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Abstract

Natural variation in organ morphologies can have adaptive significance and contribute to speciation. However, the
underlying allelic differences responsible for variation in organ size and shape remain poorly understood. We have utilized
natural phenotypic variation in three Arabidopsis thaliana ecotypes to examine the genetic basis for quantitative variation in
petal length, width, area, and shape. We identified 23 loci responsible for such variation, many of which appear to
correspond to genes not previously implicated in controlling organ morphology. These analyses also demonstrated that
allelic differences at distinct loci can independently affect petal length, width, area or shape, suggesting that these traits
behave as independent modules. We also showed that ERECTA (ER), encoding a leucine-rich repeat (LRR) receptor-like
serine-threonine kinase, is a major effect locus determining petal shape. Allelic variation at the ER locus was associated with
differences in petal cell proliferation and concomitant effects on petal shape. ER has been previously shown to be required
for regulating cell division and expansion in other contexts; the ER receptor-like kinase functioning to also control organ-
specific proliferation patterns suggests that allelic variation in common signaling components may nonetheless have been a
key factor in morphological diversification.
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Introduction

Within a species, individuals are remarkably consistent in their

shape and size, yet differences in scale are often the most striking

observations when comparisons between species are made [1].

Individual organs also typically grow to a consistent species-

specific size. During organogenesis, randomly oriented cell

divisions and cell expansion enlarge tissues, oriented cell divisions

promote directional growth, and cell-cell interactions and long

range signaling processes regulate overall size [2]. The observation

of compensatory growth in which variation in cell number or cell

volume nonetheless results in a consistent organ size, has led to the

suggestion that size is controlled at the whole organ level [2,3].

In plants, both morphogen gradients and localized cell-cell

interactions have been postulated to be involved in regulating

organ shape and size [4,5]. In addition, mechanical feedback

controls are required to ensure the development of an appropriate

organ form [6–8]. Despite these observations, the genes and

molecular processes underpinning these regulatory controls have

in large part remained unidentified.

The Arabidopsis thaliana petal has a relatively simple laminar

morphology and is an ideal plant system with which to analyze

organ growth control [9]. Petal size and shape is remarkably

consistent within a given ecotype [10,11], in contrast to leaves

which show much higher variability under different environmental

conditions [12]. Early phases of Arabidopsis thaliana petal growth

depend on cell division that proceeds in a basipetal fashion, while

later stages appear to depend predominantly on cell expansion

[13–16]. Cell expansion accounts for most of the increase in petal

mass and is mainly caused by the vacuolar uptake of water [17].

The epidermal L1 cell layer has been shown to control overall

petal size and shape, pointing to a role for directional interlayer

cell-cell interactions in regulating petal form [18].

Although the molecular basis for growth control at the organ

level is still poorly understood, some genes have been identified

that appear to have critical roles in regulating petal growth and

form. Cell proliferation inhibitors including BIG BROTHER (BB),

encoding an E3 ubiquitin ligase, and DA1, encoding a ubiquitin

acceptor, can affect overall organ size, implicating proteolytic

cleavage as an important mechanism in regulating this process

[19,20]. JAGGED (JAG) and AINTEGUMENTA (ANT), putative

transcriptional regulators, promote petal cell proliferation and

regulate different aspects of organ size and shape [15,21–23]. At

later stages of petal development, miR319a acts to regulate the

accumulation of class II TCP gene products which are required for

cell proliferation and thus control overall petal growth [24–26].

Regulation of cell expansion has also been shown to be important

in defining petal size; for example, BIG PETALp (BPEp) encodes an

auxin- and jasmonate-responsive transcription factor that limits

petal cell expansion and has a concomitant effect on petal size

[27–29]. In addition, long-range signals may be acting to control

overall size of an individual organ. KLUH/CYP78A5, encoding a

cytochrome p450, has been suggested to globally control organ

size through regulation of a long-range mobile signal that

PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | e56743



modulates the extent of cell proliferation in later stage petals and

other organs [30–33].

The genetic and molecular basis of quantitative traits such as

organ size or shape can be characterized through whole-genome

analyses to identify quantitative trait loci (QTL) that underlie

phenotypic variation. Different Arabidopsis thaliana ecotypes can

have quite distinct petal forms that can in turn influence fitness

[11]. Despite this variation, only a few studies using intraspecific

comparisons of segregating populations of Arabidopsis thaliana have

been carried out to identify QTL affecting floral organ shape or

size [34,35]. However, the corresponding genes have not yet been

molecularly identified and so it is difficult to determine whether

the QTL identified in these studies correspond to known growth

control genes. QTL analyses can identify naturally occurring

alleles that would not be easily recovered in mutant screens [36],

therefore a QTL approach can provide new insights into the

mechanistic control of organ form.

In this study we utilized natural variation in petal form to

identify multiple loci responsible for different aspects of petal shape

and size. We utilized both recombinant inbred lines (RILs) [37], as

well as advanced intercross recombinant inbred lines (AI-RILs)

[38], to define 23 QTLs associated with petal size and shape. The

use of RILs from multiple ecotypes allowed us to assess a wider

range of polymorphic variation. Furthermore, by analyzing petal-

specific aspects of organ growth—controlling for general variation

in floral organ length, width or area—we were able to identify

QTL that had predominant effects on these petal traits. We

recovered a number of distinct QTL for different aspects of petal

form, indicating that the genetic regulation of each of these traits

can occur in an independent manner. Surprisingly, the loci we

identified do not, for the most part, map to known growth control

loci or to several previously identified QTL implicated in

regulating organ form [34]. We utilized near isogenic lines (NILs)

and transgenic complementation to show that one major effect

QTL controlling petal shape maps to a single genetic locus,

ERECTA (ER). We also show that ER acts to control petal shape

through coordinately controlling cell proliferation across the petal.

ER encodes a leucine-rich repeat (LRR) receptor-like serine/

threonine kinase [39] and so likely plays a role in mediating

intercellular signaling events critical for regulating petal shape.

Materials and Methods

Plant Material and Growth Conditions
Arabidopsis RIL population seeds were obtained from the

Arabidopsis Biological Resource Center (ABRC) (Ohio State

University, USA). These were CS39289 (Col-06Est-1) and

CS1899 (Ler-06Col-4). Other seeds obtained from the ABRC

included Salk_074642C (ult1-3 [40]), CS1298 (Landsberg, La-0),

CS28796 (Vancouver-0, Van-0), CS76349 (Vezzano-2), CS76352

(Rovero), CS76353 (Altenburg), CS76354 (Mitterberg-1),

CS76356 (Castel Feder), CS76358 (Bozen-1), CS76368 (Aposto-

1), CS3378 (er-1), CS3401 (er-2), CS89504 (er-105), CS3913 (er-

109), and CS3924 (er-120).

