier than theBayaccession (Figure 4D). This suggests
that there is natural variation both in the sensitivity to root con-
straint and the timing of the shoot’s response to this constraint.
Thus, exploring the natural genetic variation could be a valuable
tool in efforts to dissect how the plant coordinates its root and
shoot responses to root challenges and to establish if this co-
ordination varies by the type of challenge (Fang et al., 2013).

Complex Genetics of Natural Variation under
Root Constraint

To dissect the genetics underlying these differential responses to
root constraint, wemapped rosette growthQTLs in theBay3Sha
RIL population in the presence and absence of a 0.5-cm depth of
root constraint that stimulated Bay growth and generated no
change in Sha growth. Nondestructive digital imaging allowed us
to measure rosette growth in real time and map QTL that were
dependent on the rosette constraint and the plant’s age. This
showed that the genetic control of rosette growth was highly
polygenic, with themajority of loci being conditional to the plant’s
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age or the root constraint (Figure 6). Comparing our results to
previous assays of root architecture in the Bay3 Sha population
identified only a single locus that overlapped, suggesting that the
lociwearefindingarenotsolely rootarchitecture loci (Loudetetal.,
2005). Testing for epistasis between identified loci showed that
there were numerous interactions and that thesewere conditional
upon the plant age and root constraint (Figure 6). The ability to
identify genetic interactions among these loci suggests that they
may function in a connected network and that this network is
highly conditionedby the ageandcondition of theplant. It remains
to be tested how frequently plant age (ontogeny) interacts with
natural variation in an environment-dependent fashion (Wentzell
et al., 2008; Wentzell and Kliebenstein, 2008; Edwards et al.,
2012). This does show that anymolecular genetic studies of root-
shootcommunication inArabidopsisneed toconsider theageand
conditions of the plant when working to extrapolate the ob-
servations.

ELF3: A Link between Shoot Responses to Above- and
Belowground Signals?

One of the QTL regions showing a genotype 3 root constraint
interaction in our study overlapped with the previously cloned
ELF3 genomic region (Figure 8). Natural variation at this locus in
this population has been shown to alter the rosette’s shade avoid-
ance response as well as flowering time and defense chemistry
(Jiménez-Gómez et al., 2010; Jimenez-Gomez et al., 2011). How-
ever, the flowering time effects were only identified under
different conditions from the ones we used (Jiménez-Gómez
et al., 2010; Jimenez-Gomez et al., 2011). Using the quantitative
complementation lines from this study allowed us to show that
natural variation between the Bay and Sha ELF3 alleles also
alters how the plant’s rosette responds to root constraint. The Bay
allele of ELF3 is unresponsive to a 0.5-cm-deep root constraint,
while the Sha allele of ELF3 leads to diminished growth under the
same conditions. Thus, it appears that ELF3 can link the root’s
environment to alterations in shoot growth. Given the shallow
5-mm-deep root constraint, it is unlikely that this ELF3-mediated
response is caused by altered oxygen or water availability, as the
surface area is sufficient to allow for proper diffusion. It is possible
that ELF3 integrates root and shoot signals during competition to
regulate the circadian clock and to elicit growth responses
(Covington et al., 2001; Hicks et al., 2001; Liu et al., 2001; Nieto
et al., 2015). The Bay and Sha ELF3 alleles vary in the length of
a poly-glutamine stretch and have an Ala (Bay) to Val (Sha)
transition that leads to altered localization and posttranscriptional
regulation via unknown mechanisms (Undurraga et al., 2012;
Anwer et al., 2014). Future work will be required to determine how
ELF3mediates the flowof information between the root and shoot
and to identify the signal that mediates this interaction.