Plants were grown on a mixture of fertilized potting soil and

vermiculite (1:2), and following seed germination treatment of

three days at 4uC in the dark, plants were subsequently grown

under the following conditions: 22uC (day) and 18uC (night) and

long days photoperiod (16 hours light, 8 hours darkness) in a

Conviron growth chamber.

Microscopy
Floral buds were dissected using a stereomicroscope to remove

all 4 petals at fully reflexed petal stage 13 [13] along with all 4

sepals and placed on a drop of water or 0.2% agar on a glass slide

and photographed with a Leica camera. Only buds between bud

positions 5 and 16 on the main stem were used. Measurements

were taken of petal and sepal width, length, area, and shape

(length/width), and data analyzed using Tomatoanalyzer [41] or

MetaMorph (Version 7.6.1.0 Molecular Devices http://www.

moleculardevices.com). For the QTL studies, sepals and petals

from 5 buds were scored per RIL, in two biological replicates. 98

RILs were scored for the Ler-06Col-4 population, and 113 RILs

from the Col-06Est-1 population were used.

To estimate petal cell size in the blade and the claw, stage 13

petals from Col-0 wild type and er-120 mutant lines were imaged

using light microscopy with a Zeiss compound microscope and the

number of cells in randomly sampled areas in the blade or the claw

were recorded using ImageJ [42] or Metamorph (Molecular

Devices, Sunnyvale, CA) software. The size of the sampling areas

were 50650 and 1006100 microns for the blade and claw

respectively. For the blade measurements, at least 6 independent

regions were sampled per petal and a minimum of 4 petals per line

assessed. For the claw measurements, at least 3 independent

regions were sampled per petal and a minimum of 3 petals per line

was assessed. For the measurements of the proportion of blade and

claw length in the same petal, stage 13 petals were photographed.

The transition point between blade and claw was defined as the

midpoint between all green (claw) and all white (blade) cells.

QTL and Statistical Analysis
For QTL analysis individual RILs were phenotyped as

described. The genetic map for the Ler-06Col-4 RIL population

came from [43]. The genetic map for Col-06Est-1 was obtained

from Christopher Schwartz and Detlef Weigel, MPI for Develop-

mental Biology, Spemannstraße 37–39, D-72076 Tübingen,

Germany.

QTLs were calculated by Composite Interval Mapping [44]

using the program QTL Cartographer version 2.5 (Wang S., C. J.

Basten, and Z.-B. Zeng, 2011, Windows QTL Cartographer 2.5.

Department of Statistics, North Carolina State University,

Raleigh, NC. http://statgen.ncsu.edu/qtlcart/WQTLCart.htm),

using model 6, a window size for excluding background QTL of

10 cM, and a walk speed of 2 cM. Genome-wide likelihood of

odds thresholds (LOD) [45] for each trait were estimated in QTL

Cartographer using 1000 random permutations at the 0.05

significance level as previously described [46] and estimates of

percentage variance were calculated using QTL Cartographer.

Broad Sense Heritability, the ratio between the genetic variance

and the total phenotypic variance (between and among RILs) was

calculated using ANOVA using the formula H2 =s2
g/[s2

g+s2
e/n]

where s2
g is the genetic variance, s2

e is the environmental variance

and n is the number of replicates [47]. For the ANOVA, we scored 5

independent buds from 5 plants for each RIL; for the Col-46Ler-0

population we scored 490 buds and for the Col-06Est-1 population

we scored 565 buds. Broad sense heritability was calculated using the

entire dataset for each RIL.

For fine mapping of the CLS1 QTL, Stepped Aligned Inbred

Recombinant Strains (STAIRS) for chromosome II were obtained

from the Kearsey lab [48]. The genetic markers nearest to the

boundaries between Col and Ler were AT2G17590 (STAIRS line

1215); AT2G25295 (STAIRS line 1217); AT2G14900 (STAIRS

line 1233); AT2G18350 (STAIRS line 1240); AT2G23030

(STAIRS line 1262); AT2G30500 (STAIRS 1274); AT2G14900

(STAIRS line 1301); AT2G25295 (STAIRS line 1314). The

confidence intervals were calculated according to [49].

QTLs for Petal Morphology in Arabidopsis
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Polymorphism analyses
Polymorphism data were obtained from Polymorph (http://

polymorph.weigelworld.org/cgi-bin/webapp.cgi), GBrowse

(http://gmod.org/wiki/GBrowse) and the Arabidopsis 1001

Genomes Project (http://signal.salk.edu/atg1001/3.0/gebrowser.

php).

Results

Natural Variation in Petal Shape and Size
To assess a sample of the range of petal shape and size in

Arabidopsis thaliana, we examined 12 different natural isolates

representing a broad range of genetic diversity [50](Figure S1 &

S2). To quantify petal specific variation, measurements of mature

(stage 13) petals from each natural isolate were normalized to those

of sepals from the same isolate. Petal length was defined as the

normalized length from the abscission zone to the tip of the organ;

similarly, petal width was defined as the normalized value across

the widest part of blade. Petal area was also normalized to

corresponding sepal measurements. Petal shape, the ratio of petal

length divided by width, was calculated in the same way as the leaf

index, a measurement that can often be highly characteristic of a

given species despite considerable environmentally-dependent

variation in leaf size [51].

We observed striking and significant petal shape and size

diversity. For example, the petal area in a Landsberg (La-0)

ecotype flower is significantly larger than that of Columbia (Col-0);

Bozen-1 petal length is significantly longer than that of Aposto-1;

Rovero-1 petal shape ratio is significantly higher than that of

Castelfed-4; and the Mitterberg-1 petal width significantly exceeds

that of the Vancouver (Van-0) petal (Figure S2). These observa-

tions indicate that there is significant and reproducible natural

variation in these petal traits, and that length, width, shape, and

area can vary independently among ecotypes.

QTL Analyses Reveal Multiple Loci Responsible for
Different Aspects of Petal Form

In order to determine the genetic basis for differences in

Arabidopsis thaliana petal forms, we measured various petal

parameters in stage 13 flowers from two different RIL populations.

We utilized the Columbia (Col-4)6Landsberg erecta (Ler-0) RILs

[37] and the Col-06Estland-1 (Est-1) advanced intercross RILs

[38]. The genomes of all of these parental lines have been fully

sequenced [50]. The Ler-06Col-4 population has a high density

marker map for the RILs [43], and the Col-06Est-1 RILs have

increased levels of recombination [38], two advantages for

narrowing QTL intervals.

Approximately 20 petals and 20 corresponding sepals from 100

lines of each population and from the parental lines were

photographed at floral stage 13 when petals have developed to

their final shape and size [13]. Petal length, width and area were

normalized to comparable data from sepals of the same line, to

specifically identify loci with an effect on petal form rather than

general cell-cycle control or other growth regulators. Petal shape

was calculated as the ratio of petal length to petal width within the

same line. Each of these petal traits displayed considerable

phenotypic variation (Table S1). To determine the extent to which

phenotypic variance was due to genetic variation, we calculated

the broad sense heritability for each trait in each of the

populations. Each of the petal traits was highly heritable

(H2.0.89) indicating that these phenotypes are predominantly

due to genetic, and not environmental, variation (Table S2).

To identify QTLs, a composite interval mapping approach was

used employing QTL Cartographer to map QTLs to chromo-

somal intervals [44,52]. A total of 23 QTLs were identified from

the normalized data, 13 in the Ler-06Col-4 population and 10 in

the Col-06Est-1 population (Figure 1, Table 1, Figure S3). Each

QTL was named in the format AB-XY, in which the letters at

position AB represent the first letter of each of the parental

ecotypes: C for Col (Col-0 or Col-4, depending on the context), E

for Estland and L for Ler. The letter at position X represents the

petal trait, A/L/S/W for area/length/shape/width respectively,

and position Y denotes the number of the particular QTL for that

trait. A comparison of QTL recovery in the normalized and non-

normalized datasets indicates that the normalization serves to

enhance the LOD-score of a number of QTL while reducing the

recovery of other, presumably non-petal-specific, QTL (Figure

S4). Furthermore, the normalization can define distinct QTL for

each trait; for example, for the Col-06Est-1 data, a chromosome

IV QTL for width is recovered in the normalized dataset, while a

width QTL on chromosome V is recovered in the non-normalized

dataset.

Many of the identified QTL intervals did not overlap with

known floral or growth regulator candidate genes, therefore these

QTLs reveal natural variation at genes not previously implicated

in the control of petal growth or form (Figure 1). For example,

none of the QTLs we identified mapped to known genes such as

RBE, JAG, or BB that, when mutated, alter some aspect of petal

form [15,20,53].

For the Ler-06Col-4 population, two QTLs were detected for

petal area (totaling 39% of the phenotypic variance), three QTLs

for petal length (totaling 41% of the phenotypic variance), four

QTLs for petal shape (totaling 77% of the phenotypic variance)

and four QTLs for petal width (totaling 43% of the phenotypic

variance) (Table 1). The percentage of phenotypic variance

explained by each individual Ler-06Col-4 QTL ranged from 4

to 51% (Table 1). For the Col-06Est-1 populations, two QTLs

were detected for petal area (totaling 24% of the phenotypic

variance), two QTLs were detected for petal length (totaling 30%

of the phenotypic variance), two QTLs for petal shape (totaling

40% of the phenotypic variance), and three QTLs for petal width

(totaling 40% of the phenotypic variance) (Table 1). The

percentage of phenotypic variance explained by each individual

Col-06Est-1 QTL ranged from 9 to 17% (Table 1). Together,

these observations indicate that we have recovered a number of

QTL for each trait, although it is likely that undetected QTL of

smaller effect also play a role in modulating petal form in these

populations.

Surprisingly, almost all the QTLs for a particular petal trait

were unique to one of the two RIL populations, with the exception

of a few QTLs that mapped to overlapping intervals: one interval

for shape on chromosome II: CL-S1 and CE-S2; one interval for

area on chromosome IV: CL-A2 and CE-A1; and one interval for

shape on chromosome V: CL-S4 and CE-S3 (Figure 1, Table 1).

This indicates that most of the allelic differences that affect petal

shape and size between the populations we have utilized occur at

different loci.

We found that growth along different directional axes can be

regulated independently, as can be seen for the loci controlling

petal length and width. For the three length and four width QTLs

for Ler-06Col-4, none of these different petal trait QTL intervals

overlap, and for the two length and three width QTLs for Col-

06Est-1, only one set of these QTL intervals overlap, CE-W1 and

CE-L2 on chromosome IV (Figure 1). In fact, this region on

chromosome IV contained the greatest concentration of overlap-

ping QTLs for multiple petal traits for both sets of RILs (Figure 1).

As this QTL interval overlapped with the ULTRAPETALA1

(ULT1) locus, a known floral meristem regulator with a role in

QTLs for Petal Morphology in Arabidopsis
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petal development [54], we tested whether ULT1 might be

responsible for this QTL. Among the ecotypes used in this study,

none showed any polymorphic sites within the ULT1 coding

region or in the 2 kilobases upstream of the start codon (http://

signal.salk.edu/atg1001/3.0/gebrowser.php). Furthermore, the

ult1-3 T-DNA insertional mutation in the first exon of ULT1

[40] showed no significant effect on petal form (Figure S5).

Together, these data suggest that allelic variation at ULT1 is not

responsible for this QTL.

Allelic Variation at the ERECTA Locus Regulates Petal
Shape

Overlapping QTLs recovered in both populations for the same

trait represented potential loci with considerable allelic diversity

contributing to the quantitative petal trait. We concentrated our

initial mapping efforts on the CL-S1 QTL on chromosome II, a

QTL of large effect which alone explained 51% of the petal shape

variation in the Ler-06Col-4 RIL population (Table 1) and an

interval that also overlaps with CE-S2 (Figure 1).