Comparing the results of the ELF3 complementation lines with
the HIF for this region (HIF163) provided evidence that the QTL
near ELF3 is likely polygenic in nature. HIF163 shows contrasting
responses in rosette growth in the presence and absence of a
0.5-cm-deep root constraint (Figure 7) in agreement with the
original QTL (Figure 5). By contrast, the ELF3 quantitative com-
plementation linesonlydisplayedaneffect under constraint. Thus,
this QTL region likely contains other loci that also affect the

rosette’s growth response to root constraint. This suggests that
our population of 211 lines is not sufficient to separate the effects
of these loci aswell as thepossiblegenetic interactions.Therefore,
it is likely that the loci we uncovered in this study are only a subset
of all the loci that regulate the rosette’s response to rootconstraint.

What Rhizosphere Element Does the Lateral Root
Constraint Alter?

While our results show that Arabidopsis accessions have the
ability to detect a shallow 5-mm-deep root constraint and alter
rosette growth, the specificmechanistic basis behind this change
is difficult to define, especially given the difficulty of visualizing the
roots in these conditions. One option is that the root growth angle
away from the gravity vector may lead one accession to perceive
the physical barrier more than another. However, given that the
root constraint is 5 mm deep 3 5 mm in diameter, this would
require a root angle of 26.6 to hit the very bottom of the physical
barrier. In agar, the Bay accession has been found to have a root
growth angle of only 2 degrees off of vertical and only 1 of 163
accessions had an angle of greater than 19 degrees off of vertical
(Slovak et al., 2014). Thus, this is likely not a source of difference
between the Bay and Sha parents for the 5-mm-deep root con-
straint. Theangle required tohit thebarrier at leastoncedecreases
to only 9 degrees off of vertical for the 15-mm root constraint,
suggesting that thigmotropic aspects may become an issue with
the deeper root constraints (Slovak et al., 2014).
Another concernwith the lateral rootconstraints is that theymay

be limiting water or some other nutrient’s availability. We ensured
equal compaction and did not saturate the soil to ensure the
presence of airspaces that should allow for oxygen penetration,
especially for the 5-mm-deep root constraint. Similarly, given the
shallow 5-mm-deep root constraint and the fact that the root
shouldpass through this spacewithin 24 to48hafter germination,
the lowwater useof a seedling should ensure that the surface area
available for vertical water and nutrient availability would limit any
deficiency. Once the root has passed through this 5-mm con-
straint, the seedling would rely on the growing primary and lateral
roots for nutrient and water foraging and this section of the root
would function predominantly as a conduit. However, nutrient or
water deprivation is definitely a potential influencewith the deeper
constraints.
One aspect that the shallow lateral constraint may influence is

the lateraldiffusionofexudate fromthegerminating root itself. This
could lead to elevated local levels of these compounds andmight
influence either the plants own signal/perception mechanisms or
alter the localmicrobial population inaway thatdidnotoccur in the
control treatment. The barriers themselves were flushed to pre-
vent the introduction of chemicals from the barrier itself for this
reason. Differentiating between these possibilities will require
extensive future genomic and transcriptomic assays to fully as-
sess what plant-perceived signals are altered by the shallow
lateral root constraint.
Another notedcomplicationof interpreting these results is that if

the root has grownout of the barrierwithin 24 to 48 h, then howare
there growth effects that occur later in development? This could
have a number of explanations. First, it is already known that early
life history at the embryo stage can influence auxin signaling and
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ultimately result in differential growth and biomass accumulation
(Paul-Victor et al., 2010; Elwell et al., 2011). As growth is an it-
erativeprocessbuilt onall events thatoccurredbeforeagiven time
point, any early life event has the potential to influence the or-
ganismeven after the event has passed. This process could occur
via epigenetic or nonepigenetic processes. Furthermore, if the
lateral root barrier has altered the local microbial population, the
effect of the barrier may be continuous throughout development.
Further studies are needed to differentiate between these options
or others not yet considered.

Conclusions

There is increasing evidence that plants detect and respond to
changes in their root environment through mechanisms that do
not involve changes in resource availability. These mechanisms
include touchperceptionof neighbors’ rootsor physical obstacles
belowground. In our study, we found numerous loci that regulate
the ability of the rosette to respond to changes in the root envi-
ronment, with one of them being ELF3, a key component of the
foliar circadian clock. ELF3 is only an entry into this genetic di-
versity, as there are a large number of other loci that, upon their
cloning, could begin to provide insight into how the root and shoot
communicate to coordinate the plant’s growth. Future studies,
including genome-wide associationmapping of these responses,
will aid our understanding of these processes.

METHODS

Competition Experiments

To test for differential responses to crowding, seven Arabidopsis thaliana
accessions (Bay, Col, Cvi, Kas, Ler, Sha, and Tsu) were each grown in the
center of a 1-cm square with eight siblings planted along the perimeter,
giving a planting density of nine plants per cm2. Each accession grown
alone without neighbors served as the control. These accessions were
chosen as they are the parents of existing RIL populations with extensive
genomic data. Prior to planting, seeds were imbibed in water and cold
treatedat4°C for4d.Seedswereplanted inplasticflatswith36cells perflat
filledwith standardpottingmix (SunshineMix#1; SunGroHorticulture) and
covered with a thin layer of sand. Each accession was replicated six times
per treatment, and the placement of each accession/ treatment was
completely randomized within each flat. The full experiment was in-
dependently replicated twice providing at least 10 measurements per
accession per treatment per week of harvest. Plants were grown in con-
trolled environment growth rooms at 20°C and 16-h/8-h light/dark cycles.
Plants were watered with nutrient water staring at 2weeks after planting to
avoid any nutrient andwater stress. At 3 and4weeks after planting, rosette
diameter was measured for the control plant and the center plant in the
competition treatment for each accession. For the crowding treatment,
replications with fewer than seven neighbors were excluded from the
analysis. Different sets of plants were used for growth measurements at 3
and 4 weeks after planting because leaf samples were collected for
secondary metabolite analysis at those time points. The rosette diameter
and glucosinolate data were analyzed by mixed model ANOVA, where the
accession, treatment, and accession and treatment interaction were

Figure 8. Validation of ELF3 Variation Influencing Shoot Growth under
Root Constraint.

The growth response of homozygous ELF3 complementation lines to root
constraint is shown. For each graph, the daily measured rosette diameter of
the homozygous T3 lines is presented. Two independent T3 complemen-
tation lines were used for each of the Bay and Sha alleles. There were four
independent randomized replicates per genotype. There was no significant
variation between the T3 complementation lines for each allele, with black
lines representinggrowth under control conditions andgray showinggrowth
under for 0.5-cm-deep root constraint. Error bars represent standard errors.
(A) Rosette diameter of ELF3 Bay allele complementation lines.
(B) Rosette diameter of ELF3 Sha allele complementation lines under
control and root constraint.
(C) Rosette diameter at 33 DAP of ELF3 Bay (blue) and Sha (red) com-
plementation lines under control and constraint conditions. The asterisk

indicates that there is a significant genotype 3 treatment interaction for
average rosette size using ANOVA (P < 0.05).
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included as the fixed terms and experiment as a random effect. The least
square means from the above model was used for comparing the ac-
cession performance under crowding.

Root Constraint Experiments

For the constraint treatment, roots were grown in 0.5-cm-diameter tubes
(Dixiebrand translucent plastic straws) that spanned theentireheight of the
container fromthesoil surface to thebottom.Thecontainerswerefilledwith
soil to the top and covered with a thin layer of sand. The tubes were filled
with soil and presoaked to ensure sufficient moisture in the soil within the
tubes, prior to inserting into the center of the container filled with soil. The
samesoil was used in the tubes and the container. Seedswere cold treated
for 4 dandplantedat the center of the soil in the tube such that the rootswill
grow into the tube and will be constrained. This was visually confirmed on
all seedlings. Plants were watered with nutrient water as described above
to ensure sufficient moisture and nutrients. Plants grown without the
constraint were used as control. Each flat was digitally imaged every day,
starting from 7 DAP. Excess plants were removed prior to imaging and the
images were used to measure the rosette sizes using ImageJ image
analysis software. Two fully independent experiments were conducted
with each experiment having nine randomized replications per treatment/
accession. This provided 18 measurements per treatment per accession.