To confirm and fine-map CL-S1, we used a set of mapping tools

known as Stepped Aligned Inbred Recombinant Strains (STAIRS)

[48]. The STAIRS contain Ler genome introgressions in an

Figure 1. Chromosomal Locations of Quantitative Trait Loci (QTL) for Natural Variation in Petal Form in Arabidopsis thaliana. The
chromosomal location of identified QTLs is shown on the five Arabidopsis chromosomes. The location of several known floral or growth regulatory
genes are indicated and the centromeres marked as open circles. QTLs identified using Columbia (Col-4)6Landsberg erecta (Ler) recombinant inbred
lines are shown in black and named CL, and those identified from Columbia (Col-0)6Estland (Est) recombinant inbred lines are shown in white and
named CE. Each QTL is indicated by a shape, with the extent of the shape indicating the 1-LOD support interval: triangle (area), rectangle (length),
diamond (width), or oval (shape) and named as A, L, W, or S, respectively. The location of each QTL peak is marked with a black horizontal line and the
2-LOD support interval boundary is indicated by arrows. Where the 1-LOD and 2-LOD boundaries are the same for a QTL, no arrows are marked.
Adjacent to each QTL the Percentage of Variance Explained (PVE) is noted.
doi:10.1371/journal.pone.0056743.g001
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otherwise entirely Col-0 background, such that individual lines

contain a single chromosome with a nested Ler introgression. We

tested a set of STAIRS with different Ler introgression boundaries

on chromosome II (Figure 2). In agreement with the QTL

predictions that a Col allele at the CL-S1 locus would increase the

shape ratio value (Table 1), all of the lines that contained a Ler

introgression encompassing the QTL interval CL-S1 (lines 1215,

1217, 1240, and 1314) showed a significant reduction in the petal

shape ratio value compared with Col, while those that had Ler

introgressions elsewhere on chromosome II (lines 1233, 1262,

1274, and 1301) did not show a significant petal shape ratio

change compared with the Col parental line (Figure 2).

To identify the gene responsible for CL-S1, we focused on the

132 genes that mapped within the 2 likelihood of odds (LOD)

QTL interval (Table 1); these included the candidate gene

ERECTA (ER) that has previously been identified as a central

growth regulator in a variety of plant developmental contexts [55].

ER encodes a leucine-rich repeat receptor-like serine/threonine

kinase that has been implicated in the regulation of cell

proliferation and been suggested to act as a plant growth factor

receptor [39,56,57].

To determine if ER might be the gene responsible for CL-S1, we

examined five independent strong er mutations in an otherwise

Col-0 background, including several nulls. Each of these er

mutations alone was sufficient to markedly affect petal shape as

compared with the Col-0 background (Figure 2). The natural

isolate Vancouver (Van-0) displays the compact morphology

characteristic of an er mutant phenotype and contains an er null

allele due to a substitution at the start codon [58]. Van-0 petals

had a significantly smaller petal length:width ratio as compared

with Col-0 (Figure 2). In addition, we examined the original

Landsberg strain (La-0) from which Ler was subsequently isolated

by X-irradiation of a population of Landsberg seed [59]. Ler has a

missense mutation within the kinase domain of the ER protein

[39]. La-0 petals displayed a large petal shape index (larger than

Col-0), however, the Ler-0 mutation in that Landsberg background

was sufficient to significantly decrease the petal shape index

(Figure 2). All these results are consistent with the CL-S1 QTL

regulating petal shape corresponding to ER. Interestingly, a direct

comparison of the Ler-0 and the Col-4 parental lines does not show

a significant petal shape difference (Figure 2) presumably because

of other counterbalancing allelic differences outside the CL-S1

region.

We also tested the ability of an Ler line containing a Col-0-

derived ER transgene, ER-Ler [58], to confer a petal shape

phenotype more similar to that of the Col-0 ecotype. The

introduced transgene partially complemented the er petal shape

phenotype, such that the ER-Ler petal shape was more similar to

that of the Col-0 ecotype (Figure S6). In keeping with our

identification of at least six other loci controlling petal shape

differences, the lack of complete rescue by the transgene supports

the idea that allelic differences between Col-0 and Ler at other

genes, whose products may interact with ER, can also contribute

to petal shape differences.

A QTL for shape, CE-S2, was also found in an overlapping

interval to CL-S1 in our other mapping population. However, CE-

S2 does not appear to be caused by a polymorphism in the Estland

ER coding sequence (Table S3) or in the three kilobases upstream

of the start codon (http://signal.salk.edu/atg1001/3.0/gebrowser.

php). Furthermore, Estland plants do not show the highly compact

morphology characteristic of an er mutation [39], suggesting that

Estland plants are not compromised for ER function.

Differences in Petal Shape Caused by Different ER Alleles
Are Due to Alterations in Cell Proliferation

To further define the processes that were contributing to the

differences in petal shape, measurements were made of petal

length and width of STAIRS lines and er mutants that have a petal

shape change relative to Col-0. Petal shape differences appear to

be predominantly driven by changes in organ length (Figure 3).

The mean width of the petals only varies by about 0.1 mm but

petal length variations can be as much as approximately 1 mm

(Figure 3).

To determine if the length was being preferentially affected in

the blade (the distal area of the petal with white epidermal cells) or

the claw (the green basal area of the petal) or across both regions,

measurements were made of the blade and claw lengths in

STAIRS lines, er mutants, and several natural isolates. Despite a

wide range of petal lengths, the blade to claw length ratio

remained equivalent in all lines tested (Figure 3). These

observations indicate that petal length in these lines is coordinately

controlled along the entire organ axis.

To determine if the differences in petal shape were due to

differences in cell number or cell size, petal cell size was assessed in

the blade and claw in Col-0 and er-120, a strong EMS-induced er

allele in the Col-0 background (Figure 3). Average cell size was

calculated by assessing the number of cells in a given unit area of

the blade or claw (see Methods). No significant difference in

average cell size was apparent when comparing these two

genotypes (Figure 3). Therefore the differences in petal shape

must be due to differences in cell proliferation that result in a final

difference in cell numbers. Furthermore, these alterations in cell

proliferation appear to be occurring in a coordinated fashion along

the entire length of the petal.

Discussion

We have analyzed the genetic basis for some of the natural

variation regulating petal form in Arabidopsis thaliana and identified

23 loci for quantitative traits regulating aspects of petal shape and

size. Through these analyses, we demonstrated that the genetic

control of different parameters, such as petal length and width, can

be uncoupled. We also showed that allelic variation at the ER locus

can result in quantitative differences in petal shape, due to

differences in the regulation of cell proliferation across the entire

length of the petal.

Genetic Control of Petal Shape and Size
Our analyses of natural variation for petal form, and the

identification of QTLs underlying different aspects of petal

morphology, provide a framework for better understanding the

genetic basis of these traits. By normalizing the petal parameters

measured to those of sepals, we were able to identify QTL

affecting the morphology of an individual floral organ type.

Normalizing these data has allowed us to identify a number of new

loci that do not correspond to previously identified regulators of

petal growth or form (Figure 1). However, such normalization may

introduce other biases in recovery of relevant QTL since variation

in sepal shape and size is also segregating in the RIL populations.

However, the use of composite interval mapping which employs a

regression analysis presumably minimized the effects of segregat-

ing sepal variation on the identification of a petal QTL. The

number of loci we recovered as affecting petal form is likely to be

an underestimate; almost all of the QTLs identified for a particular

trait were only recovered in a single RIL population, suggesting

that there is still substantial variation to be uncovered.

QTLs for Petal Morphology in Arabidopsis
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Despite the lack of recovery of coincident QTL among the two

RIL populations assayed, the underlying genetic architecture for

the different petal traits that we scored were quite similar. For

example, for width, we recovered four moderate effect Ler-06Col-

4 QTL (each explaining 7–10% of the variance) and three

moderate effect Col-06Est QTL (each explaining 11–15% of the

Figure 2. ERECTA Corresponds to the Petal Shape Quantitative Trait Locus (QTL) CL-S1 on Chromosome II. (A) Chromosome II diagram
showing introgression lines and mutants used for QTL fine mapping. The Stepped Aligned Inbred Recombinant Strain (STAIRS) introgression lines are
numbered and their Ler -0 introgressions are drawn to scale in black and the otherwise entirely Columbia (Col-4) background is shown in white. The
location of the CL-S1 2-LOD interval is drawn to scale with the boundaries marked as black horizontal lines, and the er mutants used, such as er-105,
have an er mutation in an otherwise entirely Columbia (Col-0) background (apart from Ler-0 which is an er mutant in a Landsberg background). (B)
Histogram showing shape measurements of stage 13 petals using STAIRS, natural isolates, and er mutants. Error bars indicate 95% confidence
intervals. For each line a minimum of 20 petals were scored. (C) Stage 13 representative petal images. Scale bar = 1 mm.
doi:10.1371/journal.pone.0056743.g002
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variance). We did not detect any obvious clustering of QTL for

any trait, although about one third of the QTL we recovered

mapped to the bottom arm of chromosome IV suggesting there

may be some correlation across traits. Furthermore, it is clear that

although many growth regulators have been identified that

coordinately control aspects of both leaf and floral organ size

[5], there are a considerable number of loci that act in an organ

specific manner and are presumably regulated by organ identity

genes. We identified QTL that independently affected length,

width, shape and area, indicating that these different aspects of

petal morphology can be controlled separately and supporting the

idea of developmental modularity in the regulation of plant

growth. This is also consistent with previous studies that have

identified distinct QTL affecting leaf versus floral size [35,60,61].

The results of our study can be compared to that of Juenger et

al. [35], who carried out a similar analysis to identify QTL that

affected petal length and width in Arabidopsis thaliana. Their

analysis differed from ours in that they utilized a Ler X Cvi

recombinant inbred population, and did not normalize their petal

measurements. They identified six petal length QTL and two petal

width QTL in their mapping population. With the exception of a

petal length QTL mapping in the vicinity of the ER locus, none of

the QTLs recovered in that study overlapped with length or width

QTL identified in either of our mapping populations. Further-

more, the QTL mapping to the ER locus identified in the Juenger

et al (2005) study only explained 17.7% of the variance as

compared to the 51% of the variance explained by the ER locus in

our mapping study. This suggests at least two possibilities. It is

possible that allelic differences among the different accessions used

in these analyses vary to such a great extent that each analysis is

only capturing a small proportion of the actual allelic diversity

present for loci that affect these traits. Such allelic diversity could

also explain the differences in the degree to which each identified

locus explains the variance. Alternatively, it may be that the lack of

normalization in the Juenger et al. (2005) study resulted in

identification of loci that have more general roles in regulating

organ form.

We also identified distinct QTL affecting petal shape, which was

measured as a ratio of length to width. Surprisingly, the shape

QTL were not generally coincident with either length or width

QTL recovered in our analyses, despite being calculated on the

basis of these parameters. This suggests that some QTL affect

length and width oppositely, such that variation in either length or

width may not be statistically significant, but in combination can

result in significant variation in shape. These observations suggest

that some loci act to regulate both length and width, while others

affect each parameter independently. Furthermore, subtle differ-

ences in the expression levels of component genes involved in a

regulatory network can culminate in morphological differences

among closely related taxa (eg. [62]). As such, it is likely that the

genetic context of each RIL has influenced recovery of the QTL

we have identified.

ERECTA is a Key Petal Shape Regulator
ER has been identified in Arabidopsis genome-wide studies as one

of six major hotspots for phenotypic variation [63–65]. We have

shown that natural variation at the ER locus is one factor

responsible for differences in petal shape, due to effects on petal

cell proliferation along the entire extent of the petal.

ER has previously been identified as having a pleiotropic effect

on many Arabidopsis growth phenotypes, including stomata

development, leaf size, hypocotyl elongation, pedicel development,

and ovule differentiation [55]. However, the role of ER in

modulating growth appears to be distinct in different tissues, and

may reflect differential interactions of the ER LRR receptor-like

kinase with extracellular signals. For instance, ER mediates

hypocotyl growth in response to light cues [66] and hyponastic

growth of petioles in response to ethylene [58,67]. In leaves, ER

has been shown to control both epidermal cell number as well as

cell size [68]. This is in contrast to our observation that, in petals,

variation at the ER locus has little effect on cell size and appears to

act predominantly through modulating cell proliferation. The

distinction between the effects of allelic variation at ER on leaf

versus petal cell dynamics could reflect the robustness of petal cell

size towards variation at ER. As petal epidermal cells have a

distinctive cellular morphology that is of ecological significance in

some species [69], it may be that epidermal cell size is more highly

constrained than cell number in this organ.

Petals arise through an initial phase of cell division, followed by

a basipetal progression of cell-cycle arrest and subsequent cell

expansion and differentiation [15,33,70]. The transition zone from

cell division to cell expansion is known as the arrest front. One

possibility is that ER may be acting to regulate the timing of the

initiation of the arrest front. It is unlikely that ER acts through

modulating the speed of the arrest front progression, as we observe

corresponding shifts in cell number in both petal blade and petal

claw for different er alleles. As ER likely acts as a receptor for

extracellular signals [39], it is possible that ER acts as a receptor

for a mobile signal that regulates arrest front progression at the

organ level.

ERECTA-LIKE 1 (ERL1) and ERL2 encode receptor-like kinases

that act redundantly with ER in some developmental processes

[57]. ERL1 and ERL2, like ER, are expressed in developing floral

primordia including petals [57]. Some of the QTL we identified

may correspond to these loci or other components of the ER

signaling pathway. The ERL1 locus overlaps with the CE-A2 and

CE-W3 intervals, although we did not identify any shape QTL

within this region.

Other loci regulating petal shape and size
It is surprising that so few of the QTL recovered in this study

map to regions delimiting previously defined petal regulatory

genes. This contrasts with the recovery of QTL underlying

vernalization and flowering time variation in Arabidopsis thaliana, in

which much of the variation across several accessions appears to

be due to allelic differences at two previously well-characterized

loci, FLC and FRI [71].