For experiments with varying levels of root constraint, tubes to different
depths (0.5, 1.5, 2.5, 3.5, 4.5, and5.5cm)wereused.Tubeswere insertedat
the center of the container and were flush with the top of the container so
that roots were constrained at varying depths from the soil surface.
Rosettes were imaged daily beginning 7 DAP. Two completely in-
dependent experiments were performed with six randomized replications
per treatment/accession within each experiment. This provided 12
measurements per accession per root constraint depth. Model corrected
least square means as described above were used for comparing the
accession performance under root constraint.

Growth of Bay 3 Sha RIL Population

Seeds of the 211 lines of the Bay 3 Sha recombinant inbred population
were grown in a completely randomized design per RIL/treatment. The
treatment was either growing with a 0.5-cm root constraint or control
without constraint. The entire experiment was repeated consecutively
three times in the same climate controlled chamber (20°C and 16-h/8-h
light/dark cycles) with independent randomization per experiment. Plants
weregrownasdescribedabove for the root constraint experiments. The full
population required eight planting flats, which we treated as a block term
within the ensuing linear model. Plants were imaged daily from 7 DAP and
rosette diameter was measured from the images. At 35 DAP, shoots were
removedand freshweightwasmeasured. Flowering timewasmeasuredas
number of days until first flower opened for all the RILs that flowered by
35 DAP. Size standardized growth rates (SGRs) for each RIL were esti-
mated from daily rosette sizes as described previously (Paul-Victor et al.,
2010; Züst et al., 2011; Joseph et al., 2013). This was conducted twice
using either the 7 or 14 DAP rosette size as the baseline reference.

Estimation of Heritability

All phenotypic data from three independent experiments with one repli-
cation for each treatment per experiment were used to calculate estimates
of broad-senseheritability (H) for eachphenotypeasH=s2

g/s
2
p,wheres2

g

was the estimated variance for RIL genotypes and s2
p was the total

phenotypic variance for a trait (Liu, 1998). The ANOVA model (line heri-
tability model) for each metabolite phenotype in each line (ygte) was:
ygte ¼ mþGg þ Tt þ Ee þGg3Tt þGg3Ee þ Tt3Ee þ «gte; where; g =
1. . .211 RILs, t = treatments: control or root constraint, E = experiment
1. . .3.The proportion of variance partitioned to the G term was used to

estimate the broad-sense heritability. The model was also used to provide
model corrected least square means for ensuing QTL mapping.

QTL Analysis

A genetic map comprising of 568 markers was previously available for the
Bay3ShaRILpopulation (Loudet et al., 2002). The least squaremeansof 24
growth phenotypes, including daily rosette sizes, shoot fresh weight,
floweringtime,andSGRinthepresenceandabsenceof rootconstraint,were
used for QTL analysis. For QTL detection, composite interval mapping was
implemented using cim function in the R/qtl packagewith a 10-centimorgan
(cM) window. Forward regression was used to identify three cofactors per
trait. The declaration of statistically significant QTLs was based on permu-
tation-derived empirical thresholds using 1000 permutations for each
mapped trait. QTLswith a LOD score of above2were considered significant
for further analysis (Churchill andDoerge, 1994;Doerge andChurchill, 1996).
Composite interval mapping to assign significance based on the underlying
trait distribution is robust at handling normal or near normal trait distributions
(Rebai, 1997), as found formostof our phenotypes.Thedefine.peak function
implemented in theR/eqtl packagewas used to identify the peak location
and one-LOD interval of each significant QTL for each trait (Wang et al.,
2006). The effectscan function in the R/qtl packagewas used to estimate
the QTL additive effect (R Development Core Team, 2014). Allelic effects
for each significant QTL are presented as percent effect, by estimating
½�xBay 2 �xSha�=�xRIL for each significant main effect marker.