Figure 3. Petal Shape Differences Associated with Different ER Alleles Are Caused by Differences in Cell Proliferation. (A) and (B)
Histograms showing stage 13 petal lengths and widths. The error bars for all graphs represent the 95% confidence intervals. (C) Stacked bar chart
showing the mean % of petal length for blade (white) and claw (black) for the lines indicated. The black arrowhead indicates where the blade/claw
boundary would be located if the length change for that line was just due to changes in the blade, and the white arrowhead indicates where the
blade/claw boundary would be located if the length change for that strain was just due to changes in the claw. (D) Average cell size in microns2 was
calculated for the blade and the claw. A minimum of three regions on three petals were sampled for each measurement. (E) Sample petal stage 13
blade (left) and claw (right) cells for the genotypes indicated. Scale bars = 20 mm.
doi:10.1371/journal.pone.0056743.g003
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During leaf growth, there is stage specific regulation of

competence to respond to specific developmental cues; for

example, expression of expansin is most effective during the phase

of maximum leaf growth, while expression at other times has

relatively little effect on cell expansion [72]. These studies and

others indicate that the coordination of growth and gene

expression must rely on regulatory factors that act in a context-

dependent manner. QTL studies such as the one reported here

may be one way to identify new genetic regulators that modulate

spatial and temporal aspects of petal growth.

Supporting Information

Figure S1 Petal Variation in Arabidopsis thaliana
Natural Isolates and Recombinant Inbred Lines. (A)

Sample petal (top) and sepal (bottom) from the same stage 13 bud

from parental and offspring RILs for Columbia (Col-4)6Lands-

berg erecta (Ler). Scale bar = 1 mm. (B) Sample petal and sepal from

the same stage 13 bud from each of the natural isolates indicated.

Scale bar = 1 mm. (C) and (D) Whole stage 13 floral buds. Scale

bar = 3 mm.

(TIFF)

Figure S2 Petal Morphological Variation in Some
Arabidopsis thaliana Natural Isolates. (A) Petal area

normalized to sepals. (B) Petal length normalized to sepals. (C)

Petal shape (length/width). (D) Petal width normalized to sepals.

For each graph the error bars represent 95% confidence intervals

and a minimum of 12 petals and 12 sepals were scored for each

line.

(TIF)

Figure S3 Quantitative Trait Loci Analysis of Natural
Variation in Arabidopsis thaliana Petal Morphology.
Panels show the logarithm of differences (LOD) profile for the

QTL results for each trait per chromosome with the additive effect

trace below. Chr = chromosome. The top graph in each panel is

for the Col-46Ler recombinant inbred lines (RILs) and the bottom

graph is for the Col-06Est RILs. (A) Petal length normalized to

sepals. (B) Petal width normalized to sepals. (C) Petal area

normalized to sepals. (D) Petal shape (petal length/width).

(TIF)

Figure S4 Quantitative Trait Loci Analysis of Natural
Variation in Arabidopsis thaliana Petal Morphology.
Panels show the logarithm of differences (LOD) profile for the

QTL results for each trait per chromosome with the additive effect

trace below. Chr = chromosome. The top graph in each panel is

for the Col-46Ler recombinant inbred lines (RILs) for petal data

and the bottom graph is for the Col-06Est RILs. The black trace

is for petal data normalized to sepals and the red trace is for petal

data not normalized to sepals. (A) Petal length. (B) Petal width. (C)

Petal area.

(TIF)

Figure S5 ULTRAPETALA1 Does Not Alter Petal Area or
Length. (A) and (B) Histograms of measurements of stage 13

petals normalized to sepals for Col-0 (n = 36 petals), and ult1-3

(confirmed Salk line SALK_074642C with a T-DNA insertion in a

Col-0 background that displays the ult1 mutant phenotype) (n = 40

petals). Error bars represent 95% confidence intervals.

(TIFF)

Figure S6 The ER allele partially restores the petal
shape phenotype in the Ler ecotype. Histogram showing

petal shape measurements for Col-0, Ler and Ler-ER lines. Error

bars represent 95% confidence intervals, n = 23 to 39 petals per

line tested.

(TIF)

Table S1 Phenotypic Range in the QTL Analysis Study.

(DOCX)

Table S2 Broad Sense Heritability (H2).

(DOCX)

Table S3 Natural Variation in the ERECTA Gene and
Promoter.

(DOCX)

Acknowledgments

We thank Mike Kearsey for a gift of the STAIRS lines and Christopher

Schwartz for providing the AI-RIL genetic map. We thank Alexia

Zagouras and Tyra McCray for their help with analyses, and members of

the Irish and Nelson laboratories for their useful comments throughout the

course of this work.

Author Contributions

Conceived and designed the experiments: VFI MCA CM. Performed the

experiments: MCA CM VFI. Analyzed the data: MCA VFI. Wrote the

paper: MCA VFI.

References

1. Conlon I, Raff M (1999) Size control in animal development. Cell 96: 235–244.

2. Lecuit T, Le Goff L (2007) Orchestrating size and shape during morphogenesis.

Nature 450: 189–192.

3. Kawade K, Horiguchi G, Tsukaya H (2010) Non-cell-autonomously coordinat-

ed organ size regulation in leaf development. Development 137: 4221–4227.

4. Coen E, Rolland-Lagan AG, Matthews M, Bangham JA, Prusinkiewicz P (2004)
The genetics of geometry. Proc Natl Acad Sci U S A 101: 4728–4735.

5. Breuninger H, Lenhard M (2010) Control of tissue and organ growth in plants.
Curr Top Dev Biol 91: 185–220.

6. Hamant O, Heisler MG, Jonsson H, Krupinski P, Uyttewaal M, et al. (2008)
Developmental patterning by mechanical signals in Arabidopsis. Science 322:

1650–1655.

7. Hamant O, Traas J, Boudaoud A (2010) Regulation of shape and patterning in

plant development. Curr Opin Genet Dev 20: 454–459.

8. Green AA, Kennaway JR, Hanna AI, Bangham JA, Coen E (2010) Genetic
control of organ shape and tissue polarity. PLoS Biol 8: e1000537.

9. Irish VF (2008) The Arabidopsis petal: a model for plant organogenesis. Trends
Plant Sci 13: 430–436.

10. Pyke KA, Page AM (1998) Plastid ontogeny during petal development in
Arabidopsis. Plant Physiol 116: 797–803.

11. Brock MT, Weinig C (2007) Plasticity and environment-specific covariances: an

investigation of floral-vegetative and within flower correlations. Evolution 61:

2913–2924.

12. Massonnet C, Vile D, Fabre J, Hannah MA, Caldana C, et al. (2010) Probing

the reproducibility of leaf growth and molecular phenotypes: a comparison of

three Arabidopsis accessions cultivated in ten laboratories. Plant Physiol 152:

2142–2157.

13. Smyth DR, Bowman JL, Meyerowitz EM (1990) Early flower development in

Arabidopsis. Plant Cell 2: 755–767.

14. Reddy GV, Heisler MG, Ehrhardt DW, Meyerowitz EM (2004) Real-time

lineage analysis reveals oriented cell divisions associated with morphogenesis at

the shoot apex of Arabidopsis thaliana. Development 131: 4225–4237.

15. Dinneny JR, Yadegari R, Fischer RL, Yanofsky MF, Weigel D (2004) The role

of JAGGED in shaping lateral organs. Development 131: 1101–1110.

16. Hill JP, Lord EM (1989) Floral development in Arabidopsis thaliana: a comparison

of the wild type and the homeotic pistillata mutant. Canadian Journal of Botany

67: 2922–2936.

17. Ingram GC, Waites R (2006) Keeping it together: co-ordinating plant growth.

Curr Opin Plant Biol 9: 12–20.

18. Jenik PD, Irish VF (2000) Regulation of cell proliferation patterns by homeotic

genes during Arabidopsis floral development. Development 127: 1267–1276.

19. Li Y, Zheng L, Corke F, Smith C, Bevan MW (2008) Control of final seed and

organ size by the DA1 gene family in Arabidopsis thaliana. Genes Dev 22:

1331–1336.

QTLs for Petal Morphology in Arabidopsis

PLOS ONE | www.plosone.org 10 February 2013 | Volume 8 | Issue 2 | e56743



20. Disch S, Anastasiou E, Sharma VK, Laux T, Fletcher JC, et al. (2006) The E3

ubiquitin ligase BIG BROTHER controls arabidopsis organ size in a dosage-
dependent manner. Curr Biol 16: 272–279.

21. Krizek BA (1999) Ectopic expression of AINTEGUMENTA in Arabidopsis

plants results in increased growth of floral organs. Dev Genet 25: 224–236.

22. Mizukami Y, Fischer RL (2000) Plant organ size control: AINTEGUMENTA

regulates growth and cell numbers during organogenesis. Proc Natl Acad
Sci U S A 97: 942–947.

23. Ohno CK, Reddy GV, Heisler MG, Meyerowitz EM (2004) The Arabidopsis

JAGGED gene encodes a zinc finger protein that promotes leaf tissue
development. Development 131: 1111–1122.

24. Nag A, King S, Jack T (2009) miR319a targeting of TCP4 is critical for petal

growth and development in Arabidopsis. Proc Natl Acad Sci U S A 106: 22534–
22539.

25. Palatnik JF, Allen E, Wu X, Schommer C, Schwab R, et al. (2003) Control of

leaf morphogenesis by microRNAs. Nature 425: 257–263.

26. Nath U, Crawford BC, Carpenter R, Coen E (2003) Genetic control of surface

curvature. Science 299: 1404–1407.

27. Szecsi J, Joly C, Bordji K, Varaud E, Cock JM, et al. (2006) BIGPETALp, a
bHLH transcription factor is involved in the control of Arabidopsis petal size.

Embo J 25: 3912–3920.

28. Brioudes F, Joly C, Szecsi J, Varaud E, Leroux J, et al. (2009) Jasmonate controls
late development stages of petal growth in Arabidopsis thaliana. Plant J 60:

1070–1080.

29. Varaud E, Brioudes F, Szecsi J, Leroux J, Brown S, et al. (2011) AUXIN
RESPONSE FACTOR8 regulates Arabidopsis petal growth by interacting with

the bHLH transcription factor BIGPETALp. Plant Cell 23: 973–983.

30. Wang JW, Schwab R, Czech B, Mica E, Weigel D (2008) Dual effects of

miR156-targeted SPL genes and CYP78A5/KLUH on plastochron length and
organ size in Arabidopsis thaliana. Plant Cell 20: 1231–1243.

31. Kazama T, Ichihashi Y, Murata S, Tsukaya H (2010) The mechanism of cell

cycle arrest front progression explained by a KLUH/CYP78A5-dependent
mobile growth factor in developing leaves of Arabidopsis thaliana. Plant Cell

Physiol 51: 1046–1054.

32. Eriksson S, Stransfeld L, Adamski NM, Breuninger H, Lenhard M (2010)

KLUH/CYP78A5-dependent growth signaling coordinates floral organ growth
in Arabidopsis. Curr Biol 20: 527–532.

33. Anastasiou E, Kenz S, Gerstung M, MacLean D, Timmer J, et al. (2007)

Control of plant organ size by KLUH/CYP78A5-dependent intercellular
signaling. Dev Cell 13: 843–856.

34. Juenger T, Purugganan M, Mackay TF (2000) Quantitative trait loci for floral

morphology in Arabidopsis thaliana. Genetics 156: 1379–1392.

35. Juenger T, Perez-Perez JM, Bernal S, Micol JL (2005) Quantitative trait loci
mapping of floral and leaf morphology traits in Arabidopsis thaliana: evidence

for modular genetic architecture. Evol Dev 7: 259–271.

36. Koornneef M, Alonso-Blanco C, Vreugdenhil D (2004) Naturally occurring

genetic variation in Arabidopsis thaliana. Annu Rev Plant Biol 55: 141–172.

37. Lister C, Dean C (1993) Recombinant inbred lines for mapping RFLP and
phenotypic markers in Arabidopsis thaliana. Plant J 4: 745–750.

38. Balasubramanian S, Schwartz C, Singh A, Warthmann N, Kim MC, et al.

(2009) QTL mapping in new Arabidopsis thaliana advanced intercross-
recombinant inbred lines. PLoS ONE 4: e4318.

39. Torii KU, Mitsukawa N, Oosumi T, Matsuura Y, Yokoyama R, et al. (1996)

The ArabidopsisERECTA gene encodes a putative receptor protein kinase with
extra cellular leucine-rich repeats. Plant Cell 8: 735–746.

40. Carles CC, Choffnes-Inada D, Reville K, Lertpiriyapong K, Fletcher JC (2005)

ULTRAPETALA1 encodes a SAND domain putative transcriptional regulator

that controls shoot and floral meristem activity in Arabidopsis. Development
132: 897–911.