QTL clusters or hot spots were identified using a QTL summation ap-
proach, where the position of each QTL for each trait was plotted on the
chromosome by placing a 1 at the peak of the QTL. This was then used to
sum the number of traits that had a detected QTL at a given position using
a 5-cM sliding window across the genome (Kliebenstein et al., 2006). The
significance thresholdwasdeterminedusing1000randompermutations to
determine QTL hot spots that were significant. Each QTL cluster was
named with a representative marker close to the peak of the hot spot.

Additive ANOVA Model

Todirectly test the additive effect of each identifiedQTLcluster, anANOVA
model containing the markers most closely associated with each of the
significantQTL clusterswas used as individual main effect terms. For each
growth phenotype, themean phenotype in lines of genotype g atmarkerm
under treatment t was shown as ygmt. The model (additive model) for each
phenotype in each line (ygmt) was: ygmt ¼ mþ∑m

m¼11∑
2
t¼1TMtm þ «gmt ,

where t = treatment: control or root constraint; m = markers 1, . . .,7. All
growth phenotypes were tested with this model using lm function im-
plemented in theR/car package,which returned all P values, Type III sums-
of-squares for the completemodel, and eachmain effect. QTLmain-effect
estimates (in terms of allelic substitution values) were estimated for each
marker (Fox and Weisberg, 2011; R Development Core Team, 2014).

QTL Epistasis Analysis

To test directly for epistatic interactions between the detected QTLs, an ANOVA
was conducted using the pairwise epistasis model. This pairwise epistasis
model was used per growth phenotype because we had previous evidence that
RIL populations have a significant false negative QTL detection issue and
wanted to be inclusive of all possible significant loci (Chan et al., 2011). Within
this model, all possible pairwise interactions between themarkers andmarker
and treatment interactionswere tested.Foreachphenotype, theaveragevalue
in the RILs of genotype g at markerm in treatment t was shown as ygmt. The
model (pairwise epistasismodel) for eachmetabolite in each line (ygmt) was:
yg m t ¼ mþ∑2

t¼11∑
m
m¼1Mg m þ∑2

t¼11∑
m
m¼1∑

m
n¼mþ11TtMg mMg n þ «g m n t,

where t = control or root constraint;m = 1, . . .,7, and n is the identity of the
second marker for an interaction. The main effect of the markers was
denoted as M having a model involving seven markers. P values, Type III

2240 The Plant Cell



sums-of-squares for the complete model, and each individual term and
QTL pairwise-effect estimates in terms of allelic substitution values were
obtainedasdescribed for additivemodelANOVA (FoxandWeisberg, 2011;
R Development Core Team, 2014). Significance values were corrected for
multiple testing within amodel using false discovery rate (<0.05). Themain
effect and epistatic interactions of the loci were visualized using cytoscape
Version2.8.3with interactionssignificant for <10%of thephenotypeswere
excluded from the network analysis (Rowe et al., 2008; Smoot et al., 2011).
The 10% thresholdwas chosen as an additionalmultiple testing correction
to provide a more conservative image of the network. The same style of
model was run to test for specific three-way interactions by including
specific three-way terms as indicated (three-way epistasis model).

QTL Validation

TheQTL effectswere validated usingHIFs (http://dbsgap.versailles.inra.fr/
vnat/; Calenge et al., 2006) that overlapped with the QTL regions. HIF 364,
overlapping with the QTL cluster (At2g14170; Figure 6A) and HIF 163
overlapping with the QTL cluster (At2g24150; Figure 6A) were used for
validation. The HIF progeny with a Bay or Sha allele at the QTL region were
grown under control and 0.5-cm root constraint. Since the ELF3 genomic
region overlapped with one of the QTL clusters (At2g24150; Figure 6A),
previously available ELF3 complementation lines (Jiménez-Gómez et al.,
2010) were used to study the shoot responses to root constraint as de-
scribed above. Two independent homozygous ELF3 Bay or ELF3 Sha
transgenic lines were used. The growth conditions of the HIFs and ELF3
complementation lines were kept similar to the QTL experiments. Plants
were imaged and rosette diameter was measured as described above.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative and GenBank data libraries under accession number At2g25930
(ELF3).
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