41. Brewer MT, Lang L, Fujimura K, Dujmovic N, Gray S, et al. (2006)

Development of a controlled vocabulary and software application to analyze
fruit shape variation in tomato and other plant species. Plant Physiol 141: 15–25.

42. Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image processing with imageJ.

Biophotonics J 11: 36–42.

43. Singer T, Fan Y, Chang HS, Zhu T, Hazen SP, et al. (2006) A high-resolution
map of Arabidopsis recombinant inbred lines by whole-genome exon array

hybridization. PLoS Genet 2: e144.

44. Zeng ZB (1994) Precision mapping of quantitative trait loci. Genetics 136: 1457–

1468.

45. Van Ooijen JW (1999) LOD significance thresholds for QTL analysis in
experimental populations of diploid species. Heredity (Edinb) 83 (Pt 5): 613–624.

46. Churchill GA, Doerge RW (1994) Empirical threshold values for quantitative

trait mapping. Genetics 138: 963–971.

47. Wricke G, Weber W (1986) Quantitative genetics and selection in plant

breeding. Berlin: De Gruyter.
48. Koumproglou R, Wilkes TM, Townson P, Wang XY, Beynon J, et al. (2002)

STAIRS: a new genetic resource for functional genomic studies of Arabidopsis.

Plant J 31: 355–364.
49. Cumming G, Fidler F, Vaux DL (2007) Error bars in experimental biology. J Cell

Biol 177: 7–11.
50. Cao J, Schneeberger K, Ossowski S, Gunther T, Bender S, et al. (2011) Whole-

genome sequencing of multiple Arabidopsis thaliana populations. Nat Genet 43:

956–963.
51. Tsukaya H (2002) The leaf index: heteroblasty, natural variation, and the

genetic control of polar processes of leaf expansion. Plant Cell Physiol 43: 372–
378.

52. Jansen RC (1993) Interval mapping of multiple quantitative trait loci. Genetics
135: 205–211.

53. Takeda S, Matsumoto N, Okada K (2004) RABBIT EARS, encoding a

SUPERMAN-like zinc finger protein, regulates petal development in Arabi-
dopsis thaliana. Development 131: 425–434.

54. Fletcher JC (2001) The ULTRAPETALA gene controls shoot and floral
meristem size in Arabidopsis. Development 128: 1323–1333.

55. van Zanten M, Snoek LB, Proveniers MC, Peeters AJ (2009) The many

functions of ERECTA. Trends Plant Sci 14: 214–218.
56. Ingram GC (2005) Plant development: spacing out stomatal pores. Curr Biol 15:

R663–665.
57. Shpak ED, Berthiaume CT, Hill EJ, Torii KU (2004) Synergistic interaction of

three ERECTA-family receptor-like kinases controls Arabidopsis organ growth
and flower development by promoting cell proliferation. Development 131:

1491–1501.

58. van Zanten M, Basten Snoek L, van Eck-Stouten E, Proveniers MC, Torii KU,
et al. (2010) Ethylene-induced hyponastic growth in Arabidopsis thaliana is

controlled by ERECTA. Plant J 61: 83–95.
59. Redei GP (1962) Supervital Mutants of Arabidopsis. Genetics 47: 443–460.

60. Sicard A, Stacey N, Hermann K, Dessoly J, Neuffer B, et al. (2011) Genetics,

evolution, and adaptive significance of the selfing syndrome in the genus
capsella. Plant Cell 23: 3156–3171.

61. Frary A, Fritz LA, Tanksley SD (2004) A comparative study of the genetic bases
of natural variation in tomato leaf, sepal, and petal morphology. Theor Appl

Genet 109: 523–533.
62. Fowlkes CC, Eckenrode KB, Bragdon MD, Meyer M, Wunderlich Z, et al.

(2011) A conserved developmental patterning network produces quantitatively

different output in multiple species of Drosophila. PLoS Genet 7: e1002346.
63. Fu J, Keurentjes JJ, Bouwmeester H, America T, Verstappen FW, et al. (2009)

System-wide molecular evidence for phenotypic buffering in Arabidopsis. Nat
Genet 41: 166–167.

64. Keurentjes JJ, Fu J, Terpstra IR, Garcia JM, van den Ackerveken G, et al. (2007)

Regulatory network construction in Arabidopsis by using genome-wide gene
expression quantitative trait loci. Proc Natl Acad Sci U S A 104: 1708–1713.

65. Terpstra IR, Snoek LB, Keurentjes JJ, Peeters AJ, van den Ackerveken G (2010)
Regulatory network identification by genetical genomics: signaling downstream

of the Arabidopsis receptor-like kinase ERECTA. Plant Physiol 154: 1067–1078.
66. Borevitz JO, Maloof JN, Lutes J, Dabi T, Redfern JL, et al. (2002) Quantitative

trait loci controlling light and hormone response in two accessions of Arabidopsis

thaliana. Genetics 160: 683–696.
67. Millenaar FF, Cox MC, van Berkel YE, Welschen RA, Pierik R, et al. (2005)

Ethylene-induced differential growth of petioles in Arabidopsis. Analyzing
natural variation, response kinetics, and regulation. Plant Physiol 137: 998–

1008.

68. Tisne S, Reymond M, Vile D, Fabre J, Dauzat M, et al. (2008) Combined
genetic and modeling approaches reveal that epidermal cell area and number in

leaves are controlled by leaf and plant developmental processes in Arabidopsis.
Plant Physiol 148: 1117–1127.

69. Whitney HM, Chittka L, Bruce TJ, Glover BJ (2009) Conical epidermal cells

allow bees to grip flowers and increase foraging efficiency. Curr Biol 19: 948–
953.

70. Donnelly PM, Bonetta D, Tsukaya H, Dengler RE, Dengler NG (1999) Cell
cycling and cell enlargement in developing leaves of Arabidopsis. Dev Biol 215:

407–419.
71. Strange A, Li P, Lister C, Anderson J, Warthmann N, et al. (2011) Major-effect

alleles at relatively few loci underlie distinct vernalization and flowering variation

in Arabidopsis accessions. PLoS ONE 6: e19949.
72. Sloan J, Backhaus A, Malinowski R, McQueen-Mason S, Fleming AJ (2009)

Phased control of expansin activity during leaf development identifies a
sensitivity window for expansin-mediated induction of leaf growth. Plant Physiol

151: 1844–1854.

QTLs for Petal Morphology in Arabidopsis

PLOS ONE | www.plosone.org 11 February 2013 | Volume 8 | Issue 2 | e56743


